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

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

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

Eur. J. Inorg. Chem. 2005, 5—7 www.eurjic.org

ionic liquids, mesoporosity and model complexes for metal-
loenzymes.

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

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

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

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

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

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

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

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

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

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

1. SC: Co'! Complexes of Triazine-Based Tridentate Ligands
with Positive and Attractive Co™™ Redox Couples; G. S.
Hanan et al., Eur. J. Inorg. Chem. 2005, (7), 1223—1226.

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

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

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

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

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

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

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

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

10. FP: Bis(1-methylimidazol-2-yl)propionates and Bis(1-me-
thylbenzimidazol-2-yl)-propionates: A New Family of Bio-
mimetic N,N,O Ligands — Synthesis, Structures and Cu"!
Coordination Complexes; R. J. M. Klein, G. van Koten et
al., Eur. J. Inorg. Chem. 2005, (4), 779—787.

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

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

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

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

4. FP: Self-Assembly and Characterization of Grid-Type Cop-
per(1), Silver(1), and Zinc(11) Complexes; V. Patroniak, J. M.
Lehn et al., Eur. J Inorg. Chem. 2005, (20), 4168—4173.

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

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

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

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

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

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

At the latest when the research of a student is included in
a manuscript for publication, that student must be formally
educated in the ethics of publishing and the consequences
of violation. All senior authors need to take this responsi-

bility seriously, not only as an educational aim, but also
as self-protection. No editor considers as excuse, or even
extenuating circumstances, that the text was taken from the
notes of a PhD student, although it is a fact that plagiarism
has become more likely than in the days when “Copy and
Paste” meant getting sticky with glue.

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

Coren Mt
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COVER PICTURE

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

MICROREVIEW

Contents
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Chemistry

Keywords: Supramolecular chemistry / Self-assembly /
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No paper copies of the manuscript are required when using this sys-
tem.

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

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

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

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

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

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

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

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

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

3. Manuscript Preparation
3.1 General

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

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

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

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

NMR spectroscopic data should be quoted as in the following ex-
ample: '"H NMR (300 MHz, C¢Dg, 25°C): 6 = 1.3 (s, 18 H, SiMej3),
0.9 (d, 3Jgn = 5.7 Hz, 2 H, 2-H) ppm. For each chemical shift,
additional information should be given in the order: multiplicity,
coupling constant, number of protons, assignment.

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

Symbols of physical quantities, but not their units (e.g. 7 for tem-
perature, J, 1), stereochemical information (cis, trans, Z, R), locants
(N-methyl), symmetry and space groups (P2,/c), and prefixes in
formulas or compound names (zBu, zert-butyl) must be in italics.
Latin phrases, such as “in situ”, should not.

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

Use only characters from the Symbol and Normal Text character
sets, especially when inserting Greek letters and characters with
umlauts, accents, tildes, etc.: o, 4, a, a, A.

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

well-known reaction C—H bond
six-membered ring Tables 2—4
3-position of the ring carbon—oxygen bond
signal-to-noise ratio C—N stretch

Mo-K,,
1,2-dicyanobutane

Diels—Alder reaction
structure—activity relationship

p-tert-butylphenol 80—100 mg
(—)-tartaric acid carried out at —10°C
[M* — CHj] cm™!

Use the symbol X where appropriate, rather than the letter x:

... washed with water (2 X 150 mL) ...

Use the double quotation marks “...” rather than ,,...", "..." or «...».
Graphics (including structural formulas, schemes, figures, equations
and small graphical items that appear in captions) must be submitted
camera-ready on separate pages after acceptance of the manuscript
(see Section 3.5).

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

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

3.3 Tables

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

3.4 References

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

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

[1] A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1—15.
[2] R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.

or

[1] a) A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1—15; b)
R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.

but not

[1] a) A. Einstein, A. N. Other, Eur. J. Inorg. Chem. 2003, 1—15;
R. Schoenfeld, The Chemist’s English, 3rd ed., VCH, Weinheim,
1990, p. 111.

3.5 Graphics

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

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

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

Table 1. Guide for preparing graphics

Maximum Graphic Width(#!

Letter Size Font 1-Column Format  2-Column Format

Times New Roman

3.0 mm 12 13 cm 26 cm
3.5 mm 14 15 cml® -
4.0 mm 16 17 cm® -
4.5 mm 18 19 cm -

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

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

These settings help ensure the correct letter-size-to-graphic-width
ratio for best reproduction.

Use abbreviations such as R!, R? (not R,), R’, R”, Ph, Me, Et, iPr,
tBu, Ph, Bn (benzyl), Bz (benzoyl), Hal, L, M (metal), X (het-
eroatom).

4. Crystallographic Data

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

o For all compounds without C—H bonds:
Fachinformationszentrum Karlsruhe (FIZ)

76344 Eggenstein-Leopoldshafen, Germany

Phone: +49-(0)7247/808-205

Fax: +49-(0)7247/808-666

E-mail: crysdata@fiz-karlsruhe.de

FTP: ftp.fiz-karlsruhe.de (under path /pub/csd)

WWW: http://www.fiz-karlsruhe.de (under “Products and Ser-
vices”

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

e For all compounds with at least one C—H bond:
Cambridge Crystallographic Data Centre (CCDC)
12 Union Road, Cambridge CB2 1EZ, UK
Phone: +44-(0)1223/336-408

Fax: +44-(0)1223/336-033

E-mail: deposit@ccdc.cam.ac.uk

WWW: http://www.ccdc.cam.ac.uk

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

NOTE: Please use the free online Checkeif service provided by the
International Union of Crystallography and submit the Checkcif
report along with your manuscript: http://journals.iucr.org/services/
cif/checkcif.html.

Finally, before you return your revised manuscript, please update
your database entry if necessary.

5. Electronic Supporting Information

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

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

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

6. Basic Keyword List

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

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

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

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

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

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

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

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

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

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

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

Analytical methods
Circular dichroism

Cyclic voltammetry
Electron diffraction
Electron microscopy
Electrophoresis

ENDOR spectroscopy
EPR spectroscopy
EXAFS spectroscopy
Fluorescence spectroscopy

Gas chromatography
High-throughput screening
Ion chromatography

Ton exchange

IR spectroscopy

Isotopic labeling

Laser spectroscopy

Liquid chromatography
Luminescence

Mass spectrometry

Moessbauer spectroscopy
Neutron diffraction

NMR spectroscopy
Photoelectron spectroscopy
Plasma chemistry

Raman spectroscopy
Rotational spectroscopy
Scanning probe microscopy
Sensors

Surface analysis

Surface plasmon resonance
Trace analysis

UV/Vis spectroscopy
Vibrational spectroscopy
Water chemistry

X-ray absorption spectroscopy

X-ray diffraction
ZEKE spectroscopy

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

Allosterism

Amino acids
Angiogenesis
Antibiotics
Antibodies
Antifungal agents
Antigens

Antisense agents
Antitumor agents
Antiviral agents
Azapeptides
Azasugars
Bioinformatics
Bioinorganic chemistry
Biological activity
Biomimetic synthesis
Bioorganic chemistry
Biophysics
Biosensors
Biosynthesis
Biotransformations
C-Glycosides
Carbohydrates
Carbon dioxide fixation
Carotenoids

Cell adhesion

Cell recognition
Cerebrosides
Chaperone proteins
Cobalamines
Cofactors
Combinatorial chemistry
Cyclitols
Cyclodextrins
Cytokines

DNA

Catalysis

Asymmetric catalysis
Autocatalysis
Biphasic catalysis

DNA cleavage
DNA damage
DNA methylation
DNA recognition
DNA replication
DNA structures
Dopamines

Drug delivery
Drug design
Electron transport
Enzyme models
Enzymes

Fibrous proteins
Fluorescent probes
Gene expression
Gene sequencing
Gene technology
Genomics
Glycoconjugates
Glycolipids
Glycopeptides
Glycoproteins
Glycosides
Glycosylation
Growth factors
Helical structures
Heme proteins
Hormones
Hydrolases
Immobilization
Immunoassays
Immunochemistry
Immunology
Inhibitors

Ion channels
Tonophores

Catalytic antibodies
Enzyme catalysis
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Isomerases

Ligases

Lipids

Lipophilicity
Lipoproteins
Liposomes

Lyases

Medicinal chemistry
Membrane proteins
Membranes
Metabolism
Metalloenzymes
Metalloproteins
Micelles

Molecular evolution
mRNA
Mutagenesis
Natural products
Neurochemistry
Neurotransmitters
Nitrogen fixation
Nitrogenases
Nucleic acids
Nucleobases
Nucleosides
Nucleotides
Oligonucleotides
Oligosaccharides
Oxidoreductases
Peptide nucleic acids
Peptides
Peptidomimetics
Pheromones
Phospholipids
Photoaffinity labeling
Photosynthesis

Heterogeneous catalysis
Homogeneous catalysis
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Phytochemistry
Polyketides
Polymerase chain reaction
Prodrugs
Prostaglandins
Protein design

Protein engineering
Protein folding
Protein models
Protein modifications
Protein structures
Proteins

Proteomics

Proton transport
Radiopharmaceuticals
Receptors

Redox chemistry
Ribonucleosides
Ribozymes

RNA

RNA recognition
RNA structures
Sensitizers

Sequence determination
Sialic acids
Siderophores

Signal transduction
Sphingolipids

Steroids

Structure—activity relationships

Terpenoids
Toxicology
Transferases
tRNA
Vesicles
Vitamins

Phase-transfer catalysis
Supported catalysts
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Coordination Chemistry: Compound Classes

Cage compounds
Chelates

Clathrates

Cluster compounds

Cuprates
Dendrimers
Heterometallic complexes

Coordination Chemistry: Ligand Classes

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

Carboxylate ligands
Carbyne ligands
Cyclopentadienyl ligands
Diene ligands

Dioxygen ligands
Fluorinated ligands
Hydride ligands
Isocyanide ligands

Coordination Chemistry: Methodology and Reactions

Carbon dioxide fixation
Chemical vapor deposition
Chiral resolution

Crystal engineering
Ligand design

Matrix isolation
Metathesis
Neighboring-group effects
Nitrogen fixation

O—0 activation

Coordination Chemistry: Structure

Agostic interactions
Aurophilicity

Charge transfer

Cooperative effects
Coordination modes
Donor—acceptor systems
Electron-deficient compounds

Elements and Element Groups

Actinides
Alkali metals
Alkaline earth metals
Aluminum
Antimony
Argon
Arsenic
Barium
Beryllium
Bismuth
Boron
Bromine
Cadmium
Calcium
Carbon
Cerium
Cesium
Chalcogens
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Electronic structure
Electrostatic interactions
Fluxionality

Helical structures
Host—guest systems
Hydrogen bonds

Chlorine
Chromium

Cobalt

Copper
Deuterium
Fluorine

Gallium
Germanium

Gold

Group 13 elements
Group 14 elements
Hafnium
Halogens

Helium

Hydrogen

Indium

Todine

Iridium

wWww.eurjic.org

Metallacycles
Metallocenes
Nitrogen oxides

Macrocyclic ligands
N ligands

N,O ligands

N,P ligands

O ligands

Oxo ligands

Peroxo ligands

Oxidation

Radical reactions

Reduction

Ring-opening polymerization
Solvent effects

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

Guidelines for Authors

Polyoxometalates
Sandwich complexes
Ylides

Phosphane ligands
P ligands

S ligands

Si ligands
Tridentate ligands
Tripodal ligands
Vinylidene ligands

Solvolysis
Substituent effects
Template synthesis

Noncovalent interactions
Pi interactions

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

Iron Phosphorus
Krypton Platinum
Lanthanides Pnicogens
Lanthanum Potassium
Lead Rare earths
Lithium Rhenium
Magnesium Rhodium
Manganese Rubidium
Mercury Ruthenium
Molybdenum Samarium
Neon Scandium
Nickel Selenium
Niobium Silicon
Nitrogen Silver
Noble gases Sodium
Osmium Strontium
Oxygen Sulfur
Palladium Tantalum
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Technetium
Tellurium
Thallium
Tin

Titanium
Tungsten
Uranium

Environmental and Atmospheric Chemistry

Anions

Atmospheric chemistry
Cations

Chlorine

Computer chemistry
Crop protection agents
Cycloaddition
Denitrification
Desulfurization

Inorganic Chemistry

Alanes

Allotropy

Alloys
Aluminosilicates
Amalgams
Amorphous materials
Anions
Automerization
Autoxidation
Azides

Bond theory
Boranes

Borates

Carbene homologues
Carbides
Carboranes
Cations

Chain structures
Chromates
Clathrates

Cluster compounds

Materials Science: General

Alloys

Amorphous materials
Automerization

Block copolymers
Ceramics

Charge-carrier injection
Chemical vapor deposition
Chemical vapor transport
Clays

Cluster compounds
Colloids

Conducting materials
Copolymerization
Crystal engineering
Crystal growth

Environmental chemistry
Fluorine

Gas-phase reactions
Green chemistry
Halogenation

Kinetics

Molecular dynamics
Molecular modeling
Nitrogen oxides

Cyanides
Electron-deficient compounds
Fluorides

Halides

High-pressure chemistry
Host—guest systems
Hydrates

Hydrides

Hydrothermal synthesis
Hypervalent compounds
Inclusion compounds
Intercalations
Intermetallic phases
Isoelectronic analogues
Isomers

Layered compounds
Lewis acids

Lewis bases

Main group elements
Metal—metal interactions
Mixed-valent compounds

Cyclooligomerization
Cyclotrimerization
Dendrimers

Doping

Energy conversion
Fullerenes

Gels

Glasses

Holography
Imprinting
Intercalations
Interfaces
Intermetallic phases
Ladder polymers
Layered compounds
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Vanadium
Xenon
Ytterbium

Oxidation

Ozone

Peroxides
Photochemistry
Photolysis
Photooxidation
Radical ions
Radical reactions
Radicals

Nitrides
Nonstoichiometric compounds
Organic—inorganic hybrid
composites
Perovskite phases
Peroxides
Phosphaalkenes
Phosphaalkynes
Phosphanes
Phosphazenes
Platinates
Pnictides
Polyanions
Polycations
Polychalcogenides
Polyhalides
Polymorphism
Polyoxometalates
Radical ions
Radicals
Silanes

Liquid crystals
Materials science
Mechanical properties
Membranes
Mesophases
Mesoporous materials
Metal—metal interactions
Metallomesogens
Micelles

Microporous materials
Monolayers
Nanostructures
Nanotechnology
Nanotubes
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Yttrium
Zinc
Zirconium

Reaction mechanisms
Reactive intermediates
Sensors

Toxicology

Trace analysis

Waste prevention
Water chemistry

Silicates

Sol—gel processes
Solid-phase synthesis
Solid-state reactions
Solid-state structures
Spinel phases
Stannanes

Subvalent compounds
Synthesis design
Titanates
Topochemistry
Transition metals
Transuranium elements
Valence isomerization
Vanadates

Zeolite analogues
Zeolites

Zincates

Zintl anions

Zintl phases

Nonlinear optics
Polymerization

Polymers

Ring-opening polymerization
Scanning probe microscopy
Semiconductors

Sensitizers

Sensors

Superconductors

Surface chemistry

Thin films

Vesicles

Zeolite analogues

Zeolites
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History of science

Organic Chemistry: Compound Classes

Alcohols
Aldehydes
Alkaloids
Alkanes

Alkenes

Alkynes

Allenes

Allylic compounds
Amides

Amines

Amino acids
Amino alcohols
Amino aldehydes
Amphiphiles
Anhydrides
Anions
Annulenes
Arenes

Arynes

Azides

Azo compounds
Azomethine ylides

Betaines

Biaryls
Calixarenes
Carbanions
Carbenes
Carbenoids
Carbocations
Carbocycles
Carbohydrates
Carboxylic acids
Carotenoids
Catenanes
Cations
Cavitands
Crown compounds
Cryptands
Cumulenes
Cyanides
Cyanines
Cyclodextrins
Cyclophanes
Dendrimers
Diazo compounds
Dyes/Pigments

Organic Chemistry: Methodology and Reactions

Acylation

Aldol reactions
Alkylation

Allylation

Amination
Annulation

Aromatic substitution
Aromaticity
Asymmetric amplification
Asymmetric catalysis
Asymmetric synthesis
Automerization
Autoxidation
Biomimetic synthesis
C—C activation

C—C coupling

C—H activation

C1 building blocks
Carbonylation
Carboxylation

Chiral auxiliaries
Chiral pool

Cleavage reactions
Combinatorial chemistry
Cracking

Eur. J. Inorg. Chem. 2006, 21 —28

Cross-coupling
Cyclization
Cycloaddition
Cyclotrimerization
Dehydrogenation
Dihydroxylation
Dimerization

Domino reactions
Electrocyclic reactions
Electrophilic addition
Electrophilic substitution
Elimination

Ene reaction
Epoxidation

Flash pyrolysis
Glycosylation
Grignard reaction
Halogenation

Heck reaction
High-pressure chemistry
Hydroamination
Hydroboration
Hydroformylation
Hydrogen transfer
Hydrogenation
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Enols

Enones

Enynes

Fatty acids
Fragrances
Fullerenes
Fused-ring systems
Heterocycles
Hydrazones
Hydrides
Hydrocarbons
Ketones

Lactams

Lactones

Ladder polymers
Macrocycles
Mannich bases
Medium-ring compounds
Metallacycles
Natural products
Nitrogen heterocycles
Oxygen heterocycles

Hydrolysis
Hydrosilylation
Hydrostannation
Hydroxylation
Immobilization
Insertion

Tonic liquids
Isomerization
Lithiation

Metalation

Michael addition
Molecular diversity
Multicomponent reactions
Nucleophilic addition
Nucleophilic substitution
Olefination
Oligomerization
Oxidation
Oxygenation
Ozonolysis
Perfluorinated solvents
Pericyclic reaction
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Peroxides
Pheromones
Phosphorus heterocycles
Phthalocyanines
Polycycles
Polymethines
Porphyrinoids
Quinodimethanes
Quinones

Radical ions
Radicals
Rotaxanes

Schiff bases

Small ring systems
Spiro compounds
Steroids
Sulfonamides
Sulfur heterocycles
Surfactants
Terpenoids

Ylides

Zwitterions

Protecting groups
Protonation

Radical reactions
Rearrangement
Reduction

Retro reactions

Ring contraction
Ring expansion
Sigmatropic rearrangement
Solid-phase synthesis
Solvent effects
Solvolysis

Steric hindrance
Substituent effects
Synthesis design
Synthetic methods
Template synthesis
Topochemistry

Total synthesis

Phosphorylation Transesterification
Photooxidation Umpolung
Polymerization Wittig reactions

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 27



Guidelines for Authors

Organic Chemistry: Stereochemistry and Structures

Atropisomerism
Chemoselectivity
Chiral resolution
Chirality

Configuration determination
Conformation analysis
Conjugation
Diastereoselectivity

Enantioselectivity
Hyperconjugation
Kinetic resolution
Regioselectivity

Strained molecules
Structure elucidation
Tautomerism

Valence isomerization

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

Ab initio calculations

Absorption

Acidity

Adsorption

Basicity

Biophysics

Bond energy

Bond theory

Calorimetry

CARS (Coherent
Anti-Stokes Raman Scattering)

Charge-carrier injection

Charge transfer

Chemisorption

Chromophores

Colloids

Computer chemistry

Conducting materials

Conical intersections

Crystal engineering

Crystal growth

Cyclic voltammetry

Density functional calculations

Donor—acceptor systems

Doping

Electrochemistry

Electron microscopy

Supramolecular Chemistry

Aggregation
Host—guest systems
Molecular devices

Electron transfer

ELF (Electron Localization
Function)

Energy conversion

Exchange interactions

Femtochemistry

Fluorescence

Fluorescent probes

Fractals

FRET (Fluorescence Resonance
Energy Transfer)

Gas-phase reactions

Gels

Glasses

Group theory

Heats of formation

High-pressure chemistry

High-temperature chemistry

Hot-atom chemistry

Hydrophobic effect

Imaging agents

Ton pairs

Ion—molecule reactions

Ionization potentials

Isotope effects

Isotopes

Kinetics

Molecular evolution
Molecular recognition
Nanostructures

28 © 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Langmuir—Blodgett films
Laser chemistry

Lewis acids

Lewis bases

Linear free energy relationships
Liquid crystals

Liquids

Low-temperature studies
Magnetic properties
Matrix isolation
Mesophases
Metallomesogens
Metastable compounds
Microreactors

Molecular dynamics
Molecular electronics
Molecular modeling
Monolayers
Nanotechnology
Neighboring-group effects
Nonequilibrium processes
Phase diagrams

Phase transitions
Photochemistry
Photochromism
Photolysis

Physisorption

Pi interactions
Receptors

www.eurjic.org

Plasma chemistry
Polarized spectroscopy
Quantum chemistry
Radiochemistry
Radiopharmaceuticals
Reaction mechanisms
Reactive intermediates
Redox chemistry

Salt effect

Semiempirical calculations
Single-molecule studies
Singlet oxygen

Sol—gel processes
Solvatochromism

Spin crossover

Statistical mechanics
Statistical thermodynamics
Structure—activity relationships
Superacidic systems
Superecritical fluids
Thermochemistry
Thermodynamics
Time-resolved spectroscopy
Transition states

Viruses

Voltammetry

Self-assembly
Supramolecular chemistry

Eur. J. Inorg. Chem. 2006, 21 —28



MICROREVIEW

DOI: 10.1002/ejic.200500672

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

Patrick Gamez*!®! and Jan Reedijk*?!

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

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

blocks for the preparation of such materials. In this microre-
view, a selection of outstanding examples of supramolecular
networks involving the 1,3,5-triazine unit are discussed, il-
lustrating the possibility of forming remarkable architectures
by means of coordination and/or hydrogen bonds and their
applications in host-guest chemistry, catalysis, anion re-
cognition, sensoring, electronics and magnetism.

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

1. Introduction

Supramolecular chemistry is one of the topical fields of
contemporary chemistry and has first been defined in 1978
by Jean-Marie Lehn as the “chemistry of molecular as-
semblies and of the intermolecular bond”.") Supramolec-
ular chemistry is a vast interdisciplinary field of research
and technology, where noncovalent bonding may be a com-
mon ground. A rapidly developing branch of supramolec-
ular chemistry is crystal engineering, in which synthetic
control is particularly required.*3! Nowadays, the main fo-
cus of crystal engineering is the design and synthesis of
molecular building blocks whose intermolecular interac-
tions with other synthons would allow some degree of
predictability regarding the form and/or function of the re-
sulting materials.®) For instance, the chemistry of hybrid
nanostructured organic-inorganic solids involving metal-li-
gand coordination units is emerging as a primary research
area,l® since it offers the possibility of combining different
properties at the molecular level and leading to new com-
posite materials with unprecedented behaviour.[”-®! Further-

[a] Leiden Institute of Chemistry, Gorlaeus Laboratories, Leiden
University,
P. O. Box 9502, 2300 RA Leiden, The Netherlands
Fax: + 31-71-527-4671
E-mail: p.gamez@chem.leidenuniv.nl
reedijk@chem.leidenuniv.nl

more, the combination of coordination chemistry with non-
covalent contacts, such as hydrogen bonding!®!'” or n-inter-
actions,'1121 provides a powerful method for generating
supramolecular networks from simple building blocks.
These three types of bond are indeed important in conceiv-
ing unique frameworks, since they all involve directional in-
teractions.l'3] From the perspective of crystal engineering,
the benefit of using transition-metal ions is that the shape
of the coordination building unit can be controlled by
choosing the coordination geometries of the metal ions
properly. A more specific geometry can then be obtained
by judiciously attaching suitable functional substituents to
the ligands, which will act as intra- and/or intermolecular
connectors. Thus inorganic—organic hybrid supramolecular
assemblies with unusual network topologies should be ac-
cessible through noncovalent interactions,!'¥ i.e. H-bonding
and m-interactions.

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

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

1,3,5-Triazine-containing compounds have found a
number of applications in medicinal chemistry,['8] herbi-
cides,'1 catalysis®? or polymer chemistry.?!! Sophisticated
s-triazine derivatives can be easily prepared from the cheap,
readily available cyanuric chloride, i.e. 2,4,6-trichloro-1,3,5-
triazine.?”) Cyanuric chloride is definitely an excellent syn-
thon for the straightforward preparation of highly struc-
tured multitopic molecules.?’! Indeed, each chloride atom
of 2,4,6-trichloro-1,3,5-triazine can be substituted by any
nucleophile (Figure 1). The first substitution is exothermic
and so the reaction mixture must be cooled down to 0 °C.
The second chloride substitution can be performed at room
temperature. Finally, the third position is functionalized un-
der solvent reflux.

Second substitution
at 25 "C

|

First substitution

Third substitution
at0-C at65°C

Figure 1. Differential reactivity of 2,4,6-trichloro-1,3,5-triazine.[*?!

Therefore, by carefully controlling the temperature, 2,4,6-
trisubstituted triazines can be synthesized by sequential,

very selective addition of all kinds of nucleophiles, namely
amines, alcohols, thiols or Grignard reagents (Figure 2).
The yield of each substitution often exceeds 95% and the
symmetric trisubstituted derivatives can even be obtained
in a one pot synthesis. Various solvents can be used such as
tetrahydrofuran, 1,2-dimethoxy ethane, acetonitrile, diethyl
ether, and so on.
RLX,R2
Cl Nucleophilic reactants; )Q

NTSN Base . N N

I
/t /)\ Controlled temperature of R3\Y A N/)\ 7° R®

CI” 'N" "Cl | tne substitution reactions R4 =6
Cyanuric chloride X, Y. Z=N,0,8,C
R'...R® = Alkyl,
Alkenyl,
Aryl

Figure 2. Preparation of polyfunctional triazine derivatives.

Numerous triazine derivatives have been prepared fol-
lowing this versatile synthetic pathway.[>4-27]

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

Hydrogen bonds play a fundamental role in nature where
they are particularly responsible for controlling the struc-
ture and function of many proteins, recognition of sub-
strates by various enzymes and for the double-helix struc-
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ture of DNA (Figure 3). Consequently, hydrogen bonding
has become one of the most important noncovalent interac-
tions in supramolecular chemistry./?8-2]

Guanine Cytosine

9 H HoC
0=R-0 -0-P=0
0 o

Figure 3. Watson—Crick base pairing in DNA.

Fifteen years ago, Whitesides and coworkers have shown
that melamine derivatives could be used to generate out-
standing aggregates.?%3!1 The reaction of cyanuric acid
(CA) with melamine (M) leads to the formation of an insol-
uble very stable (it can be heated to 450 °C without any
alteration of the structure) H-bonded 2D network (Fig-
ure 4, CA-M),1*% which has been first reported in 1979 by
Junichi and coworkers.*?!

In the earlier 1990s, Whitesides and coworkers have im-
proved the preparation of this type of self-assemblies by
using both substituted melamines and barbituric acids.!!
In that way, it is possible to control, by steric hindrance, the
formation of the 2D frameworks. Reaction of 5,5-diethyl-
barbituric acid with 2-amino-4,6-(N-p-tolylamino)-1,3,5-tri-
azine yields a linear tape (Figure 5a). If 2-amino-4,6-(N-p-
methylbenzoatoamino)-1,3,5-triazine is combined with 5,5-
diethylbarbituric acid, a crinkled tape is obtained (Fig-
ure 5b). Finally, with a bulkier group on the phenyl ring,
i.e. tert-butyl, a rosette motif is achieved (Figure 5c).

NHz o N_o
N™~N + —_—
AL My ™
HoN™ "N™ "NH, 0
melamine (M) cyanuric acid (CA)
LR L
O._N__O. .0 O .-

‘H\N,H‘ Y \|// H\N,H \\|/ j// ‘H‘N'H

N__N. NN
S I A T S
ILLhll N N,H H\'.“ N7 hll,H H‘r;: NZ N,H
H H H H H H H H H
,,.O?N O 4O N\fo~H~ (H,Oﬁ/N O...

CA-M

Figure 4. Self-assembly network by means of hydrogen bonds.['¢-3%]
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Figure 5. Structures of linear tape, crinkled tape, and rosette mo-
tifs.[16]

It has thus been evidenced that a competition takes place
between nonbonded steric interactions (para-substituents)
and a tendency for a high packing coefficient which is im-
portant in determining which type of structural motif is re-
alized between the melamine derivative and 5,5-diethylbar-
bituric acid.l'® As a result, a small para-substituent like a
methyl or a chloride group leads to a linear tape. If this
substituent becomes larger than a trifluoromethyl unit, ste-
ric interactions between adjacent melamines prevent the lin-
ear structure and favour the crinkled motif where the hin
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drance is minimized. When the size of the para-substituent
is further increased, to a fert-butyl group for example, then
the steric interactions are relieved in the rosette type as-
sembly.[1€]

More recently, Reinhoudt and coworkers have beautifully
developed the above concept to design and prepare more
intricate H-bonded networks.[33-34 Thus, molecular cage
hosts can be generated by self-assembly of calixarene-based
melamine derivatives and diethylbarbituric acid.[*>! A non-
covalent phenolic receptor has been successfully prepared
by hydrogen-bonding directed association of a calixa[4]rene
dimelamine compound with diethylbarbituric acid (Fig-
ure 6).130

For instance, the simple mixing of the building blocks 1
(1 equivalent) and DEB (2 equivalents) in an apolar solvent
like chloroform or toluene produces the double rosette 25
(DEB)s (Figure 7). The formation of this calixarene-
bridged supramolecular structure can be followed by solu-
tion '"H NMR spectroscopy.

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

CHCl;

A —

R1

3 +8
= DEB
=]

1

24(DEB);

the double rosette is an exo-receptor able to accommodate
six molecules of phenolic guest (one phenol unit per ureido
group).

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

OPVT4

H
I 4 M -
N
\ N
N

Figure 8. a) Melamine-based n-conjugated ligand OPVT4 and b)
its schematic representation.”)

b)

I
>

Figure 7. Schematic representation of the formation of the host—guest supramolecular double rosette system.!
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Figure 9. OPVT4 rosette.’’]

this purpose, the triazine-based ligand OPVT4 has been
synthesized according to a reported procedure (Fig-
ure 8).138 In solution in heptane, six OPVT4 molecules give
a giant helical rosette with a width of about 10 nm (Fig-
ure 9).137] This exceptional aggregation process has been fol-
lowed by UV/Vis and circular dichroism (CD) in heptane
and temperature-dependent measurements show that the
rosette is dissociated at elevated temperature (7' = 305 K).
In addition, the hydrogen-bonded hexamer is chiral as
proven by CD and by the counterclockwise rosette structure
clearly visible in the STM images.’”! These rosettes can be
stacked together to form fibres with lengths up to 10 pm

37]

Figure 10. Rosette stacks leading to a tubular fibre.!

Eur. J. Inorg. Chem. 2006, 29-42
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as revealed by atomic force microscopy (AFM). The self-
assembled tubular aggregates 6.4 nm in diameter are still
soluble in heptane owing to the peripheral apolar alkyl
chains (Figure 10).

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

HoN N NH;
O
N._-N
NH,
Na® N%N
N/
Og. N/(NHz

Figure 11.  Sodium
phenyl]borate (2-Na).l*]

tetrakis[4-(2,4-diamino-[1,3,5]triazin-6-yl)-
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Figure 12. a) Anionic H-bonded network 2. b) Interconnected channels.3”!

Very recently, Wuest and coworkers designed and synthe-
sized a 3D triazine-based synthon, i.e. the tetraphenylborate
Na-2 (Figure 11).3% The tetraphenylphosphanium salt of 2
is obtained quantitatively from the sodium salt by cation
exchange. Single crystals of tecton PPhy-2 have been grown
from a DMSO/toluene solution of the compound, whose
solid-state structure reveals an aesthetic three-dimensional
network, connected by multiple hydrogen bonds as expected
(Figure 12). This anionic supramolecular architecture is ex-
tremely porous (Figure 12b), since 74% of the volume of
the crystals is available for cations and guest molecules
(DMSO in the present study). Materials with such great
porosity are very important in the field of gas storage,*"]
especially for fuel-cell applications. !4

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

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

Coordination compounds from 1,3,5-triazine-based li-
gands are increasingly reported in the literature.[*3-#8] This
is undoubtedly due to the ease of preparing intricate poly-
dentate star-shaped ligands using simple and high-yielding
reactions.[>’! Especially one ligand, namely 2,4,6-tri(4-pyri-
dyl)-1,3,5-triazine (Figure 14, tpt), has been extensively
used in the field of crystal engineering during the past ten
years.[*74%1 However, novel and attractive supramolecular
architectures continue to be obtained with this simple tridi-
rectional N-donor ligand.’® Robson’s group®! published
the first crystallographically characterized coordination
polymer based on tpt 24 years after it was primarily re-
ported by Yasumoto and coworkers.[>!]

N

|\

=

N\

|/
I\ N |\
N.__~ N

tpt

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

In 1996, Robson and coworkers described a unique sys-
tem of two interpenetrating coordination networks based
on tpt and copper(1) building blocks (Figure 15a).5?1 The
infinite (3,4)-connected network is built from repeated
structural motifs with six copper centres at the corners of a
regular octahedron (Figure 15b), each copper ion being
shared by two adjacent motifs. This arrangement results in
an infinite cubic collection of 18-A-wide octahedral cavities
filled with solvent molecules.

Almost at the same time, Fujita and coworkers reported
a similar octahedral cage assembled from tpt and palladi-
um(t) nodes.!>3 The reaction of six equivalents of the Pd!!
complex 4 with four equivalents of tpt leads, in water, to
the exclusive and quantitative formation of the supramolec-
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a)

b)

Figure 15. a) Cubic (3.,4)-connected net. b) Octahedral host chamber.5?!

Figure 16. Self-assembly of a nanometer-scale octahedral cage.>!

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

It has been shown that this coordination cage can bind
efficiently various organic guest molecules®*>! including
radicalsP®! as well as a water cluster!!” in its cavity. For
example, o-carborane, an icosahedral carbon-boron cage
molecule with a diameter of 8 A, can be encapsulated in
5.571 This spherical, neutral molecule is apolar and insolu-
ble in water. However, when a hexane solution of o-carbor-
ane is stirred with a D,O solution of 5, four equivalents of
o-carborane are transferred into the D,O phase to form
5-(o-carborane),, as evidenced by 'H NMR spectroscopy.
This host-guest complex has never been crystallized, but
the analogous compound having 2,2'-bipyridine as cis-pro-

Eur. J. Inorg. Chem. 2006, 29-42
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tecting ligand in place of ethylene diamine is easily crys-
tallized in water (Figure 17).54

Fujita and coworkers then tried to use these cavities to
perform catalytic reactions.’® The palladium-catalyzed
Wacker oxidation of styrene has been carried out in water
with 5, which can accommodate three molecules of styrene
(6) in its cavity.’® If the reaction is achieved at 80 °C with
4 or with 5, only 4% of acetophenone (7) is detected. If the
oxidation is performed in the presence of both 4 and 5, then
the yield in acetophenone is significantly increased to 86%
(Figure 18a). Similarly, the ability of 5 to promote the isom-
erization of allylbenzene (8) has been examined. Once
again, while the reaction does not occur in the absence of
either 4 or 5, 50% of B-methylstyrene (9) is obtained when
a 2:1 mixture of 4 and 5 is used (Figure 18b).51 Complex
5 acts as a phase-transfer reagent which brings the sub-
strate, i.e. the organic molecule 6 or 8, into the aqueous
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Figure 17. Encapsulation of four o-carborane in an M¢L, cage.’”!

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

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

a)
~ Heaxane/H.0
| +10mol% § —
o 10 maol% 4
6
b)
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Figure 19. s-Triazine-based ligands used to prepare supramolecular coordination compounds.
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N-donor ligands. For this purpose, a series of polydentate
ligands have been prepared®*°%-¢!l according to the syn-
thetic pathway depicted in Figure 2, and some of them are
reported in Figure 19.

The simple dpyatriz ligand arises from the substitution
of the three chlorides of cyanuric chloride by 2,2’-dipyridyl-
amine and has been reported by some of us®*! and by Wang
and coworkers.[°%¢3] Reaction of Cu!! nitrate with dpyatriz
in acetonitrile at room temperature produces a 1D ladder
coordination polymer, whose crystal structure is depicted
in Figure 20.1°1 The polymeric compound is built up from
pentanuclear copper units which are bridged by bidentate
nitrate anions (Figure 20b). This uncommon molecular net-
workDl possesses large rectangular guest cavities with di-
mensions of approximately 10 x 5.5 A, which are filled with
seven acetonitrile molecules.[®'] Thus, the uncoordinated
solvent molecules cover 25% (652 A3) of the unit cell vol-
ume.

Thermogravimetric analysis (TGA) of the polymeric ma-
terial shows 11.1% loss in weight, which exactly matches
seven acetonitrile molecules. A second TGA experiment on
the acetonitrile-free crystalline material left in air shows a
decrease of 18.8% in weight. This decrease is attributed to
the loss of water molecules rapidly taken up by the initial
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Figure 20. a) 1D ladder coordination polymer obtained from the ligand dpyatriz and Cu(NOs),; and b) its schematic representation.[®!]

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

Another attractive coordination compound has been ob-
tained by our group from the extended ligand opytrizediam
(Figure 19). Indeed, the reaction of copper(ir) chloride with
this ligand in methanol leads to the formation of a 1D zig-
zag coordination polymer (Figure 21).41 The polymeric
compound is composed of trinuclear copper units that are
connected by means of chloride bridges in a zigzag fashion,
since the ligands are up and down alternated (Figure 21b).
Despite its unusual arrangement,™ this material exhibits
interesting physical properties. First, a large amount of sol-
vent molecules is present in the crystal lattice (29% of the
unit cell volume, 1016 A3). The removal of these molecules
may create space for the sorption of gases such as dinitro-
gen and dihydrogen. This is a vital feature in the field of
fuel cell chemistry.#!:42:651 Second, the coordination poly-
mer possesses ferromagnetic properties [J = 6.4(1) cm '] in-

herent to the doubly chloro-bridged dicopper moieties link-
ing the complexes to generate the infinite chain.

Recently, a very important finding in the field of anion
recognition has been achieved by using the dendritic li-
gand azadendtriz (Figure 19).1°! Indeed, anions are ubiq-
uitous in biochemical structures.[®”-%8] Contrary to that of
cations, the binding of anions has received little attention.
However, during the past two decades, an increasing
number of anion receptors have been developed,®-7% most
likely because of their potential applications in medicine,
biology, catalysis, or for the elimination of anionic pollut-
ing wastes.[”!]

A number of recent publications have reported theoreti-
cal investigations on the binding of halides with the elec-
tron-deficient s-triazine ring.[’?! All calculations clearly indi-
cate energetically favourable noncovalent interactions be-
tween the halide and the electron-poor aromatic ring.l’3-74
Consequently, s-triazine-based compounds are perfect can-
didates for the development of anion host chemistry. This

Cl

Cl

Q -."-.CI i o

Q o Q cy
O*Q 0*0 __:D*CI_L_ _I:'_Q*Q

Ci ci (» ]

Q cur W | 55nd opytrizediam

Figure 21. a) 1D zigzag coordination polymer obtained from the ligand opytrizediam and CuCl,; and b) its schematic representation.[%4l
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property was recently evidenced by the first crystallographic
proof of such interactions.l””!

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

Figure 22. a) [CuCl,-azadentriz] complex showing anion-binding
properties; b) guest chloride anion embraced between four pyridine
rings.[0¢]

Finally, the influence of the temperature and the pressure
on the nature of the coordination framework obtained has
been clearly demonstrated by using the ligand dpyatriz (Fig-
ure 19).77] The reaction of zinc(i1) nitrate with dpyatriz in
acetonitrile at room temperature gives a tetranuclear zinc
complex accommodating two triazine-based ligands (Fig-
ure 23).781

Figure 23. Tetrazinc complex obtained from the ligand dpyatriz
and Zn("°3)2 at room temperature.l$]

However, if the same reaction is performed in a sealed
tube at 105 °C under autogenous pressure, a 1D polymeric
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chain is obtained (Figure 24)."71 The significantly different
crystal packing observed at different crystallisation condi-
tions illustrate the difficulty of anticipating a crystal struc-
ture. Crystal engineering involves various interactions be-
tween the synthons (ligand, metal ion, anion, solvent). In
addition, the temperature and the pressure applied during
the experiment are obviously important and hence should
be considered for a better prediction of the crystal structure.

Figure 24. Coordination polymer obtained from the ligand dpyatriz
and Zn(NOs), at 105 °C under autogenous pressure.l”’]

A closely related 1D coordination polymer is achieved
with copper() nitrate [in place of Zn(NOs),] using the
same crystallisation process, while a 1D ladder network is
obtained at room temperature and normal pressure (Fig-
ure 20 and Figure 24).[61.77]

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

There are only a few examples reported in the literature
where the H-bonding ability of melamine derivatives has
been used in combination with coordination bonds. Lehn
and coworkers have described, in 1995, an ion-labelling sys-
tem to detect by mass spectroscopy the formation of H-
bonded networks by the binding of a metal ion, namely
potassium(1).’”) The triazine 10 (Figure 25a) has been syn-

a} H.N.H
vy o
Hog et — /'A\‘ HLNJLN_.H — A

10 DEB

10,-(DBB),

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

Equimolar 102 M solutions of 10 and DBB in dichloro-
methane are combined and treated with KPF4. The re-
sulting mixture is then analysed by electrospray mass spec-
trometry (ESMS), which shows ion compositions character-
istic for the free ligand 10 and for the self-assemblies
10,-(DBB);, 105-(DBB), and 105-(DBB);. The addition of
methanol (which is known to disrupt H-networks) to this
reaction mixture causes the disappearance of all peaks due
to 10,+(DBB), complexes, supporting their presence in the
initial solution, since no additional assembly is observed in
the gas phase (after addition of methanol). These ESMS
studies clearly demonstrate the possibility of using this tech-
nique with weakly associated self-assemblies which are de-
stroyed by protonation. The ingenious stratagem consists
then of introducing a charge through cation binding to a
well-designed synthon such as 10. In that way, a component
like 10 in the presence of a salt forms a neutral supramolec-
ular coordination species that cannot be otherwise charac-
terised by ESMS.[7"]

In 1998, Reinhoudt and coworkers developed a similar
labelling method for the characterisation of double rosette
assemblies, comparable to 2;(DEB)s (Figure7), by
MALDI-TOF mass spectrometry.l®?] For this purpose, the
ligand 11 has been prepared (Figure 26).

CHCl,

—

— 11;(DEB),

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

The 115:(DEB)s adduct obtained by mixing 11 and DEB
is then stirred with 1.5 equivalents of Ag(CF;COO) in chlo-
roform for 24 h. Afterwards, the solution is analysed by
MALDI-TOF mass spectrometry which shows an intense
signal at m/z = 4278.3 (calculated value: 4276.1), ascribed
to the silver(1) complex of 115*(DEB), (Figure 27).3% More-
over, these MS data are in perfect accordance with the 'H
NMR spectra of the hydrogen-bonded supramolecules in
solution.
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Figure 27. Proposed structure for the silver() complex of
115/(DEB)g. Only a small part of the double rosette is shown for
clarity.[8

This silver(1) labelling technique has been extended to a
variety of hydrogen-bonded assemblies and can be consid-
ered as a powerful tool to characterise noncovalent as-
semblies or host—guest complexes.!]

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

NH
N@N—\ N=( ’
C N4 N
NH HN— N—<
s NH,
12

Figure 28. [6-(4',6’-Diamino-1',3",5'-triazinyl)-1,4,6,8,11-penta-
azacyclotetradecane] (12).[82831

As expected, this ligand can both bind a metal ion and
be involved in the formation of a hydrogen network.[82-83]
More recently, Bernhardt and coworkers have used this li-
gand to obtain a redox-active receptor for neutral guests.[%4
The H-bonding abilities of the complex [Cu(12)]*" are obvi-
ously due to the presence of a melamine unit that can act
as a donor—acceptor—donor entity (Figure 4). This intrinsic
property has been used by Bernhardt and coworkers who
have prepared a [Cu(12)]**/barbiturate adduct whose crys-
tal structure is depicted in Figure 29.

H-bonded assemblies with barbitone and thymine (Fig-
ure 30) have also been obtained and crystallographically
characterised. Solution electrochemical studies have been
carried out in order to check the possibility of using
[Cu(12)]*" as a redox-active receptor. The electrochemical
detection is based on a shift of the redox potential of the
host [Cu(12)]*" complex upon binding of the neutral guest
molecule, i.e. barbitone, thymine, biuret or cytosine (Fig-
ure 30). These investigations have shown that the addition
of complementary guests such as barbitone or biuret, which
have an acceptor—donor—acceptor H-bonding pattern, leads
to a significant shift in the Cu'"/Cu' redox potential. On the
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Figure 29. [Cu(12)]**/barbiturate H-bonded network.[34

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

o} 6]
N\ =
HN}_ 0] HN}— o} HN}— 0
NH NH NH
[of 0] o}
barbiturate barbitone thymine
HoN
NH, y
0= NH, N
HN J—NH
o} ]
biuret cytosine

Figure 30. Guest molecules used with the complex [Cu(12)]*2.184

6. Concluding Remarks

The vast development of supramolecular chemistry over
the past twenty years has led to a huge diversity of chemical
assemblies, obtained both by design®! and serendipitous
formation.® Tremendous progress has been made in the
field of crystal structure prediction, using well-designed li-
gands and the reticular synthesis approach.’! 1,3,5-Tri-
azine-based synthons have proven their huge potential in
this area, and the present microreview reports on some of
the most remarkable examples published so far. The ability
of melamine derivatives to generate H-bond networks has
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been elegantly applied by several research groups to pro-
duce host-guest or porous materials. The straightforward
synthetic routes to generate sophisticated star-shaped po-
lydentate N-ligands have allowed the preparation of mol-
ecular cages with applications in catalysis or separation, co-
ordination polymers with magnetic properties or host—guest
cavities, and anion hosting materials. Finally, the judicious
combinations of H-bonding and coordinative interactions
through the use of well-designed 1,3,5-triazine building
blocks have generated functional materials with applica-
tions in mass spectrometry labelling and in sensoring. As
summarized above, triazine-based supramolecules are
highly promising synthons for the design and synthesis of
exciting new polyfunctional compounds. The controlled
preparation of hybrid inorganic—organic materials has re-
markably improved since the late 1990s, and the important
challenge of the contemporary supramolecular chemist is
now to control the functionalization of such solids.’] This
includes the capacity to design intricate ligands which will
act both as structural and functional buildings blocks to
prepare custom-made materials possessing one or more spe-
cific properties, which can certainly be envisaged starting
from the inexpensive, readily available 2,4,6-trichloro-1,3,5-
triazine.
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A carbethoxy derivative of the push-pull chromophore
benzo[a]phenoxazin-5-one (Nile Red) forms chelate com-
plexes of the trivalent lanthanide ions that are stable in coor-
dinating solvents with a bathochromic shift of the intense
charge-transfer band in the Nile Red chromophore as a re-
sult. The complex formation results in quenching of the fluo-

rescence from the free Nile Red ligand. Single crystals of a
lanthanum(ir) complex have been grown and the X-ray crys-
tal structure showed that two Nile Red ligands are coordi-
nated to the metal centre.

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

Introduction

The benzo[a]phenoxazine compound Nile Red (nr) is a
widely used fluorescent laser dye (Figure 1). The intense ab-
sorption band (g, = 35000 cm 'M 1), located in the VIS
range,l!! displays some charge transfer character in which
electron density is moved from the diethylamino group to
the carbonyl group, and nr is, accordingly, often referred to
as a so-called push-pull chromophore. The positions of the
absorption and emission bands are highly sensitive to the
nature of the solvent (polarity and hydrogen-bond acidity),
and the absorption maximum ranges from 484 nm in pen-
tane to 629 nm in trifluoroacetic acid.?! This solvato-
chromic effect has its origin in the fact that the molecule in
the first excited singlet state is geometrically distorted with
a significantly higher dipole moment than in the ground
state. Exhibiting such twisted intramolecular charge trans-
fer (TICT) properties nr has thus been used extensively as a
polarity probe in chemical and biophysical environments.!
Moreover, Verhoeven found recently that nr was able to
sensitize a metal-centred NIR emission from the complexes
[Ln(fod)s(nr)] (Ln = Er or Yb, fod = 6,6,7,7,8,8,8-hep-
tafluoro-2,2-dimethyloctane-3,5-dione) in benzene solu-
tion.! However, complex formation between the Lewis ac-
ids [Ln(fod)s] and nr, that occurs through the carbonyl oxy-
gen atom in nr, is weak and does not take place in more
coordinating solvents such as acetonitrile (MeCN). In an
attempt to overcome this obstacle we have, during our in-
vestigations in this field,’™ used a derivative of nr, namely
nr-C(O)OEt shown in Figure 1. The attached carbethoxy
group makes the formation of a chelate metal complex
[Ln™{nr-C(O)OEt}] possible, resulting in enhanced sta-

[a] Department of Chemistry, University of Copenhagen,
Universitetsparken 5, 2100 Copenhagen &, Denmark
Fax: + 45-35320133
E-mail: dossing@kiku.dk
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bility of the metal complexes of nr-C(O)OEt. We present
here results that show that nr-C(O)OEt forms complexes
with lanthanide(ir) (Ln'") ions in coordinating solvents.
Single crystals of a lanthanum(1r) complex of nr-C(O)OEt
have been grown, and the crystal structure of this complex
has been determined. Despite the fact that nr has been
widely used as a polarity probe and that the electronic
structure of nr has been subject to numerous theoretical
studies,'® this contribution describes the first example of a
crystal structure determination of a compound that in-
cludes an nr chromophore.

Results and Discussion

The synthesis of nr-C(O)OEt has been described by
Meng,”l who prepared a whole series of nr derivatives.
From an MeCN solution of nr-C(O)OEt and La(OSO»-
CF3);, single crystals of [La{nr-C(O)OEt},(OSO,CFj3);-
(OH,»),]-H»O (1) were grown. Figure 2 shows the molecular
structure of 1. The lanthanum(1n) centre in 1 is coordinated
by two molecules of nr-C(O)OEt (each bidentately coordi-
nated as shown in Figure 1), two water molecules, and three
triflate anions that are monodentately bound through the
oxygen atoms. The coordination geometry is best described
as tricapped trigonal prismatic. The La—O bond lengths are
normal for these types of ligators. Of special note is the
bonding geometry around the aliphatic, tertiary N1 and N3
atom. Firstly, the geometry is close to trigonal planar, and
the C-N-C angles range from 115° to 122°, and the C—C8-
NI1-C and C-C31-N3-C dihedral angles range from 2° to
6° and from —170° to —178°, respectively. Secondly, the N1-
C8 and N3-C31 bond lengths of 1.353(3) and 1.330(3) A,
respectively, are significantly shorter than expected for a
N(sp?)-C(sp?) bond (1.467(2) A in 4-aminobenzonitrile hy-
drochloride).!® This can be rationalized if we take the ionic
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9-diethylamino-5H-benzo[a]-
phenoxazin-5-one, Nile Red (nr)

[Ln{nr-C(O)OEt}]

Figure 1. Structure of the ligands nr and nr-C(O)OEt; the latter ligand is chelated to a lanthanide(i) ion (Ln'").

resonance structure shown in Figure 3 into account. Here,
the lone pairs of electrons on N1 and N3 reside in a pure
p orbital which is conjugated with the aromatic ring; this
results in an increased order of the N1-C8 and N3-C31
bond and delocalization of a negative charge on the p-keto
ester group, as shown in Figure 3. Similar behaviour was
seen in other acceptor-substituted aromatic amines such as
4-(dimethylamino)benzonitrile!’ and 4-nitroso-N,N-dieth-
ylanilinel'” in which the analogous C-N bond length was
1.366(2) and 1.358(4) A, respectively. Han et al. calculated,
by density functional methods, the bond lengths of nr in
the ground state and the first excited singlet state both in
the gas phase and in H,O solution.[°! It is worth noting
that the bond lengths of the nr-C(O)OEt ligand in 1 agree
(within 0.01 A) with the calculated bond lengths of nr in the
ground state in H,O solution. With regard to other metal
complexes of nr, it should be noted in this context that
Ghedini isolated the cyclometalated, square-planar com-
plexes of the type [Pd(nr)(acac)] (acac = acetylacetonate or
derivatives thereof) in which the nr ligand supposedly bi-
dentately coordinates through the N12 and deprotonated
C1 atoms (the atom numbering is taken from Figure 1).[!]
No crystal structures were, however, reported.

Figure 2. Molecular structure of the complex [La{nr-C(O)-
OELt},(0OSO,CF3)3(OH,),] with the hydrogen atoms omitted for
clarity. The thermal ellipsoids are shown at the 50% probability.
Ranges of bond lengths: La-O(triflate) 2.5623(16)-2.5985(16) A,
La—O(water) 2.5331(15)-2.5903(16) A, La-O{nr-C(O)OEt}
2.4482(15)-2.5507(15) A.

For the recording of the 'H NMR spectra excess
La(CF;S03); was added to an acetonitrile solution of nr-
C(O)OEt in order to ensure that all nr-C(O)OEt was com-
plexed. In the '"H NMR spectrum of such a solution there
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Figure 3. A resonance form of a lanthanum(ir) chelate complex of
nr-C(O)OEt.

are no peaks originating from free nr-C(O)OEt, and only
one type of complexed nr-C(O)OEt is seen. The chemical
shift values (d) for complexed and free nr-C(O)OEt are
shown in Table 1. It should be noted that the chemical shifts
move downfield on complexation owing to the electron-
withdrawing inductive effect of the metal ion, with the ex-
ception of those for 2-H, 3-H, and 4-H. The excess
La(CF3S03); in the solution favours a 1:1 stoichiometry for
La/nr-C(O)OEt, but it is worth noting that the crystals that
separate out from the solution after long-term storage have
a stoichiometry of 1:2.

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

Nuclei nr-C(O)OEt La{nr-C(O)OEt}
N(CH,CH3), 1.21 1.40
OCH,CH; 1.41 1.52
N(CH,CH3), 3.48 3.73
OCH,CHj3; 4.45 4.65
1I-H 8.19 8.381al
2-H 7.68 7.62
3-H 7.78 7.62
4-H 8.57 8.28al
8-H 6.55 6.59
10-H 6.83 7.38
11-H 7.61 7.81

[a] May be interchanged.

Stuzka et al.['?l studied the IR spectra of various substi-
tuted benzo[a]phenoxazine compounds, and on the basis of
that work, we assign the bands at 1640 and 1733 cm™! in
the IR spectrum of nr-C(O)OEt as carbonyl vibrations in
the keto and ester groups, respectively. An IR spectrum of
a solid with the formula [La{nr-C(O)OEt};](CF3;SO;)s
3H,0 (2) shows that metal complexation to the ester car-
bonyl oxygen atom results, in accordance with the reso-
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nance form in Figure 3, in a significant decrease in the ester
carbonyl stretching frequency; this band appears as a shoul-
der (at ¥ = 1694cm!) on the other (keto) carbonyl vi-
brational band at 1658 cm™'.

The optical spectra of nr-C(O)OEt and its lanthanum(1ir)
complex in solution can be seen in Figure 4. The pink col-
our of a MeCN solution of nr-C(O)OEt (A5* = 553 nm)
changes to blue (A5* = 622nm) upon addition of
La(CF3S03)3. This bathochromic shift of the charge-trans-
fer band is a result of the interaction between the electron-
rich carbonyl group and the electron-withdrawing lantha-
num(1n) ion that lowers the diethylamino to carbonyl oxy-
gen charge-transfer energy. A similar behaviour with other
Ln" ions and in other solvents is observed. With regard to
the luminescence properties, solutions of nr-C(O)OEt dis-
play strong fluorescence with the emission maximum in
MeCN located at A12* = 627 nm (A%** = 553 nm). Addition
of La(CF5S05); reduces the fluorescence intensity to about
10% of the original, and the emission maximum shifts to
Jnax = 654 nm. Earlier studies of nr!!'3! have shown that the
fluorescence lifetime and quantum yield is reduced signifi-
cantly with increasing hydrogen-bond donating power of
the medium, because hydrogen bonding that involves the
electrons around the carbonyl oxygen atom will promote
the nonradiative deactivation pathway by vibrational exci-
tation of the resulting O-H group. However, coordination
of a lanthanum(1m) ion to the carbonyl oxygen atom cannot
lead to deactivation through that mechanism. Instead, in-
tersystem crossing to a triplet state promoted by the heavy
metal ion could be a possible pathway for fluorescence
quenching.

50 — ‘ . . .

e/10°M ™ em™
40 |- -

30
20

10
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A/nm
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Figure 4. Optical absorption spectra of a 1.00x 10> M MeCN solu-
tion of nr-C(O)OEt before (—) and after addition of a ten-fold ex-
cess of La(CF;3SO3);3 (---).

In summary, we have shown that the present derivatis-
ation of nr ensures that complex formation with lantha-
nide(11) ions does take place in solution. An nr chromo-
phore might thus serve as a VIS absorbing sensitizer for the
NIR emitters Nd™, Er'™, and Yb'™. Such systems might
find use as luminescent tags in biological systems and have
accordingly attracted interest in recent years.'*! Our investi-
gations in this field are ongoing, and the results will be pub-
lished in due time.
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Experimental Section

Physical Methods and Materials: The starting material 6-car-
bethoxy-9-diethylamino-5H-benzo[a]phenoxazin-5-one  [nr-C(O)-
OEt] was prepared as described in the literature.[”] Infrared spectra
were obtained with a FT-IR 1760X spectrometer. '"H NMR studies
were carried out with a Bruker 250 MHz instrument at room tem-
perature with the J values referenced to residual 'H impurities in
the solvent. Optical absorption spectra were recorded with a Cary
SE UV/Vis-NIR spectrophotometer. Fluorescence spectra were re-
corded on a Spex Fluorolog FL3-22. Elemental analyses (C, H,
N) were performed at the Department of Chemistry, University of
Copenhagen.

Single Crystals of Diaquabis(6-carbethoxy-9-diethylamino-5H-
benzo|a|phenoxazin-5-one)tris(triflato-O)lanthanum(iit)  Monohy-
drate, [La{nr-C(O)OEt},(OSO,CF3)3(OH,),]'H,O (1): A mixture
of La(CF5S03); (50 mg, 0.085 mmol), nr-C(O)OEt (10 mg,
0.026 mmol), and CD;CN (2 mL) was stirred, and undissolved
La(CF3S03); was removed by centrifugation. The resulting blue
solution was used for 'H NMR spectroscopy. After several months
at 298 K, green plate crystals of 1 separated out from this solution.
The crystals were isolated by decantation and dried under a flow
of nitrogen.

Tris(6-carbethoxy-9-diethylamino-5 H-benzo|a]phenoxazin-5-one)lan-
thanum(iir) Triflate  Trihydrate, [La{nr-C(O)OEt};](CF5SO3);
3H,0 (2): La(CF3S03)3 (200 mg, 0.34 mmol) was dissolved in dry
acetonitrile (50 mL) with stirring. Then nr-C(O)OEt (50 mg,
0.13 mmol) was added, and the solution immediately turned dark
blue. Slow evaporation of the solvent at room temperature over two
weeks resulted in precipitation of a green microcrystalline material.
The remaining mother liquor was decanted away, and the solid was
washed thoroughly with water to remove excess La(CF5;SO;); and
finally air-dried. Yield 40mg (17%). C;H7FoLaNgO24S;3
(1811.48): caled. C 47.74, H 4.01, N 4.62; found C 47.81, H 3.69,
N 4.63.

X-ray Crystallography: X-ray crystallographic study of 1:
CyoHsoFoLaN4050S5, M = 1421.02, triclinic, PI, a = 8.9240(9), b
= 13.0080(12), ¢ = 24.217(3) A, a = 95.333(11), 8 = 93.696(9), y =
90.493(9)°, V = 2793.2(5) A3, Z = 2, u(Mo-K,) = 0.987 mm™!,
83979 reflections measured with a Nonius KappaCCD area-detec-
tor system at 122(1) K in the 0 range 1.57-27.99°, 13422 unique
reflections [R(int) = 0.0588] were used in the data analysis. The
structure was solved using SHELXS-97 and refined using
SHELXL-97.1'] During the refinement of 1 disorder was observed
that involved one of the ethyl groups in one of the nr ligands. The
disorder was resolved by refining the ethyl group in two conforma-
tions. The refinement converged at R; = 0.0293 for 12035 observed
reflections with I > 2o(1), wR, = 0.0671 for all unique reflections,
S = 1.150, and an occupancy of 66% for the cis conformation of
the disordered ethyl group. The anisotropic displacement param-
eters for all non-hydrogen atoms were refined. All hydrogen atoms
were located in the difference Fourier map and included in the re-
finement riding on their parent atoms. The hydrogens on carbon
were refined at idealised positions. Fourier peaks after the refine-
ment were equal to 0.794 and —0.770 ¢/A3. CCDC-276918 contains
the supplementary crystallographic data for this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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The preparation of the first- and second-generation of nitrile-
functionalized poly(alkylidene imine) dendrimers with the
organometallic ruthenium complex [Ru(n®-CsHs)(PPhs),Cl]
peripherally attached is described. The reaction of N,N'-bis-
(cyanomethyl)piperazine (1), N,N'-bis[N’',N'"’-bis(cyano-
ethyl)aminoethyl]piperazine (2), or N,N,N’,N’-tetrakis(cyano-
ethyl)ethylenediamine (3) with [Ru(n®-CsHs)(PPh3),Cl] (4) in
the presence of TIPFg gives the new air-stable ruthenium
metallodendrimers 5, 6, and 7, respectively. These stable
metallodendrimers are easily prepared and represent a novel

quantitative method to solidify and chromatographically pu-
rify the otherwise semi-liquid nitrile-functionalized poly(alk-
ylidene imine) dendrimers. The compounds were fully char-
acterized by IR and 'H, 3C, and *'P NMR spectroscopy, and
mass spectrometry. These dendrimers represent the first ex-
ample of the utilization of nitrile-functionalized poly(alkylid-
ene imine)s as cores in the preparation of metallodendrimers.

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

Introduction

Coordination-chemistry-based dendrimers can be easily
prepared by straightforward synthetic methods by an ap-
propriate choice of metals and ligands.'! One of the most
promising aspects of metallodendrimerst'# is their applica-
bility as renewable metallodendritic catalysts,>~71 as well as
nanoscale molecular materials®®! with unusual physical or
optical properties to be used as nonlinear optics (NLO) ma-
terials.[ 121

Even though poly(propylene imine) derivatives are well
known building blocks for the preparation of dendri-
mers,!'3 the direct use of nitrile-functionalized poly(alkylid-
ene imine) as a core for the preparation of metallodendri-
mers has not been reported prior to this work. In a previous
work[" we succeeded in the preparation of hexa- and non-
aruthenium star-shaped complexes by using [Ru(n’-
C;sH;)(PPhs),Cl] as the organometallic ruthenium reagent.
The same reasoning was followed in this work and we ex-
plored the use of nitrile-functionalized poly(alkylidene
imine)s (generation 0 and 1) for the coordination to the
organometallic fragment [Ru(n’-CsHs)(PPhs),]. The aim
was the development of novel methods for the preparation
of new nanoscopic molecular materials (metallodendrimer-
based) with particular physical (NLO) and/or chemical
properties (catalytic activity).

[a] Centro de Quimica da Madeira, LQCMM, Departamento de
Quimica da Universidade da Madeira, Campus Universitario
da Penteada,

9000-390 Funchal, Portugal

[b] NanoScience Center, Department of Chemistry, University of
Jyviskyld,

P. O. Box 35, 40014 Jyviaskyld, Finland
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Results and Discussion

The core nitrile-functionalized poly(alkylidene imine)s
N,N'-bis(cyanomethyl)piperazine (1), N,N'-bis[N'',N'"’-bis-
(cyanoethyl)aminoethyl]piperazine (2), and N,N,N',N'-tet-
rakis(cyanoethyl)ethylenediamine (3) were obtained in good
yields by reaction of piperazine with chloroacetonitrile (1).
The precursor amine for 2 was obtained by reduction of
nitrile 1 with LiAlH,. The piperazine and ethylenediamine
were then treated with acrylonitrile under classic Michael
reaction conditions.'>! The exact synthetic details of the
preparation of 1-3 will be reported elsewhere.

These organic cores were quantitatively coordinated to
the ruthenium reagent [Ru(n’-CsHs)(PPh;),Cl] (4) by sub-
stitution of chloride and coordination to the nitrile nitro-
gen, using a slight excess of TIPF4 in methanol, resulting in
the bis- and tetrakisruthenium-bonded dendrimers
(Schemes 1 and 2).

These organometallic dendrimers were isolated in good
yields as air-stable, yellow powders and were characterized
by UV/Vis, IR, and 'H, '3C, and 3'P NMR spectroscopy,
and mass spectrometry.

The IR spectra of 5, 6, and 7 show, besides the character-
istic band of the PF¢~ counterion at 840 and 521 cm™, the
nitrile band shifted to higher energies by 5, 14, and 21 cm ™!,
respectively, when compared with the free nitrile, thus indi-
cating similar coordination of all termini of the cores to the
ruthenium fragment. These results are in accordance with
the 'H NMR spectra, which show only one signal for
CH,CN shifted downfield and good relation/integrations
between the protons of the ruthenium fragment and the
protons of the cores. The '3C NMR spectra also show the
expected signals, except for the nitrile carbon, which could
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Scheme 2. A ruthenium metallodendrimer with an imine core.

not be detected due to slow relaxation. The appearance of
only one Cp-ring signal at around 6 = 4.5 ppm in the 'H
NMR spectrum and only one phosphorus signal in the 3'P
NMR spectrum (0 = 42 ppm) for all products is due to the
equivalence of the ruthenium fragments coordinated to the
cores and confirms the bis and the tetra coordination.
Clean mass spectra were obtained for all products, show-
ing the characteristic [M*] peaks at m/z = 1691 (5), 3583 (6,
Figure 1), and 3471 (7) and some peaks of typical fragmen-
tations of the molecule in this technique (TOF-MS; see Ex-
perimental Section).
48
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All the UV/Vis electronic spectra of the ruthenium den-
drimers, recorded in ca. 10> M solutions of CH,Cl,, show
a shoulder at around 351 nm with ¢ values in the range 0.7—
1x10* M 'em™!. This behavior is probably due to a metal-
to-ligand charge-transfer (MLCT) transition, since a similar
transition is absent both in [Ru(n’-CsHs)(PPh;),Cl] and in
the uncoordinated cores.

Although there is not sufficient literature data for 1:4
complex salts,['®] the conductivity measurements, together
with the spectroscopic data, indicate that the assumption of
1:2 and 1:4 complex salts is correct.

Eur. J. Inorg. Chem. 2006, 47-50
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Figure 1. Mass spectrum of compound 6 showing the [M*] peak at m/z = 3583.

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

Conclusions

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

Experimental Section

General: All experiments were carried out under vacuum or nitro-
gen atmosphere by use of standard Schlenk techniques. With the
exception of absolute methanol, which was used without further
purification and degassed before use, all the solvents used were
dried according to the usual published methods!'” and distilled
prior to use. The compound [Ru(n’-CsHs)(PPh;),Cl] (4) was pre-
pared and characterized as described in the literature.['%-1°]

Eur. J. Inorg. Chem. 2006, 47-50
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Physical Measurements: The UV/Vis spectra were recorded with a
GBC-Cintra 40, UV/Vis spectrometer using l-cm optical-path
quartz cells with freshly prepared solutions of approximately 10> m
concentration in CH,Cl,. The mass spectra (TOF-MS) were re-
corded on a Micromass LCT. FT-IR spectra were recorded with a
Nicolet Avatar 360 FTIR spectrometer, calibrated with polystyrene,
as KBr pellets; only significant bands are cited in the text. 'H,
13C{'H}, and *'P{'H} NMR spectra were recorded on a Bruker
AMS500 spectrometer at 500.13, 125.77, and 202.44 MHz, respec-
tively, at 293.15 K (probe temperature). The 'H chemical shifts (5),
reported in parts per million (ppm) downfield, are referenced to
residual chloroform (6 = 7.24 ppm). The '*C{'H} chemical shifts
were reported in ppm relative to the carbon resonance of the deu-
terated NMR solvent (CDCls: 6 = 77.00 ppm). The 3'P{'H} NMR
spectra are reported in ppm downfield from external 85% H;PO,
(0 = 0.00 ppm). The elemental analysis of the complexes did not
give satisfactory results after several tries and is not reported. The
probable reasons for these irreproducible results are the evapora-
tion of the possible lattice solvent molecules (MeOH, CH-Cl,,
CHCl;, or diethyl ether) and/or the adsorption/desorption of
moisture. Conductivity measurements were made at 273.15 K on
freshly made 103 M solutions of the complexes in nitromethane
using a CRISON-microCM 2200. The cell constant was deter-
mined by measuring the resistance of an aqueous solution of KCI
(0.0100 M, ¢ = 0.001413 Q'cm™! at 273.15 K). Molar conductivi-
ties (Ay;) are given in units of Q 'ecm?mol!. The accepted ranges
for 1:2- and 1:4-type electrolytes under these conditions are 100—
160 and 290-330 Q 'cm?mol !, respectively.['®]

Synthesis of 5: [Ru(n’-CsHs)(PPh3),Cl] (4; 0.4509 g, 0.620 mmol)
and the dinitrile 1 (0.051 g, 0.310 mmol) were introduced with
MeOH (30 mL), under nitrogen, into a flame-dried Schlenk flask.
TIPFg (0.250 g, 0.713 mmol) was added and, after stirring the mix-
ture for 13 h, the solvent was removed under vacuum. The product
was extracted with CH,Cl, and, after filtration, the solvent was
removed under vacuum. The green product was dissolved in 10 mL
49
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of CH,Cl, and precipitated with n-hexane, the solution was filtered,
and the yellow precipitate was washed twice with 10 mL of n-hex-
ane. The yellow powder was dried under vacuum. Yield: 0.2853 g
(51%). "H NMR (500 MHz, CDCl5): 6 = 7.40-7.07 (m, PPhs), 4.48
(s, 10 H, CsHs), 3.77 (s, 8 H, CNCH,), 2.08 (s, 4 H, NCH,CH,N)
ppm. 3C NMR (126 MHz, CDCls): 6 = 135.7-133.3 (PPh;), 83.8
(CsHs), 51.0 (CNCH,), 48.1 (NCH,CH,N) ppm. 3'P NMR
(202 MHz, CDCl,): 6 = 42.2 (s, PPh3), —143 (m, PF¢) ppm. FT IR
(KBr): ¥ = 2236 (ven), 839 and 522 cm !(vpg,). TOF MS (ES*):
mlz (%) = 691 (100) [RuCp(PPh;),]*, 855 (60) [RuCp(PPhs),(1)]*,
1691 (10) [M]*. UV/Vis (CH,CL,): Apax [nm] (¢ [M'cm™']) = 351
(0.8 x10%). Ay = 157 Q 'em?mol .

Synthesis of 6: [Ru(n’-CsHs)(PPhs),Cl] (4; 0.3667 g, 0.505 mmol)
and the ligand N,N’-bis[N'',N''’'-bis(cyanoethyl)aminoethyl]pipera-
zine (2; 0.047 g, 0.120 mmol) were introduced with MeOH (45 mL),
under nitrogen, into a flame-dried Schlenk flask. TIPF¢ (0.2024 g,
0.579 mmol) was added and, after refluxing for 5h, the mixture
was stirred at room temperature for 16 h. The solvent was removed
under vacuum and the product was extracted with CH,Cl,. After
filtration the solvent was removed and the solid was washed twice
with diethyl ether. The product was dissolved in 10 mL of CH,Cl,
and precipitated with diethyl ether. The yellow powder was dried
under vacuum. Yield: 0.1933 g (45%). 'H NMR (500 MHz,
CDCly): 6 = 7.35-7.05 (m, PPhs), 4.47 (s, 20 H, CsHs), 2.55 (s, 4
H, NCH,CH,N), 2.43 (s, 8 H, NCCH,CH,) 2.35 (s, 16 H, NCH,)
ppm. 3C NMR (CDCl;, 126 MHz): § = 135.7-127.1 (PPhs), 83.5
(CsHs), 554 (NCH,CH,N piperazine center), 53.1 (inner
NCH,CH,), 52.3 (inner NCH,CH,), 43.5 (outer NCH,CH,), 17.9
(CH,CN) ppm. 3'P NMR (202 MHz, CDCly): 6 = 42.4 (s, PPhs),
-143 (m, PF¢) ppm. FT IR (KBr): ¥ = 2259 (ven), 840 and
521 em (vpg,). TOF MS (ES*): m/z (%) = 691 (100) [RuCp-
(PPh;),]*, 813 (20) [RuCpPPh;(2)]*, 1075 (25) [RuCp(PPh;),(2)]*,
1649 (15) [Cp(PPhs),CpRu(2)RuCpPPhs][PF,], 1911  (20)
[{RuCp(PPh3)2}2(2)][PFe]. 2746 (60) [{RuCp(PPhs),}5(2)][PFl,
3583 (10) [M]*. UV/Vis (CH>CL): Apax [nm] (¢ [Mtem™]) = 350
(1.1x10%. Ay =279 Q Tem?mol .

Synthesis of 7: [Ru(n*-CsHs)(PPhs),Cl] (4; 0.2505 g, 0.345 mmol)
and the ligand N,N,N’,N'-tetrakis(cyanoethyl)ethylenediamine (3;
0.0245 g, 0.177 mmol) were introduced with MeOH (35 mL), under
nitrogen, into a flame-dried Schlenk flask. TIPFq (0.1482 g,
0.424 mmol) was added and, after refluxing for 12 h, the mixture
was stirred at room temperature for 12 h. The solvent was removed
under vacuum and the product was extracted with CH,Cl,. After
filtration the solvent was removed and the solid was washed twice
with diethyl ether. The product was dissolved in 10 mL of CH,Cl,
and precipitated with diethyl ether. The yellow powder was dried
under vacuum. Yield: 0.1804 ¢ (60%). 'H NMR (500 MHz,
CDCly): 6 = 7.31-7.06 (m, PPhs), 4.47 (s, 20 H, CsHs), 2.57 (s, 8
H, NCCH,CH,N), 2.47 (s, 8 H, NCCH,), 2.31 [s, 4 H, N(CH,),N]
ppm. 3C NMR (126 MHz, CDCls): 6 = 136.1-128.6 (PPhs), 83.8
(CsHs), 52.4 [N(CH,),N], 49.0 (NCH,CH,CN), 18.9 (CH,CN)
ppm. 3'P NMR(202 MHz, CDCly): § = 42.5 (s, PPhs), —143 (m,
PFg) ppm. FT IR (KBr): ¥ = 2264 (ven), 840 and 521 cm 1(vaﬁ).
TOF MS (ES*): m/z = 691 (100) [RuCp(PPh;s),]*, 963 (7)
[RuCp(PPhs3),(3)]*, 1799 (20) [{RuCp(PPhs),}»(3)][PFe], 2110 (18)
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[RuCp(PPh3)1(3)(RuCpPPh;),][PFg]a, 2372 (75) [{RuCp(PPhs),}a-
(3)RUCPPPh4][PFl,, 2634 (70) [{RuCpP(PPhs)s}s3)|[PFel 3471
(18) [M*]. UV/Vis (CHyCL): Apex [nm] (¢ [M'cm]) = 351
(0.7%x10%. Ap = 313 Q 'ecm?mol .
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The catalytic properties of rhodium complexes containing the
a-, B-, or y-amino-phosphane ligands Ph,PCH,NEt, (a-P,N-
1), Ph,PCH(Ar)NHPh [a-P,N-2; Ar = n%(0-CcH,Cl)Cr(CO);],
Ph,PCH,NPh, (e-P,N-3), Ph,PCH,CH(Ph)NHPh (B-P,N),
Ph,PCH,(0-CsH,—NMe,) (y-P.N-1), Ph,PCH(o-CcH4—
CH,NHPh) (y-P,N-2), and the ¢,p-diamino-phosphane ligand
Et,NCH,P(Ph)CH,CH(Ph)NHPh (a,p-N,P,N), in styrene hy-
droformylation have been examined. The results show that
the activity increases when the number of backbone carbon
atoms linking P and N decreases from 3 to 1. IR and 3'P
HPNMR studies in solution show that all PN ligands adopt
exclusively a x!-P coordination mode in rhodium chloride

carbonyl complexes under high CO pressure. In the solid
state a x'-P-u-amino-phosphane coordination has been as-
certained by X-ray methods in trans-[RhCl(CO)(y-P,N-1),]. In
contrast, an equilibrium between the k?-P,N and k!-P-coordi-
nation modes has been observed as a function of the CO
pressure for the complex containing the B-P,N ligand. The
basicity of the dangling amino group also plays an important
role on the catalytic activity and a mechanism involving the
nitrogen function in the catalytic cycle is proposed.

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

Introduction

Bifunctional PN ligands are being intensively investi-
gated because they present advantages compared to com-
mon trialkyl phosphanes in the catalytic applications of
their corresponding Pd, Ni, Ru, and Ir complexes.l' 8] These
ligands can be either k!'-P or ¥>-P,N coordinated and each
coordination mode can modify the catalytic properties. For
example, the chelating coordination mode enhances the nu-
cleophilic character of the metal center and subsequently
promotes hydrogen oxidative addition.[”->!% A comparative
study between a- and f-amino-phosphanes in rhodium-cat-
alyzed hydroformylation has led to the proposal that a bi-
dentate coordination mode accelerates aldehyde reductive
elimination from RhHs(acyl)(P,N).''l The authors con-
clude that uncoordinated amino functions do not act as
bases. In contrast, the dangling amine function in a Pd'-
coordinated «'-P-pyridinylphosphane acts as a “proton
messenger” in catalytic alkyne methoxycarbonylation.[!! In
another study of rhodium-catalyzed hydroformylation, it
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was shown that the P,N,P type, Ph,PCH,N(Ar)CH,PPh,
ligand is much more active than its analogous Ph,P(CH,)s-
PPh,. However, a rationalization for the latter observation
was not proposed.['?

One of the key questions related to the use of bifunc-
tional ligands, particularly those associating soft and hard
donor atoms, is whether there is reversible association/
dissociation of one labile function during the catalytic cycle
(hemilability concept). In our laboratory, we have developed
different pathways to chiral o- or B-P,N and mixed a,- and
B,y-N,P,N ligands and their coordination properties have
been explored in palladium(n) and rhodium(i) com-
plexes.'3-161 Particularly, we have reported that B-P,N li-
gands adopt a chelating mode whereas o-P,N ligands are
only P-coordinated in Cu' or in Rh' complexes.['”-!8] Sepa-
rate work has shown that B-P,N ligands in Rh! complexes
can adopt a monodentate x!"P-['T or a ¥>-P,N-coordination
mode.[13-291 Nevertheless, no direct evidence for a hemilabile
character has been reported so far for B-P,N ligands in Rh!
complexes. This behavior was only suggested for a few cat-
ionic complexes of type [Rh(COD)(B-P,N)]* in order to ra-
tionalize a rapid fluxional process.?!! Nor is it known
whether the coordinated N donor in these Rh! complexes
and in related complexes with y-amino-phosphanes is dis-
placed by CO under catalytic conditions. A hemilabile be-
havior for related chiral PN ligands could explain the low
enantioselectivities observed in asymmetric Rh-catalyzed
hydroformylation.?>231 On the other hand, an optically
pure Ru'" B-amino-phosphane complex led to higher ee for
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the asymmetric reduction of ketones, whereas a related Ru-
v-amino-phosphane complex led to the same product in ra-
cemic form.[°]

We now wish to provide new information on the effect
of a dangling vs. a coordinated nitrogen function of chiral
P,N ligands in rhodium hydroformylation catalysis, thus
helping to clarify a few previously obscure points.l'!-1Z]
Consequently, we have (i) investigated the mono- or biden-
tate coordination mode of PN ligands in rhodium com-
plexes under CO pressure by 3'P HPNMR and IR spec-
troscopy, (il) examined the catalytic properties of various
Rh'-P,N complexes in styrene hydroformylation in order to
establish a relation with the coordination modes, and (iii)
evaluated the effect of the N basicity in P,N ligands on the
formation and properties of the catalytic species.

Results

Coordination, IR, and 3'P{'H} HPNMR Studies of Amino-
Phosphanes in Rh! Complexes

We first examined whether the nitrogen donor in dif-
ferent PN ligands (see Scheme 1) is coordinated under cata-
lytic conditions. This investigation completes our recent
studies on the Rh' coordination chemistry of PN li-
gands.['>18] Indeed, we have already reported that complex
RhCI(COD)(a-P,N-2) (complex 1) adopts a x'-P coordina-
tion mode both in the solid state and in solution and that
an analogous monodentate coordination mode is also
adopted in the dicarbonyl complex RhCI(CO),(a-P,N-2)
(Ila, see Scheme 2).['81 The latter was obtained by ligand
exchange from RhCl(COD)(a-P,N-2) (COD = 1,5-cyclooc-
tadiene) under high CO pressure. Lowering the CO pressure
did not result in the formation of a x>-PN mononuclear
product (Ia), but rather induces a ligand redistribution to
yield RhCI(CO)(a-P,N-2), (Illa) where both a-P,N ligands
are once again x!-P coordinated.

| N
——Cr(CO),
¥

cl Ph

PhyP
Ph,P” NHPh  PhyP NHPh 2
0-P N-2 B-P.N ¥PN-1 NMe:

Scheme 1.

The behavior of Rh! complexes containing the -P,N and
v-P,N-1 ligands was first studied by IR in CH,Cl, solution
under CO (see Figure 1). Irrespective of the amino-phos-
phane, the IR spectrum shows two absorption bands at
2092 and at 2010 cm™!, corresponding to the type-1I dicar-
bonyl rhodium complex (named IIy and IIf, with the y-
P,N-1 and B-P,N ligands, respectively) where the amino-
phosphane is k!-P coordinated. However, the IR spectrum
of TIp shows an additional absorption band at 1986 cm™!
corresponding to If, as will be discussed in detail below.
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+ byproducts

OC—RhO—Cl

e P
N
]

Scheme 2.

2200 2100 cm’! 2000 1900

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

We then carried out 3'P{'H} high pressure (HP) NMR
studies for both dicarbonyl rhodium complexes Iy and IIp
in order to confirm the IR results and to obtain additional
information on their stability. When a solution of
[RhCI(COD)(y-P,N-1)] (complex 2) was pressurized with
CO, its doublet resonance at = 29.5 ppm [Jrnp) =
150 Hz] was replaced by a new one at 6 = 26.9 ppm ['Jrn.p)
= 126 Hz] (see Figure 2). The presence of a single complex
is consistent with the IR data. After depressurization, com-
plex Iy evolved to complex IIly, [doublet at 6 = 30.5 ppm
with 'Jgnpy = 126 Hz] which became the only detectable
product after flushing the solution for a few minutes with
a dinitrogen stream (see Figure 2). The assignment of this
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Figure 2. 3'P{'H} HPNMR spectra under CO pressure for complex
2 in CDCl; solution. (a) Under N, (b) under CO, (c) under 20 bar
of CO, (d) after depressurization, (e) solution after flushing 5 min

signal to the monocarbonyl-bis-amino-phosphane rhodium
complex IIly was confirmed by an X-ray structure analysis.
Crystals of complex IIly (see Figure 3) were obtained upon
attempting to crystallize complex Ily, and their redissol-
ution in CDCl; led to a 3'P NMR spectrum identical to
spectrum (e) in Figure 2. Therefore, the final product of the
NMR experiment in Figure 2 is unambiguously identified
as a monocarbonyl-bis-amino-phosphane rhodium com-
plex.

The evolution of Iy to Iy must be accompanied by the
formation of undefined organometallic CO-free by-prod-
ucts, as described previously for the analogous evolution of
the @-P,N-2 rhodium complex.'8l The vco value at
1974cm™  for Iy is close to that found for
[RhCI(CO)(PPh;),] (1965 cm™"),>4 thus suggesting similar
electronic properties for the y-P,N-1 ligand and tri-
phenylphosphane. Table 1 shows quite typical geometrical
features and metric parameters for a complex of type
RhCI(CO)L, (i.e.: L = trialkyl-, dialkyl-N-pyrrolidinyl-, or
a-amino-phosphanes), namely a nearly ideal square-planar
geometry around the rhodium atom with mutually trans
phosphorus atoms.[!8-24

Table 1. Selected bond lengths [A] and angles [deg] for IITy.

Rh P 2.3199(7)
Rh-C(1) 1.800(4)
Rh-Cl 2.3681(9)
C(1)-0 1.161(5)
P-Rh P# 172.83(3)
C(1)-Rh-P 93.584(17)
C(1)-RhCl 180.0
P-Rh Cl 86.416(17)
0-C(1)-Rh 180.0

Symmetry transformations used to generate equivalent atoms:
#-x,y -z +12

Figure 3. ORTEP view of complex IIIy. Thermal ellipsoids are drawn at the 50% probability level. H atoms are omitted for clarity.

Eur. J. Inorg. Chem. 2006, 51-61

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.eurjic.org 53



FULL PAPER

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

Worth noting in the structure is that the y-P,N ligand
does not chelate the rhodium center, contrary to what has
been reported for a variety of Cu, Ru, Pd, and Rh com-
plexes with the related ligands Ph,PCH,[o-CsH,~N(Me)-
CH,CH,OH], Ph,P(0-C¢H4~CH,NHBu), Ph,P(0-CsHy—
CH,NMe,), and PhP[o-CcH;—CH(Me)NMe,],, respec-
tively.?>-281 All the above results show that the o- and -
P,N ligands adopt the same coordination mode in rhodium
chloride complexes and undergo an identical ligand redistri-
bution process (see Scheme 3).

A different situation was observed in the case of rhodium
complexes containing the B-P,N ligand. Indeed, as men-
tioned above, the infrared spectrum recorded under CO
shows an absorption band at 1986 cm™' (see Figure 1), in
addition to the two carbonyl bands at 2092 and 2011 cm™!
attributed to IIp. This band corresponds to complex Ip, as
proven by its independent preparation and characterization
(see Exp. Sect.). The simultaneous presence of Ip and IIf
suggests the existence of an equilibrium between the two
complexes under CO. This equilibrium could be followed
by running two dedicated 3'P{'H} NMR experiments.

The first experiment was carried out under CO on a
CDCl; solution containing [RhCI(CO),], and the B-P,N Ili-
gand. The 3'P{'H} NMR spectrum showed two doublets
at 6 = 56 ppm ['Jrpp) = 168 Hz] and at 6 = 21 ppm [y p)
= 122 Hz] in ca. 1:2.5 ratio. The signal at 6 = 56 ppm corre-
sponds to complex If, as verified by comparison with an
authentic sample. Following the evidence provided by the
IR spectrum (vide supra), the second resonance is assigned
to the dicarbonyl complex IIp. The second experiment was
carried out under a higher CO pressure (20 bar) on a
CDCl; solution containing complex [RhCI(COD)(B-P,N)],
3, readily formed in situ from [RhCI(COD)], and g-P,N. In
this case, we observed only the doublet related to complex

Iy Iy
-CO
N
A
oc~|‘ah('>—c| + byproducts
hea
my * /3N

Scheme 3.

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

After keeping the NMR solution pressurized with CO
for 14 h, it was surprising to observe a new broad doublet
at 0 = 19 ppm [with 'Jgpp) = 168 Hz], named II'B, [see
spectrum (c), Figure 4]. Tentatively, we attribute this broad

P 1 —
@
p— -~
(©
AR A PR A M s v oy Aanirpelh
B —»
(b) N
33—
1!

36 32
(ppm)

|||||

28 24 20 16 12

T I"I T T

Figure 4. 3'P{'"H} HPNMR spectra under CO pressure of complex 3 in CDCl; solution. (a) Under N,, (b) under 20 bar of CO, after
3 min, (c¢) under 20 bar of CO, after 14 h, (d) after depressurization. The asterisk denotes a small amount of a unidentified rhodium

compound.
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resonance to a pentacoordinate Rh! complex resulting from
a further rhodium carbonylation of IIf at this high CO
pressure, although we have no further spectroscopic evi-
dence to support this assignment at the moment. Depres-
surization of the NMR tube and purging the solution from
dissolved CO with a dinitrogen stream removed the signal
due to II'p and restored the equilibrium between complexes
Ip and IIP [see spectrum (d), Figure 4]. The above IR and
NMR observations are summarized in Scheme 4.

1/2 [Rh(CO),Cl];

+pB-PN

¥ N N

| +CO | -co |
OC—Rh—N =—== OC—Rh—C| OC—Rhh—C¢]|

[ e T |

Cl co P
)
g g g N

—-col|+co
[Rh(CO);Cl(x"-P-BP.N)]  II'B
Scheme 4.

Both experiments confirm the occurrence of an equilib-
rium between Ip and IIp depending on the CO pressure as
well as the hemilabile character of the B-P,N ligand in Rh!
complexes. The combined IR and HPNMR experiments
unambiguously prove the preference for keeping the amino
group uncoordinated, under high CO pressure, in both -
and y-P.N Rh' complexes, as previously shown for the re-
lated a-P,N Rh' complexes, resulting in a selective x'-P co-
ordination mode. We now wish to examine the effects of
the dangling amine group on the catalytic properties of the
Rh-P,N hydroformylation.

Catalytic Styrene Hydroformylation with Rh-Amino-
Phosphane Complexes

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

of amino-phosphane ligands (see Scheme 5) in styrene hy-
droformylation tests are shown in Table 2.

Abbreviation of ligands used in catalytic studies

thP/\NEtz Ph,P”  NHPh thP/\N Ph,
o-P.N-1 o-P,N-2 o-P,N-3
Ph
B-P.N
Ph,P NHPh
Ph,P

Ph,P

NMe, PhN

v-P,N-1 v-P.N-2

2 Ar= 1%(0-C4H4Cl)Cr({CO),
Scheme 5.

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

A blank experiment carried out with [RhCI(COD)], and
PPh; (run 1) showed no activity whatsoever under our mild
catalytic conditions. As previously reported,*%! the transfor-
mation of the chloride precursor to the catalytically active
hydride complex requires an external base to trap the HCl
equivalent which forms as a by-product during the initial
H, activation step. The addition of one equivalent of
Ph,NH or NEt; as an external base to the previous PPhs-
based catalyst led to a weak catalytic activity (run 2). When
an amino group, on the other hand, is incorporated into
the tertiary phosphane ligand (runs 3 to 7), a similar or

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

Runf?! Catalytic precursor Ligand (1 equivalent) TOF®! [h 1] b/l ratiol
1 [RhCI(COD)], PPh, <1 -

2a [RhCI(COD)], PPh; + Ph,NH 4402 88:12

2 [RhCI(COD)], PPh, + NEt, 10+0.5 87:13

3a [RhCI(COD)], Ph,P(0-CoH,—~CH,NHPh) (y-P,N-2) 4402 91:9

3b [RhCI(COD)], Ph,PCH, (0-C¢Hs—NMes,) (y-P,N-1) 8+0.4 92:8

4 [RhCI(COD)], Ph,PCH,CH(Ph)NHPh (p-P,N) 13+1 91:9

5 [RhCI(COD)], Ph,PCH,NPh, (¢-P,N-3) 15+1 89:11

6 [RhCI(COD)], Ph,PCH(Ar)NHPh!! (a-P,N-2) 4242 89:11

7 [RhCI(COD)], Ph,PCH,NEt, (6-P,N-1) 230+12 91:9

[a] Conditions: [RhCI(COD)], (2.62%102mmol) or [Rh(acac)(CO),] (5.23 102 mmol), styrene/Rh = 1000, CHCl; (35 mL), 55 °C,
p(syngas) = 600 psi. [b] TOF calculated from the slope of the conversions as a function of time. [c] Regioselectivity determined after
complete conversion or from initial conversion rate for the faster catalytic reactions. [d] Ar = n%0-CcH4Cl)Cr(CO)s.
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higher (quite substantial in some cases) increase of catalytic
activity resulted. Although the formation of a very active
phosphane-free carbonyl species could be envisaged during
the ligand scrambling process for the y-amino-phosphane
complexes Iy (see Scheme 3), the lower activities observed
with the complexes (runs 3a,b) indicate that either this
scrambling process does not take place under the catalytic
conditions (high CO pressure) or that the species formed
by such a process does not possess a very high catalytic
activity. The conversion rate became progressively greater
as the number of carbon atoms in the ligand backbone
bridging the P and N donor ends decreased from 3 to 1. A
jump in activity was particularly evident on going from the
v- (3 carbon atoms) to the a-P,N ligand (1 carbon atom),
with essentially identical Bronsted basicities for the dan-
gling amino groups (runs 3a, 4, and 6). The effects of the
amine basicity on the catalyst activity were then investi-
gated.

Nitrogen Basicity

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

ligands display an uncoordinated amine function under
catalytic conditions, as demonstrated above. Additionally,
the presence of the free internal base is not devoid of conse-
quence for the catalytic efficiency because the whole system
becomes more efficient as the P-N distance decreases,
respectively going from y-, B- to a-P,N ligands, and as its
basicity increases.

Rhodium Acetylacetonate Catalyst

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

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

Discussion

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

Table 3. Activity of a-P,N-based Rh' complexes in styrene hydroformylation catalysis.

Runf®! Catalytic precursor Ligand (1 equivalent) TOFM [h 1] b/l ratio
8 Rh(acac)(CO), PPh, 13047 93.7

9 Rh(acac)(CO), Ph,PCH(Ar)NHPh!"! 170£9 88:12
10 Rh(acac)(CO), Ph,PCH,NPh, 285+ 13 90:10

11 Rh(acac)(CO), Ph,PCH,NEt, 325416 92:8

12 [RhCI(COD)], Ph,PCH,NPh, + NEt,! 220+11 90:10

[a] Conditions described in Table 2. [b] Ar = 1%0-C¢H,C)Cr(CO)s. [c] 1 Equivalent relative to the rhodium complex.

56 www.eurjic.org

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Inorg. Chem. 2006, 51-61



Amino-phosphanes in Rh'-Catalyzed Hydroformylation

FULL PAPER

VN N 7 NR
P NR; P NR; . 2
| co H, oxidative H, heterolytic | €O )
C'_/Rh/_H Jaddion  OC—Rh—cO + H, SPlitting OC_Rh\\H/
oc” | path a | path b N
H Cl cl
reductive P/\KIR cl™ chloride
elimination | | 2 elimination
oc—rn_ M
~H
cO

Scheme 6.

served for the generation of the catalytically active species.
In order to generate the active Rh—H species, rhodium(1)
chloride precursors typically show induction periods in the
catalytic process because of the need to eliminate HCI after
the dihydrogen oxidative addition to rhodium. The addition
of an external amine favors this process and reduces or even
eliminates the induction time.’”) In our own hands,
[RhCI(COD)], still affords a very active catalyst in the ab-
sence of any added phosphane ligand under the same con-
ditions given in Table 3, but only after quite a long induc-
tion period (>3 h). It seems therefore reasonable to us that
the dangling nitrogen function plays an important role in
assisting the rapid formation of the Rh—H active species.
We see two possible ways by which this “assistance” effect
can operate. A first possibility involves, after the initial H,
oxidative addition, the N-assisted promotion of HCI elimi-
nation from the intermediate Rh'" dihydride (see Scheme 6,
path a). On the other hand, an alternative mechanistic path-
way could involve heterolytic cleavage of H, (see Scheme 6,
path b). Indeed, many authors have proposed a base-as-
sisted H, heterolytic splitting in relation to other catalytic
processes (i.e. involving Ru,3'34 Ir,3%1 Pd 3] and RhB7)
over the last few years. Heterolytic splitting of H, is also
shown by computational methods to be kinetically and
thermodynamically more favorable than the classical dihy-
drogen oxidative addition for the interaction with the rho-
dium complex Rh(PH;3),(HCO) in the presence of NH;.B#!
Consequently, a similar H, heterolytic activation process
seems a reasonable possibility also for the rhodium hydro-
formylation catalytic systems here described, in particular
with the basic Ph,PCH,NEt, ligand (see Scheme 6). In
either case, the HCI produced during the activation step is
likely to be trapped by the nearby amine function. However,
this activation step cannot be enhancing the activity, be-
cause the chloride precursor is not the resting state of the
catalytic cycle.

The second level where the external base is likely to have
an effect concerns the rate-determining step of the catalytic
cycle (rds), namely the hydrogenolysis of the rhodium acyl
intermediate. Detailed kinetic and mechanistic studies car-
ried out by van Leeuwen et al. have shown that the rate-
determining step in rhodium catalyzed hydroformylation
may be either the olefin insertion into the Rh—H bond or
the Rh-acyl hydrogenolysis, depending on the ligand nature
and on the conditions.?*-**1 In the cases at hand, we have
collected preliminary evidence, via H/D isotopic exchange
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experiments, that the hydrogenolysis is rate determining.
Details of these studies are provided in a separate papert*”]
In addition, no evidence for the accumulation of a hydride
intermediate (as required if the olefin insertion step were
rate determining) was obtained by HPNMR (vide infra).

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

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

P NRy
OC—Rh—CO
path a path b
H, oxidative R 0 H, heteralytic
addition/ \ splitting
o P R P ONR,
Ry | CO | _co, )
Th—H oc—Rh\H/H
So¢’, Y
OC § A R )
reductive
elimination
P /\G)
P NR, acyl P NR,
| y protonolyis o | _co \H
OC—Rh—H + /g e OC—Rh:/
| H
L = LA

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

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

Cl-

+

o R BT p” UNR
/H J

OC—Rh—H U OC—Rh—H

| |
CcO B ele) C

o 1] NS

/\ /—\ P . Cl—
P NR, P N{(z
ocC Iﬁh Cl oc—éh cr™
| A VN | D
CcO CcO
BH" B
B
no base added T external base (B)
C+D H | C+BH'
A
Scheme 8.

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

Conclusions

The IR and 3'P HPNMR studies reported in this contri-
bution have shown that the coordination properties of a
variety of amino-phosphane ligands in Rh! complexes de-
pend on the length of the PN backbone. The y-P,N ligands
behave as x!-P-o-amino-phosphanes, whereas the B-P,N
amino-phosphane leads to a solution equilibrium between
k2-P.N and x'-P-coordination modes, depending on the CO
pressure. Under hydroformylation conditions, however, all
the investigated Rh-amino-phosphane precatalysts exist as
monodentate [RhCI(CO),(x!'-P-P,N)] complexes with a
noncoordinated nitrogen function. The reported catalytic
runs demonstrate that the dangling amino group favors the
formation of the Rh-H active species when using
[RhCI(COD)], as the catalytic precursor and that both the
basicity of the nitrogen end and its distance from the metal
center have a crucial effect on the turnover frequency. The
hydride formation could occur either by H, heterolytic
splitting (assisted by the nearby amino group) or by a classi-
cal oxidative addition (with the amino group assisting the
subsequent HCI reductive-elimination). Theoretical calcula-
tions are currently in progress in order to elucidate the pre-
ferred mechanistic pathway. We also suggest that the dan-
gling amino group could take an additional mechanistic
function as promoter of the hydrogenolysis step through a
second heterolytic H, splitting. Isotopic H/D exchange
studies under catalytic conditions using chiral P,N ligands,
which are reported in a separate contribution,’! provide
additional mechanistic details in hydroformylation catalysis
via rhodium amino-phosphane systems.

Experimental Section

All manipulations were carried out under purified argon using
standard Schlenk techniques. All solvents were dried and deoxy-
genated prior to use by standard methods. Standard pressure NMR
measurements ['H, '3C{'H}, and 3'P{'H}] were carried out with a
Bruker DRX300 spectrometer in CDCl; at room temperature. The
peak positions are reported with positive shifts in ppm downfield
of TMS as calculated from the residual solvent peaks ['H and
13C{'H}] or downfield of external 85% H3PO4 (*'P). The high-
pressure NMR (HPNMR) spectra were recorded by using a stan-
dard 10-mm probe tuned to 3'P and 'H nuclei on a BRUKER AC
200 spectrometer operating at 81 MHz. The HPNMR experiments
were performed in a 10-mm sapphire tube (Saphikon Inc., NH)
charged with a solution of precatalyst (10 mg of P,N ligand, plus
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0.5 equiv. of Rh precursor) in CDCIl; (2 mL) under nitrogen, after
which the first spectrum (reference) was recorded at room temp.
The tube was then pressurized with CO 20 atm at room temp. The
variable temperature experiment was started on a Bruker AC 200
spectrometer, recording a sequence of spectra up to 80 °C. After a
chosen time, the probe was cooled to room temperature and an-
other spectrum was recorded. The last spectrum was taken after
venting the tube and flushing with nitrogen. The coordinated 1,5-
COD (1,5-cyclooctadiene) C and H nuclei are labeled from 1 to 8,
C! and C? being trans to P.

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

All IR spectra were recorded in CH,Cl, solution with a Bruker
IFS 66 V spectrophotometer with KBr optics and the absorption
vibration bands are given in cm'. Elemental analyses were carried
out by the analytical service of the L.S.E.O. with a Fisons Instru-
ments EA1108 analyzer. The commercial compounds PPh;,
Ph,NH, [RhCI(COD)],, [Rh(acac)(CO),], and [Rh(CO),Cl], were
used as received. The ligands Ph,PCH,NEt, Ph,PCH,NPh,,
Ph,PCH(Ar)NHPh {Ar = 0-CqH,Cl or o0-CsH4Cl[Cr(CO)]},
Ph,PCH,CH(Ph)NHPh, Ph,PCH,(0-C¢Hs;~NMe,) (y-P,N-1), and
Ph,P(0-CcH4~CH,>NHPh) (y-P,N-2) were prepared according to lit-
erature.[31417:41-44] The synthesis of complex [RhCI(COD)(a-P,N)]
1 with a-P,N=Ph,PCH(0-CsH4C][Cr(CO);])NHPh has previously
been described.'®]

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

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

[RhCI(COD)(y-P,N-1)] (2): [RhCI(COD)], (84.4 mg, 0.171 mmol),
v-P,N-1 (109 mg, 0.341 mmol) gave 144 mg of 2, yield 75%. 'H
NMR: ¢ = 8.81-7.12 (m, 14 H, arom.), 5.61 (s, 2 H, CgH,», olefinic
protons, trans to P), 4.21 [d, ZJ(RH) =11.6 Hz, 2 H, PCH,], 2.93 (s,
2 H, CgHy,, olefinic protons, cis to P), 2.48 (s, 3 H, NCHj3), 2.49—
1.86 (m, 8 H, CgH,,, aliph. H) ppm. 3'P{'H} NMR: ¢ = 30.1 [d,
"Jrnp) = 150 Hz] ppm. BC{'H} NMR: § = 154.1-120.2 (m, 18 C,
arom.), 104.3 (m, 2 C, C'?), 70.9 (s, 1 C, C°), 70.7 (s, 1 C, C9), 45.3
(s,2 C,NCH3), 33.3 (5,2 C, C*%),29.3 (5,2 C, C*7), 28.5 [d, 2Jpc)
=21 Hz, 1 C, PCH,;] ppm. CoH3,CINPR (565.92): calcd. C 61.55,
H 6.05, N 2.48; found C 61.09, H 5.66, N 3.09.

[RhCI(COD)(B-P,N)] (3): [RhCI(COD)], (85 mg, 0.172 mmol) and
B-P,N (131 mg, 0.344 mmol) gave 152mg of 3, yield 80%. 'H
NMR: ¢ = 8.09-6.72 (m, 20 H, arom.), 7.02 [d, 3Jpn) = 7 Hz, 1
H, NH, exchange with D,0], 4.78 (m, 1 H, NCH®), 3.36 [dt, 2J(PWH;.)
= Yypary = 14, Vg = 4 Hz, 1 H, PCHY, 2.64 [t, 2y, =
3J(Hb’Ha) = 14 Hz, 1 H, PCH"], 2.38-1.75 (m, 6 instead of 8 H,
CgHy,, aliph. H) ppm. The olefinic protons were not observed at
room temp. due to an olefin rotation dynamic process. 3'P{'H}
NMR: 6 = 21.7 [d, "Jnp = 150 Hz] ppm. BC{'H} NMR: § =
147.1-114.9 (m, 24 C, arom.), 105.0 (s, very br., 2 C, C'? of COD),
71.0 (s, very br., 2 C, C>6 of COD), 57.1 (s, 1 C, NCH), 37.7 [d,
Joc)y = 22Hz, 1 C, PCH], 31.3 (br. s, 4 C, C**78 of COD) ppm.
IR: v = 3324 (m, vag) em . CayHCINPRE-0.5CH,Cl, (670.45):
caled. C 61.75, H 5.52, N 2.09; found C 62.15, H 5.77, N 2.23.

[RhCI(CO)(B-P,N)] (Ip): [RhCI(CO),], (36.1 mg, 0.093 mmol) and
B-P,N (71 mg, 0.186 mmol) gave 76 mg of Ip, 57% yield. '"H NMR:
0 = 8.22-6.83 (m, 20 H, arom.), 6.84 [d, *Jpn, = 10.8 Hz, 1 H,
NH, exchange with D,0], 3.91 (m, 1 H, NCH°¢), 3.58 [dt, 2J(P,Hu) =
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Jgepey = 14, g = 4Hz, 1 H, PCH?], 2.86 [dt, 2Jpyp, =
Vg = 14, Ve = 2 Hz, 1 H, PCH®] ppm. *'P{'H} NMR: ¢
= 56.4 [d, "Jrnp) = 168 Hz] ppm. 3C{'H} NMR: 6 = 188.5 [dd,
YUrncy = 74, Zpc) = 18 Hz according to CO cis to P 1 C,
C=0], 145.7-125.5 (m, 24 C, arom.), 8.51 [d, *Jipc) = 8.6 Hz, 1 C,
NCH], 38.8 [d, Jipcy = 26 Hz, 1 C, PCH] ppm. IR: ¥ = 1986 cm!
(vs, vco) and vynyg not observed. C,;H,4CINOPRh-0.5CH,Cl,
(590.28): caled. C 55.90, H 4.24, N 2.37; found C 55.64, H 4.38, N
2.54.

trans-[RhCI(CO)(y-P,N-1),]  (IlIy):  [RhCI(CO),, (39 mg,
0.098 mmol) and y-P,N-1 (125 mg, 0.392 mmol) gave 113 mg of
Iy, yield 71%. 'H NMR: 0 = 8.39-6.93 (m, 28 H, arom.), 4.40 (t
not resolved, 4 H, PCH,), 2.30 (s, 6 H, NCH3). 3'P{'"H} NMR: §
= 3120 [d, Jrnp = 126 Hz] ppm. *C{'H} NMR: & = 188.0 [dt,
YJwrnco) = 76, 2Jpcy = 14 Hz according to CO cis to both P, 1
C, C=0], 154.2-120.1 (m, 36 C, arom.), 45.2 (s, 4 C, NCHs). 26.8
[t, Jipc) = 27 Hz, 2 C, PCH,] ppm. IR: ¥ = 1974 (vs, vco) em .
C43Ha,CIN,OP,Rh (805.13): caled. C 64.15, H 5.51, N 3.48; found
C 64.46, H 5.55, N 3.34.

Formation of the Unstable cis-[RhCI(CO),(y-P,N-1)] (Iliy). Method
A: A mixture of [RhCI(CO),], (19.5 mg, 0.050 mmol) and y-P,N-1
(32 mg, 0.098 mmol) was dissolved in CDCl; (0.7 mL). After
10 min, the mixture was analyzed by 'H and 3'P{'H} spectroscopy
showing Ily as the major complex. "H NMR: § = 7.75-7.03 (m, 14
H, arom.), 4.27 [d, 2Jpm, = 12Hz, 2 H, PCH,], 2.34 (s, 6 H,
NCH;) ppm. *'P{'"H} NMR: § = 31.1 [14%, d, "Jrnp =
125 Hz] ppm for Ty and 27.4 [86%, d, 'Jrn.p) = 126 Hz] ppm for
Ily. After ca. 0.75h and 12 h, the 3'P{'H} NMR gave 1:4.5 and
1:2 ratios respectively for the Ily/Ily mixture complexes. The above
procedure was repeated in CH,Cl, instead of chloroform. The at-
mosphere was then purged with CO and monitored by infrared.
After 2 min, the pure dicarbonyl was formed. No '3*C NMR spec-
trum was recorded due to the increase of the ratio IIy/Ily with
time. The above procedure was repeated in CH,Cl, and a slow dif-
fusion of pentane to the yellow solution afforded poor quality yel-
low crystals which were identified as the complex IIly.

Method B: CO was introduced into a solution of [RhCI(COD)(y-
P,N-1)], 1a (35 mg, 0.061 mmol) in CH,Cl, (4 mL). Under CO and
after 2 min, the IR spectrum showed only the pure dicarbonyl com-
plex Iy at 2092 and 2010 cm™' (both vs, vco), and this had not
changed after two days under CO.

Formation of the Unstable cis-|[RhCl(CO),(p-P,N)] (Iip). Method A:
CO was introduced into a solution of [RhCI(COD)(B-P,N)] 1b
(42 mg, 0.071 mmol) in CH,Cl, (4 mL). An IR spectrum was re-
corded after 2 min and showed a mixture of monocarbonyl com-
plex Ip at 1986 cm™! and dicarbonyl complex [RhCI(CO),(k-P-
P,N)] IIB at 2011 and 2092 cm™!. The ratio between the two com-
plexes did not change after two days under CO.

Method B: A mixture of [RhCI(CO),], (25.6 mg, 0.066 mmol) and
B-P,N (54 mg, 0.131 mmol) was dissolved in CDCl; (I mL). After
10 min, CO was introduced into the solution and the mixture was
analyzed by 'H and 3'P{'H} NMR spectroscopy. The NMR spec-
tra show a mixture of IIp and If in 1:2.5 ratio. 'H NMR of IIf: ¢
= 8.12-5.63 (m, 28 H, arom.), 5.78 [d, 3Jjpu, = 6 Hz, 2 H, NH,
exchange with D,O], 4.14 (m, 2 H, NCH), 3.58 (m, 2 H, PCH?),
2.45 (m, 2 H, PCH®) ppm. 3'P{'H} NMR of IIf: § = 21.11 [d,
L rnp) = 122 Hz] ppm. No 3C{'H} NMR spectrum was recorded
due to the low solubility of IIp in CDCIl; and (CD3),CO.

Crystal Structure Determination of Complex IIly: Intensity data
were collected with a Nonius Kappa CCD at 230 K. The structure
was solved by the heavy atom method and refined by full-matrix
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least-squares methods!*®! with the aid of the WINGX program.[47]
Non-hydrogen atoms were anisotropically refined. Hydrogen atoms
were included in calculated positions and refined with a riding
model. Crystallographic data for compound IIly are reported in
Table 4.

Table 4. Crystal data and structure refinement for IIly.

Compound Iy
Formula C43H44CIN,OP,Rh
M 805.1
T [K] 230(2)
Crystal system monoclinic
Space group C2c
a [A] 13.9791(4)
b [A] 17.7355(8)
¢ [A] 17.4564(8)
B 110.320(2)
VA3 4058.6(3)
zZ 4
F(000) 1664
Dy [g/cm?] 1.318
Diffractometer Enraf-Nonius KappaCCD
Scan type mixture of ¢ rotations and w scans
J[A] 0.71073
u [mm™] 0.599
Crystal size [mm?] 0.6x0.5%0.5
sin(0)/4 max. [A 1] 0.65
Index ranges h: —17; 18
ki -22; 22
I -18; 22
Absorption correction SCALEPACK
RC = reflections collected 11009
IRC = independent RC 4587 [R(int) = 0.05]
IRCGT = IRC and [/ > 25(])] 3262

full-matrix least squares on /2
458710/ 228

Refinement method
Data / restraints / parameters

R for IRCGT R = 0.0444, wR,®! = 0.0934
R for IRC R1A'=0.0779, wR,® = 0.1044
Goodness-of-fit[®! 1.021

Largest diff. peak and hole [erA3]  0.47 and —1.02

[a] Ry = Z(IF| — |F/EIF. Bl wRy = (Ew(F> — F2PEw(F,)])
where w = 1/[c*(F,?) + (0.053P)?], P = [max(F,2,0) + 2xF2]/3.
[c] Goodness of fit = [Ew(F,2 — F.2)*/(N, — N,)]"2.

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

Catalytic Runs: The hydroformylation reactions were carried out in
a 300-mL stainless-steel Parr autoclave equipped with a magnetic
drive, an internal glass vessel, and an immersion tube connected to
a valve for solution withdrawals under pressure. The temperature
was controlled by a rigid heating mantle and a single loop cooling
coil. The autoclave was purged three times under vacuum/argon
before introducing the catalytic solution. The 1:1 CO/H, mixture
was prepared by mixing the pure gases in a 500-mL stainless-steel
cylinder before introduction into the autoclave at the desired pres-
sure (see Table 1 and Table 2). The zero time for kinetic runs was
considered as the time at which the desired pressure was reached
inside the autoclave. In order to maintain temperature and pressure
conditions as constant as possible during each kinetic run, only a
few mL of catalytic solution mixture were carefully withdrawn each
time from the autoclave. The CHCIl; or THF solvent was then ro-
tary evaporated at room temperature and the yellow-orange residue
was analyzed by 'H and '3C{'H} NMR spectroscopy. The experi-
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mental error on the TOF determination was carried out from the
TOF values obtained from three successive runs using three times
the same solution for two different catalytic systems (run, 5 and
10). The experimental error for other catalytic runs has been esti-
mated on the basis of the determination as above.
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In previous work, we have demonstrated that the dangling
amino group in amino-phosphane ligands increases the rate
of Rh-catalyzed styrene hydroformylation as a function of the
amino group basicity and of the distance between the P and
N functions. We now report additional stereochemical and
mechanistic insights resulting from new catalytic experi-
ments performed with Rh-a-P,N catalytic systems in the pres-
ence of D,0O. In addition to the expected D, product, the for-
mation of the B-D; aldehyde, PhCH(CH,D)CHO was ob-
served in all cases by 'H and *C NMR spectroscopy, indicat-
ing that H/D exchange occurs for the rhodium-hydride com-
plex. Minor amounts of a B-D, product, PhCH(CHD,)CHO,
were also formed under certain conditions, demonstrating
the reversibility of the olefin coordination step. The composi-
tion of the aldehyde mixture is slightly affected by the nature
of the catalytic precursor or the PN ligand used. In the spe-
cific case of the «-PN ligand [0-PN = (Sas,Sc)-Ph,PCH-

{o-CcH4C1(Cr(CO)3)}NHPh], in combination with the
[RhC1(COD)], precatalyst, products PhCD(CH3)CHO (a-Dy)
and PhCD(CH,D)CHO (a,B-D,) were also produced. This re-
sult suggests a reversible deprotonation assisted by an intra-
molecular H-bonding interaction between the dangling am-
monium function and the carbonyl moiety. This isotopic ex-
change process decreases the asymmetric induction from 14
to 7% ee when using the enantiopure version of this ligand.
Aldehydes bearing a D atom on the formyl group, e.g.
PhCH(CH3)CDO, were never observed. The latter observa-
tion excludes protonolysis of the rhodium-acyl intermediate
as the aldehyde forming step. In addition, it also excludes a
bimolecular reaction involving the rhodium-acyl and rho-
dium-hydride intermediates.

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

Introduction

Metal complexes containing PN bifunctional phos-
phanes have attracted considerable attention in the field of
homogeneous catalysis, in particular with transition metals
like Ni,l'! Pd,231 Pt,[4 Ru,!561 Rh,>7 and Ir.8 19 These Ii-
gands can be either x':P or kPN coordinated and each
coordination mode can modify the catalytic properties. For
example, when a pyridinylphosphane is only P-coordinated
in a Pd" complex, the dangling amine function acts then
as a “proton messenger” in alkyne methoxycarbonylation
catalysis,[?! whereas a selective P,N chelation of a chiral
phosphanediamine induces an effective chiral field in the
rhodium complex leading to a higher selectivity in asym-
metric hydrogenation of acrylic acid.[”}

In our laboratory, we have developed different access
ways to chiral o-'!! or B-P,NI'>13 and mixed a,B- and B,y-
P,PNU4 ligands and their coordination properties have
been explored in copper(1),!' palladium(m),!'>1%! and rhodi-
um(1) complexes!'+17-181 Recently, we have examined the co-
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ordination properties of various PN ligands in rhodium-
catalyzed hydroformylation and demonstrated the hemilab-
ile character of B or y-PN ligands under CO pressure.
Therefore, under these conditions, these ligands behave like
their related a-P,N monophosphane ligands, for which the
chelating mode is not observed under any operating condi-
tions.['8] The presence of a dangling nitrogen group close to
the rhodium metal center could promote the activation of
dihydrogen by heterolytic cleavage (see Scheme 1). In this
interaction, the Rh center acts as a Lewis acid, accepting
H, whereas the nearby amine function acts as a Lewis base,
capturing the proton.

H,
heterolytic o~ hlorid +CI,
e chloride
T/\NRQ splitting T c NR2  elimination p/\ll\le
7 ! _—
OC—Rh—CO +H, 0C=RA_ M T oc—pnn
cl (o~ |
o16]

Scheme 1.

Nevertheless, even in the presence of chiral a-,l'"1 B-
PN['2 or other PN ligands,['>2% the enantioselectivity of
branched aldehydes formed in styrene hydroformylation
were very low (<14%). We decided to further investigate
the mechanistic details of the enantioselective process by
additional experiments based on H/D isotopic exchanges
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using D,O as a deuterium source. Indeed, deuterioformyla-
tions performed in the presence of D, instead of H, have
been most effective for elucidating mechanistic details in
catalytic processes, for instance the degree of reversibility
for the olefins insertion reactions into the Rh—H bond, 2123
or the different behavior of primary, secondary, and tertiary
Rh-alkyl intermediates under hydroformylation condi-
tions.?* In addition, the use of deuterated reagents like D,
EtOD, or (S)-CH;-CH(Ph)OD have also provided mechan-
istic information, respectively, in iridium-catalyzed alkane
dehydrogenation,>! in palladium-catalyzed styrene hydroa-
lkoxycarbonylation,*) or in metal-catalyzed hydrogen
transfer from alcohols to ketones.””! Our choice of heavy
water, D,0O, as the source of the deuterium label was sug-
gested by the proposed implication of ammonium function-
alities, with potentially exchangeable protons, near the cata-
lytic center, as shown in Scheme 1. Furthermore, its use
would allow us not only to follow the D-incorporation into
organic compounds during the catalysis, but also to obtain
useful information on the stability and/or reactivity of our
Rh-P,N catalysts in aqueous media.?®3% We could then
evaluate their potential for extension to biphasic condi-
tions.[3!

Results and Discussion

The catalytic runs were carried out using [RhCI(COD)],
or [Rh(acac)(CO),] as precatalyst, with an equimolar
amount of the a-P,N ligands Ph,PCH,NR, (R = Me, Ph)
or Ph,PCH(Ar)NHPh [Ar = 1%(0-CsH4Cl)Cr(CO)s], in the
presence of 1000 equivalents of D->O and styrene. Control
experiments were also carried out with PPh; and in the ab-
sence of phosphane ligand. In a previous contribution, we
have reported the catalytic activity and linear/branched se-
lectivity of the above systems in dry CHCl;.['81 The hydro-
formylation experiments in the presence of DO, reported
in this paper, were carried out under similar conditions with
the exception of the solvent, which was changed from
CHCI; to THF in order to insure homogeneous conditions
in the presence of water. In Figure 1, we compare the ac-
tivity of the same Rh-P,N precatalyst under the two dif-
ferent solvent conditions.

Neither the branched/linear regioselectivity (91/9),!'81 nor
the turnover frequency at the beginning of the catalytic pro-
cess are affected by this solvent change. However, the cata-
lyst starts to lose activity after ca. 5 h. Conversions of 65
and 100% were obtained respectively after one and two
days, whereas a complete conversion was achieved in CHCl5
after only one day (see Figure 1). Therefore, the loss of ac-
tivity seems related to catalyst decay due to the presence of
the large excess of water. Since a complete conversion was
achieved after two days, we decided to analyze the crude
aldehyde mixture by NMR spectroscopy after this period
for all catalytic runs. The nature and relative proportions of
the branched aldehydes are summarized in Table 1. The
small relative amounts of linear aldehyde did not permit the
analysis of the deuterium incorporation and these data are
therefore excluded from Table 1.
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conversion (%)

time (h)

Figure 1. Conversion for the catalyzed styrene hydroformylation as
a function of time: M, in THF/D,O, A, in CHCl;. Both experi-
ments were performed using the catalytic conditions described for
run 5, Table 1.

The incorporation of the deuterium atoms either in the
terminal methyl group or in the internal methyne group of
the branched aldehydes was determined unambiguously by
careful analysis of the primary and secondary isotope shifts
and of the Jp, patterns for the a- and B-C resonances
in the BC{'H} NMR spectrum (see Table 2). The relative
amounts of the various products were quantified by inte-
gration of the '*C{'H} resonances affected by the second-
ary isotope shift, since the Overhauser effect does not de-
pend on the substitution pattern at the adjacent C
atom.2734 Thus, for instance, the relative proportion of
compounds PhCH(CH;)CHO and PhCH(CH,D)CHO
were obtained by integration of the two proton-decoupled
methyne signals, whereas the relative proportions of com-
pounds PhCH(CH;)CHO and PhCD(CH3)CHO were ob-
tained by integration of the two proton-decoupled methyl
signals.

Figure 2 shows the '3C NMR spectra for three represen-
tative product mixtures. The mixture obtained from run 7
(Figure 2, a), as well as most other runs (see Table 1) shows
only the B-D; compound in addition to the regular D,
product, whereas run 5 produces a more complex mixture
of deuterated aldehydes (Figure 2, ¢). The spectrum in Fig-
ure 2 (b) corresponds to a control mixture of Dy and a-D;
products, which was obtained by direct isotopic exchange
between the D, aldehyde and [PhND;]*[BF,]". It is to be
remarked that in none of the runs was any deuterium atom
found on the aldehyde function, i.e. PhCH(CH5)CDO.

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

He O H._PQ H. O H P H_0O
Runl! Catalytic Ligand (1 equiv.) I L™CH,D 5 “CHD LCH T~CH,D
precursor PH sH CH; PN i 2 L h 2 PH 3 3 PH N 2
Dy p-Dy B-D, oD, o.p-D,
1 [RhCI(COD); no 4% 44% 12% - -
2 [RhCKCOD)], PPh; 3% 27% - - -
3 Rh(acac)(CO), PPh; 87% 13% - - -
4 [RhCKCOD)];  Ph,PCH,NPh, 51% 41% 9% - -
5 [RhCICOD)], PhPCH(Ar)NHPh™ 60% 20% - 15% 5%
6  [RhCI(COD)];  Ph,PCH(Ar)NHPh!™ + NEt;!¢ 3% 23% - 4% -
7 Rh(acac)(CO) Ph,PCH(Ar)NHPh™ 75% 25% - - -
8  [RhCI(COD)]; Ph,PCH,NEt, 83% 17% - - -
9  Rh(acac)(CO), Ph,PCH,NFt, 1% 23% - -~ -

[a] Conditions: [RhCI(COD)], (2.62x 102 mmol) or [Rh(acac)(CO),] (5.23 x 102 mmol), styrene/Rh and D,O/Rh = 1000, plus ligand,
THF (35 mL), 55 °C, p(syngas) = 600 psi, two days. [b] Ar = n%0-C¢H,C)Cr(CO)s;. [c] P,N/NEt; ratio = 1.

Table 2. Selected '*C-NMR spectroscopic data and Jicp) coupling
constants of deuterated compounds.

Compounds C, Cp
8 [ppm] (J(cp) in Hz)
Dy 51.82 13.43
B-Dy 51.77 13.18 (19)
B-D, 51.72 very weak signal
a-D, 51.41 (20) 13.34
o,B-D, 51.36 (20) 13.08 (19)

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

The observation that all experiments where a phosphane
ligand is present (runs 2-9) provided a greater Do/p-D; ratio
(=3) than run 1 appears to be in better agreement with the
hypothesis of acid dissociation. Note that the Dy/p-D; ratio
is not greatly affected by the phosphane nature. For other
processes, on the other hand, the amount of D incorpora-
tion by exchange with D,O was shown to greatly depend
on the nature of the phosphane ligand and substrate.[3%-33

The formation of the B-D, product is observed only in
the absence of phosphane ligand (run 1) and for run 4,
using the Ph,PCH,NPh, ligand. The presence of this prod-
uct must be the consequence of reversibility for the styrene
insertion step. It is to be remarked that H elimination from
the B-D,-1-phenylethyl insertion product should be favored
over D elimination by a kinetic isotope effect, since the C—
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H/D vibrational modes are stronger than those of the
C-+H/D and Rh-H/D interactions in the transition
state.[3® The reversibility of the styrene coordination step is
further confirmed by the recovery of free B-D,-styrene, i.e.
PhCH=CHD, when a catalytic experiment carried out un-
der the same condition of run 1 was quenched and the or-
ganic phase analyzed after 30% conversion. The absence of
a-D;-styrene, i.e. PhCD=CH,, indicates that the 1,2 inser-
tion leading to the n'-2-phenylethyl rhodium complex (pre-
cursor of the linear aldehyde) is irreversible. This is consis-
tent with other previously reported results.l>37-38 Revers-
ible 2,1 styrene insertion has previously been evidenced for
hydroformylation experiments carried out under D, with
Rhy(CO),, as the catalyst (without phosphane ligands) or
with [Rh(acac)(CO),] in the presence of the mono-, di-
phosphane, or (R,S)-binaphos ligand.[!-23:37-381 With the
latter Rh—binaphos catalytic system, the amount of a-plus
B-D;-styrene was observed to increase significantly from 2
to 30% when the syngas pressure was increased from 1 to
100 atm. Our results indicate that the styrene insertion be-
comes less reversible in the presence of phosphane ligands,
with the exception of run 4. The latter leads to quite com-
parable results to those of run 1 and to those of the process
conducted with tetranuclear rhodium precatalysts in the ab-
sence of phosphane ligands.*®! In other previous work
based on the use of mono or di-phosphane ligands, the
amount of deuterium label found in styrene was reported
to be very minor and to vary only slightly (from 0.1 to a
few %) as a function of the phosphane nature.*!! The un-
usually high proportion of B-d? in run 4 could be due to a
ligand dissociation, but we have no further evidence to con-
firm or refute this assumption at this time.
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Figure 2. *C{'H} NMR spectra of partially deuterated aldehyde mixtures. Only the peaks of the branched aldehydes are shown for
clarity. C, and Cg correspond respectively to the methyne and methyl carbon atoms. (a) From run 7, after complete conversion. (b) From
the reaction between D, aldehyde and 0.3 equivalent of [PhND;*](BF,"), after 24 h, under catalytic conditions described in Table 1

without rhodium catalyst. (¢) From run 5, after complete conversion.
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Scheme 2.

The absence of any observable deuterium incorporation
into the formyl group has very important implications. As
discussed above, an HCI equivalent is generated during the
catalyst activation process when using the [RhCI(COD)],
precursor. This by-product will presumably be trapped by
the internal amine function (see Scheme 1), since amines are
more basic than water (pK, = 4.8 for PANH,Me™ and 10.7
for NHEt;"). The ammonium protons of the resulting Rh—
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ammonium species are likely to be exchanged by D* in the
presence of D,O, see Scheme 3.

P Cl . cl
P” " NR; " NR,
| H D,0 h5)
OC—ITh—H OC—Rh—H"
co HOD co

Scheme 3.

Therefore, the outcome of the catalytic runs in the pres-
ence of D,O excludes Rh—-acyl protonolysis by the ammo-
nium function as the aldehyde forming step (see Scheme 4).
In other words, the amino-phosphane ligand does not act
as a “proton messenger”, unlike the pyridinylphosphane li-
gand in the palladium catalyzed alkyne methoxy-carbon-
ylation process.”l Furthermore, this result also excludes the
possibility of a binuclear aldehyde elimination process be-
tween a rhodium acyl and a rhodium hydride species,3%-4%]
for this system. These observations are summarized in
Scheme 4.

The hydrogen atom that becomes part of the formyl
group must derive from the H, molecule involved in the
hydrogenolysis step. As discussed in our recent contri-
bution,!'®! hydrogenolysis could occur either by H, oxidat-
ive addition followed by aldehyde reductive elimination
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with a Rh'"! dihydride intermediate (A), or by H, hetero-
lytic splitting via a zwitterionic ammonium-hydride com-
plex (B), see Scheme 5. In either case, the aldehyde release
from the intermediate must be faster than the H/D ex-
change at the site that ultimately delivers the H atom to the
formyl unit.

P NR;
OC—Rh—CO
path a path b
H, oxidative g 0] H, heterolytic
addition/ \ splitting
P NR, p/\NR2
R\ | 00 1
/Th‘H
S /L
oC 4y A
reductive
elimination
®
p” O NR, acyl /\NRZ
H protonoly|s e |
OC—Rh—H + R —Rh
| R'/&O /g\/

Co

Scheme 5.

The most unexpected result of our investigation, how-
ever, is the observation of the o-D; and a,B-D, products
for the [RhCl(COD)],/Ph,PCH(Ar)NHPh catalytic system
(Table 1, runs 5 and 6). A possible pathway for the D incor-
poration from D,O at the a-position could in principle in-
volve a B-elimination reaction from the Rh-acyl complex
leading to a ketene-hydride intermediate. After Rh—H/Rh-—
D isotopic exchange with D,O and subsequent ketene inser-
tion, the Rh—acyl complex with the deuterium atom at the
a-position could be obtained. However, this mechanism is
unlikely for three different reasons. The first one is that the
high reactivity of ketene towards waterl*!! should lead to
the related acid, which is not detected in NMR spectra.
The second reason is that such a mechanism should lead to
aldehydes without any ee.
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Additional catalytic runs were performed with complexes
RhCI(COD)(S,S-a-P,N) and Rh(acac)(CO)(S,S -a-P,N)
prepared in situ from the chiral ligand [S,S-a-PN =
(SanSc)-Pho,PCH{0-CcH4Cl(Cr(CO)3)} NHPh]!'”! and the
rhodium precatalysts [RhCI(COD)], and Rh(acac)(CO),,
respectively. These tests, run either with RhCI(COD)(S,S-a-
P,N) in CHCl; or with Rh(acac)(CO)(S,S-0-P,N) in C4Hsg,
gave (S)-2-phenylpropanal with 7 and 14% ee, respectively.
In order to verify that the low ee are not merely the conse-
quence of racemization under our catalytic conditions, (R)-
2-phenylpropanal was heated at 55 °C in CHCIl; for one
day. No significant change of the ee was observed. Thirdly,
it is not possible to easily rationalize why the H/D exchange
at the o position via the ketene intermediate would only be
promoted by the [RhCI(COD)],/Ph,PCH(Ar)NHPh combi-
nation. Note that changing the PN ligand to a more basic
one (run 8), or changing the precursor to the acetylace-
tonate complex (run 7) suppresses this phenomenon.

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

At this point, the enolate anion B can be protonated by
either H" or D*, originating from water or from the
-ND,Ph* fragment, leading to A or C. Further hydro-
genolysis liberates the D, and a-D; aldehydes, respectively.
On the basis of the basic properties of the dangling amine
function, one would expect that the [RhCI(COD)],/
Ph,PCH,NPh, (run 4) should also lead to H/D exchange
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at the a position, whereas no o-D; product is observed in
this case. This result is probably associated with the insuf-
ficient basicity of the N atom (e.g. the pK, of Ph,NH," is
0.8 vs. 4.85 for PhNH,Me™"). Thus, the liberated HCI would
be trapped by the aqueous solvent in this case, rather than
by the dangling amine group.

It is to be noted that Rh-enolate intermediates have also
been proposed in catalytic aldolization reactions or in one-
pot catalytic tandem/aldol condensation, but in both cases
the enolate moiety adopts a n!-O coordination mode rather
than a 1n'-C one.[*>*3 The H/D exchange process on the
Rh-acyl, according to the proposed Scheme 6, must neces-
sarily be associated to an intramolecular racemization be-
fore the aldehyde liberation by hydrogenolysis. In this re-
spect, there is a correlation between the production of
a-D, aldehyde for run 5 (and its absence for run 7) in
Table 1 and the reduced enantioselectivity observed with
the RhCI(COD)(S,S-0-P,N) precatalyst vs. the Rh(acac)-
(CO)(S,S-0-PN) precatalyst in chloroform (discussed
above).

Conclusions

The isotopic composition of aldehyde, obtained by sty-
rene hydroformylation using Rh-a-P,N catalytic systems in
the presence of DO, allows us to obtain new stereochemi-
cal and mechanistic information for this catalytic reaction.
Specifically, the absence of PhnCH(CDO)CHj; in all cases
shows that the rhodium-acyl intermediate does not release
the aldehyde product by a protonolysis process, nor by
bimetallic reductive elimination. The presence of
PhCD(CHO)CHj3 in only one catalytic experiment shows,
for the first time, that a Rh—acyl racemization may be cata-
lyzed in the presence of certain ligands. An intramolecular
H-interaction between the ammonium and Rh-enolate moi-
eties is proposed to be responsible for this process, leading
to M-acyl racemization before the reductive elimination
step. This is a new phenomenon to be considered for the
design of new ligands for use in the efficient and highly
enantioselective branched hydroformylation process. It
should also be considered for the extension of existing rho-
dium catalyzed asymmetric hydroformylation processes to
ionic liquid media such as imidazolium or ammonium salts.
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Experimental Section

General Procedures: All manipulations were carried out under puri-
fied argon and in the dark using standard Schlenk techniques. All
solvents were dried and deoxygenated by standard methods and
distilled under dinitrogen prior to use. 'H and '*C{'H} NMR mea-
surements were carried out with a Bruker AC300 spectrometer. The
peak positions are reported with positive shifts in ppm downfield of
TMS as calculated from the residual solvent peaks. The commercial
compounds PPh; Ph,NH [RhCI(COD)],, [Rh(acac)(CO),], and
[Rh(CO),Cl], were used as received without further purification.
The ligands Ph,PCH,NEt, Ph,PCH,NPh,, Ph,PCH(Ar)NHPh
[Ar = 0-C4H4CI{Cr(CO);}], were prepared according to the litera-
ture.[11-154445] The preparation of the optically pure version of the
latter ligand, (S,S)-1, has been previously reported!!!! The synthesis
of complex [RhCI(COD)(u-P,N)] 1 with «o-P,N=Ph,PCH(o-
C¢H,CI[Cr(CO);])NHPh has previously been described.!”? The
(R)-2-phenylpropanal was prepared by an oxidation reaction using
the Dess—Martin reagent®l from commercially available (R)-2-
phenyl-1-propanol (Aldrich) according to a previously described
procedure®”! (ee = 93% by use of the NMR chiral shift reagent
[Eu(hfc)s], according to the literaturel*®]).

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

the Mulliken and Fuzzy overlap population schemes. The
correlation between the investigated bond orders and over-
lap populations is excellent for common organic molecules,
but the (scaled) Hirshfeld and Fuzzy overlap population
schemes produce the best results for a series of chalcogen-
nitrogen systems.

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

Introduction

There has been an increasing interest in low-molecular-
weight derivatives of (SN), polymer since the latter’s met-
allic properties!!! and low-temperature superconductivity!?!
were discovered in the 1970’s. In our earlier work we have
dealt with various compounds containing an (SN), frag-
ment such as 1,3443%,2,4-benzodithiadiazine (1), its fluori-
nated derivatives*! and Roesky’s ketone (4).1) 31452,1,2,4-
Benzothiaselenadiazine (2) and 1,31%82,2,4-benzodiselenad-
iazine (3), the mono- and diselena analogues of 1, are also
of considerable interest and are presently targets for synthe-
sis.l®l Figure 1 presents structural formulas of these com-
pounds. According to single-crystal X-ray diffraction
(XRD) studies,[! the structure of 1 is planar in the solid
state, whereas both gas-phase electron diffraction (GED)
and quantum chemical calculations indicate a bent struc-
ture in the gas phase.l’)1 Compound 1 possesses a cyclic 127-
electron system, and the deviation from the planar structure
was attributed to a pseudo-Jahn-Teller distortion to mini-
mize the antiaromaticity.?-®] Furthermore, the energy bar-
rier to planarity is low (1.17 kJ-mol™! at the HF/6-31G*
level) and in the crystal phase the molecule can be flattened
without great effort.
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Figure 1. Structural formulas and atomic numbering of the chal-
cogen—nitrogen compounds under consideration. For compound 4
the formal Lewis structure is given.

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

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

Regardless of the differences between the various bond
order methodologies, it is important that each one of them
produces consistent results, and this is often the case for
common organic molecules. This requirement is, however,
not fulfilled in the case of compound 1 for which the
Mayer,[!'"131 Wibergl! and NAO (atom-atom-overlap-
weighted Natural Atomic Orbital bond order)!!>!61 meth-
odologies predict a bond order value for the NS double
bond which is much smaller than expected on the basis of
the bond length. The same controversy is observed in the
case of compounds 2, 3 and 4.

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

Pauling was the first to suggest that bond orders can be
related to bond lengths, and since then several relationships
have been proposed.?'2# These curves have found wide-
spread applications. Among others, Lendvay®! has recon-
firmed the exponential relationship between the bond
length and bond order using Equation (1),

n = exp[-(r — ro)/b] (1)

where 7 is the bond order, ry the equilibrium bond length
of a single bond, r the real bond length in the compound
considered, and b is a constant.

It is the purpose of this paper to address the discrepanc-
ies between observed bond lengths and the corresponding
bond orders calculated using different methodologies, in
particular for NS and NSe bonds in chalcogen-nitrogen
compounds. For this purpose we have calculated and com-
pared the Mulliken, Fuzzy and Hirshfeld overlap popula-
tions with the Mayer, Wiberg, NAO and Fuzzy bond or-
ders. We have also investigated the relationship between
these bond orders, overlap populations and the correspond-
ing bond lengths. It has been known for decades that Mul-
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liken overlap populations correlate reasonably well with
Mayer bond orders,*®! even though Mayer insists that over-
lap populations and bond orders reflect different aspects of
bonding, i.e. charge accumulation and exchange interac-
tions, respectively. In the recent past the Hirshfeld par-
titioning schemel®”-?81 has received considerable interest in
relation to the calculation and interpretation of a variety
of molecular quantities such as charges and dipoles,?833!
enthalpies of formation,?*-3¢1 global QMSI (quantum mol-
ecular similarity index) values®”! and Fukui functions (see
ref.38 and refs. therein).

Theory and Computational Details

In th