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Selenenyl fluorides ArSe�F, generated by the reaction of Ar2Se2 or ArSe�
SiMe3 with XeF2, are detected for the first time by 77Se and 19F NMR measure-
ments (see picture). Other types of ArSe�F are unstable and disproportionate
to ArSeF3 and Ar2Se2 (Ar = Ph, o-PrC6H4, o-MeOCH2C6H4, o-(S)-Et-
(MeO)CHC6H4, 2,6-(MeOCH2)2C6H3.
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First Detection of a Selenenyl Fluoride
ArSe�F by NMR Spectroscopy: The
Nature of Ar2Se2/XeF2 and ArSe�SiMe3/
XeF2 Reagents


The accepted mathematical conditions for a degree of chirality of a geometrical
object such as a tetrahedron lead to an infinite variety of such indices. More-
over, to every chiral geometric tetrahedron (see picture), no matter how close
to an achiral or degenerate limit, there is some legitimate functional form for
degree of chirality that makes this the “most chiral” tetrahedron.
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Is There a “Most Chiral Tetrahedron”?


A series of new hydrophobic ionic liquids, con-
sisting of [RFBF3]


� (RF=CF3, C2F5, nC3F7, nC4F9)
anion with 1-alkyl(alkyl ether)-3-methylimidazoli-
um ([Cmmim]+ or [CmOnmim]+ (where Cm is 1-alkyl, Cm=nCmH2m+1, m=1–4
and 6; CmOn is 1-alkyl ether, C2O1=CH3OCH2, C3O1=CH3OCH2CH2, and
C5O2=CH3(OCH2CH2)2) cation; see structure), were synthesized and charac-
terized. The key features for these new ionic liquids are their low melting
points (�42 to 35 8C) or extremely low glass transition (between �87 and
�117 8C) without melting, and considerably low viscosities (26–77 cP at 25 8C).
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Multifunctionalization of Synthetic Polymer Systems through Self-Assembly


Warren Gerhardt, Matija Črne, and Marcus Weck*[a]


Introduction


Over the last few centuries, progress in synthetic chemistry
has been based on the mastery of the covalent bond. Cova-
lent bond formation was once the only route to create com-
plex molecules with desired functions. Our comprehension
and achievements in synthetic chemistry are inextricably de-
pendent on this static covalent foundation, but an upper
limit in molecular design using covalent chemistry has been
reached at which control, time, and cost all suffer. In the
past 40 years there has been an impetus to utilize self-as-
sembly as the practical alternative to covalent-based chemis-
try in the design and fabrication of complex molecules and
functional systems.[1,2] The acceptance of self-assembly as


the design strategy for complex and highly functionalized
molecules and materials, the focus of this article, is virtually
unavoidable if the scientific community continues to use
natural systems as an archetype, since all organisms in
nature use self-assemble to facilitate a rapid expansion from
small covalent units into higher-ordered suprastructures.[3–5]


These natural and synthetic systems rely on self-assembling
modules, discrete units with a dynamic, specific, and reversi-
ble binding that permit the generation of materials and devi-
ces at a scale and complexity incomprehensible using cova-
lent methods.[1,4] The fidelity of these self-assembled organic
suprastructures is regulated by the complementarity of their
recognition units and the final supramolecular assemblies
are often multifunctional, that is, able to perform a variety
of tasks.


There are recurring recognition motifs found in every bio-
logical system that guide the self-assembly of nucleic acids
and proteins, the two most prevalent supramolecular bio-
polymers. These biopolymers form larger supramolecular
polymers through the coherence of the recognition motifs
that are incorporated into the respective monomers of each
covalent biopolymer and yet they are able to perform a
myriad of unique tasks in a dynamic physiological environ-
ment. Among the most intriguing aspects of self-assembled
biomaterials is their multifunctional character; they are able
to display, undergo, or catalyze a variety of important func-
tions through molecular recognition using a single self-as-
sembled suprastructure. One example of a multifunctional
biomaterial is ATP synthase (Figure 1), a multisubunit trans-
membrane protein with a molecular mass of 450 kD.[5] This
amphiphilic protein is responsible for ATP synthesis. It con-
tains two large functional units that are reminiscent of a
merry-go-round, with many smaller subunits all held togeth-
er by noncovalent interactions. The multiple domains of this
supramolecular machine are responsible for 1) anchoring
the protein to the cellular membrane; 2) binding an ADP
molecule, which allosterically releases a newly synthesized
ATP molecule; and 3) translocating protons across the
membrane, which facilitates the requisite rotation about its
axis enabling this allosterism.[5] All three functions essential-
ly rely on only noncovalent interactions that work in an or-
thogonal fashion with a nearly perfect fidelity. This is just a
cursory examination of this elaborate protein, but it illus-
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Abstract: A straightforward methodology towards the
replacement of covalent strategies for the synthesis of
multifunctional synthetic materials with a self-assem-
bling strategy that employs multiple noncovalent recog-
nition units to attach multiple functional molecules to a
polymeric scaffold is outlined. Design requirements, ad-
vantages, and potential applications, as well as the possi-
bility of rapid optimization of materials during the man-
ufacturing process as a result of the parallel character of
self-assembly, are presented. While still in its infancy,
this novel methodology may overcome several short-
comings of current covalent multifunctionalization strat-
egies and may yield highly complex materials that are
extremely difficult or impossible to fabricate with cur-
rent methods.


Keywords: hydrogen bonds · metal coordination · multi-
functionalization · self-assembly · supramolecular
chemistry
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trates the role of multifunctional domains in a biological
system.


In contrast, multifunctionalization in self-assembled syn-
thetic systems is still a nascent field, but it has the potential
to create complex materials with a variety of well-defined
functions in such important areas as materials science, drug
delivery, and biomimetic chemistry.[3,6] In this concept arti-
cle, we will introduce and expound on the design strategies
for multifunctional, self-assembled synthetic materials with
an emphasis on polymeric systems using noncovalent inter-
actions. Complex polymeric materials that contain more
than one functional group are of utmost importance due to
their potential applications in a variety of areas ranging
from polymeric light-emitting diodes and photovoltaic cells
to drug delivery systems and biosensors. For all these appli-
cations, more than one functional group is needed to create
a fully functional material. A possible noncovalent strategy
towards such materials could be the use of polymeric scaf-
folds that can be functionalized with small molecules by
means of self-assembly. Two routes can be envisioned for
the attachment of different functionalities onto such poly-
meric scaffolds through self-assembly: 1) a statistical mix-
ture of two or more functionalities with a single anchoring
recognition unit thereby creating an ill-defined polyfunction-
al system and 2) a well-defined selective system with two or
more functionalities each with a different anchoring recogni-
tion unit (Figure 2). While the first strategy may hold prom-
ise for a variety of applications, only the second approach
allows for full control over the self-assembly process and ul-
timately the molecule and materials properties. If orthogon-
ality is instilled into the second approach then the manufac-
turing process is also simplified. This orthogonality would


allow for rapid optimization and post-synthetic alterations
of multifunctional self-assembled materials. Therefore, in
this contribution, we will focus on synthetic systems formed
by the second functionalization approach with orthogonality
of the recognition units as a prerequisite to multifunctionali-
zation.


Design Requirements of Multifunctional Synthetic
Systems


Design considerations for any functional polymeric system
are strongly dependent on the application. However, two
decisions that must always be made before the creation of
any self-assembled polymeric material are the selection of a
scaffold amenable to the functionalization and the ideal rec-
ognition unit(s).


The chosen scaffold has to be functional group tolerant
but still contain reactive groups or molecular recognition
units for its subsequent functionalization. Therefore, the
scaffold should contain a minimum number of heteroatoms,
which will minimize negative interactions between the rec-
ognition units and the scaffold during the self-assembly
steps, while retaining reactive sites for the fast and quantita-
tive introduction of the molecular recognition units either
before or after the formation of the scaffold. A large variety
of scaffolds can be envisioned including metal surfaces or
nanoparticles, silica-based materials, such as zeolites or
fumed silica, dendrimers, or linear polymers. Herein, an em-
phasis will be put on linear polymeric scaffolds due to their
important advantages including a large variety of chemical
compositions, established characterization methods, wide
synthetic versatility, and ease of processing.


The second design consideration is the choice of the rec-
ognition units. The field of self-assembly has yielded a multi-
tude of recognition units to exploit noncovalent interac-
tions.[1–3,7] Requirements for the recognition units to be used
in multifunctionalization include fast and quantitative self-
assembly steps and the possibility for simple derivatizations
and syntheses. A number of weak interactions are imagina-
ble for potential use in self-assembled polymeric materials,
but the three main classes that have been reported in the lit-


Figure 1. Scheme of the basic functions of the ATP synthase as an exam-
ple of a multifunctional self-assembled suprastructure; it can be under-
stood as a biomolecular machine.


Figure 2. Schematic representation of the multifunctionalization of a pol-
ymeric scaffold. A) Ill-defined multifunctionalization by random self-as-
sembly of different small molecules onto a polymeric scaffold by means
of a single noncovalent interaction. B) Well-defined multifunctionaliza-
tion of a polymeric scaffold using several noncovalent interactions in an
orthogonal fashion.
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erature are hydrogen bonding, host–guest chemistry, and co-
ordination complexes.[2,7]


A variety of supramolecular hydrogen-bonding polymers
have been fabricated with important examples by a number
of authors including Meijer, Lehn, Rotello, and Zimmer-
mann (Figure 3),[8–11] while host–guest systems such as calix-


arenes or ammonium/crown ether interactions have been
used to synthesize various supramolecular structures, includ-
ing threaded complexes and supramolecular polymers
(Figure 4).[2,12,13]


A large number of metal coordination complexes have
been used in the literature to produce self-assembled mate-
rials (Figure 5).[7,14] Bipyridine and terpyridine-based metal
complexes being two of the most studied supramolecular
systems to date, both allow for facile tuning of the interac-
tion strength through the choice of the metal.[2,15–21] Other
ligand systems capable of coordinating to metal salts include
metallated pincer complexes with phosphine or pyridine li-
gands and metallated phenanthroline moieties.[22–27] All
three classes of recognition events are usually fast and high
yielding and the individual recognition motifs are rather
simple.


The key property required for multifunctionalization is
that the molecular recognition units chosen do not interfere
with each othersI self-assembly and that they do not under-
go any chemical transformations with each other, the com-
plementary recognition units, or the polymeric scaffold. In
summary, all recognition units that are employed in a specif-
ic system must be orthogonal to each other. This require-
ment is consummated by natureIs biomaterials. A prime ex-
ample is the folding of a protein, which can self-assemble an


inconceivable number of residues each with functional
groups and competitive recognition units.[3] While synthetic
chemistry has not reached this level of sophistication, it has
started to attract some attention in recent years. For exam-
ple, in a recent article, Isaacs and co-workers demonstrated


Figure 3. Examples of important hydrogen bonding synthons in the litera-
ture.


Figure 4. Examples of recognition units used in host–guest chemistry.


Figure 5. Examples of metal-coordination-based recognition motifs used
in supramolecular chemistry.
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the orthogonality of a number of hydrogen-bonding
units.[28, 29] In their study, they showed that different pairs of
hydrogen-bonding motifs have a high specificity for each
other in the presence of a large number of other hydrogen-
bonding donors and acceptors.


Function in Self-Assembly


Function in self-assembly can be viewed as 1) the basic
transformation of a molecule through self-assembly, 2) the
formation of a complex supramolecular structure through
self-assembly, or 3) the formation of a fully functional mate-
rial for a specific application by means of self-assembly. The
first rudimentary classification of function is when the self-
assembly step itself imparts function. An example of this
functionalization is the formation of acid dimers through
self-assembly. The second definition is based on the sponta-
neous generation of a larger and often more complex struc-
ture, that is, a supramolecule. The resulting supramolecular
structure often has important macroscopic properties associ-
ated with it that are not the mere sum of the properties of
its individual parts. On a very basic level, biological mole-
cules such as DNA fall into this category. The third class of
self-assembled functionalization can be viewed as the en-
dowment of a specific function or the creation of a material
with a well-defined function by using self-assembly. This is
epitomized in the structure–activity relationship of proteins
and enzymes, which can catalyze post-folding specific reac-
tion sequences that are highly substrate specific.[3–5] These
three classifications of function by self-assembly are not ex-
clusive and can often go hand in hand. While nature uses all
three strategies, synthetic chemistry is just beginning to in-
troduce multiple functions into supramolecular structures;
this point is corroborated by the lack of examples in the lit-
erature on the creation of well-defined multifunctional ma-
terials through self-assembly.[24]


Most examples in the literature on the synthesis and for-
mation of functional materials through self-assembly rely on
a single recognition unit motif. Examples using this strategy
include the formation of supramolecular polymers with
visco-elastic control, block co-polymers, liquid crystalline
systems, hybrid materials, and micellar structures.[2,8,20, 21,30, 31]


Functional self-assembled systems in which external stimuli
trigger a molecular shuttle support the idea of synthetic mo-
lecular machines and circuitry.[32–35] Furthermore, self-assem-
bled structures have “chaperoned” the generation of larger
suprastructures and catalyzed reactions that can be viewed
as primitive but promising versions of proteins and en-
zymes.[36,37]


Multiple Noncovalent Interactions


Self-assembly methodologies that exploit only a single rec-
ognition unit will eventually reach their practical limit, and
a paradigm shift similar to the displacement of covalent
strategies by earlier self-assembled systems will again be re-
quired. A logical evolution is multifunctionalization, accom-


plished through multiple recognition motifs and/or events.
Scientists from a variety of disciplines have been inspired by
natureIs demonstration of multifunctionality in enzymes and
proteins, and the quest towards multifunctional self-assem-
bled materials has advanced over the last decade with the
successful incorporation of multiple noncovalent interac-
tions and multiple recognition units into new materials en-
hancing and/or generating function.


Most reports that introduce multiple functions into self-
assembled systems by way of several noncovalent interac-
tions have been targeted to understand the relevance of
these interactions in nature. To this end, biological systems
have been simulated, altered, and dissected in an attempt to
determine the influence of multiple noncovalent interactions
on their overall stability and to ultimately design and predict
biomimetic multifunctional systems. For example, Kool and
co-workers illustrated the isosteric removal of hydrogen-
bonding sites in nucleosides (Figure 6), demonstrating the


influence of p–p stacking on the overall duplex stability of
DNA and the DNA replication process.[38] Also, investiga-
tions into the design and synthesis of functional peptidal sys-
tems have shown the importance that a variety of noncova-
lent aromatic interactions have on protein folding in these
small peptide models.[39, 40] In this example, the peptide se-
quences also contained a number of other noncovalent inter-
actions, such as hydrogen bonding and coulombic interac-
tions, creating a multifunctional scaffold.


There are only a few examples in the literature of multi-
ple noncovalent interactions used in purely synthetic sys-
tems that can either lead to enhanced binding of guest mole-
cules at a single site, or which can be segregated into distinct
multiple recognition units. The first classification can be un-
derstood as a multi- or polyvalent stabilization of a guest
molecule and has been used in dendritic and polymeric sys-
tems.[2,41] In one interesting example, different recognition
units bound to a surface can increase the association of an
analyte through multivalent interactions, creating synthetic
receptors with possible applications in sensing technologies
(Figure 7).[42]


The last case of multiple noncovalent interactions, those
used as different recognition units within a discrete assembly
was first realized in 1997 by Reinhoudt and co-workers.[43]


They combined pincer metal complexes and hydrogen-bond-
ing units to form metallodendrimers. This report clearly
showed for the first time that a well-defined material can be
synthesized by the sequential use of two independent nonco-


Figure 6. Nucleic acid bases and their isosteric analogues.
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valent interactions, thereby establishing a new methodology
outlining the potential such a strategy might hold for materi-
als science (Figure 8).


More recently, Schubert and co-workers functionalized
the termini of small molecules with hydrogen bonding and
terpyridine metal coordination units.[41] Self-assembly of
these small molecules by using hydrogen bonding and metal
coordination led to the formation of A–B copolymers.[44]


These two examples display the principle of orthogonality
within multiple interactions, a prerequisite for multifunc-
tionalization in current and future systems. In both exam-


ples, the self-assembly steps act as adhesive agents, facilitat-
ing dendrimer or polymer formation, but they do not impart
multifunctionality to the materials.


Multifunctionalization


Currently there are only two systems reported in the litera-
ture that have the characteristics of multifunctional poly-
meric systems. The first is based on poly(vinyl pyridine) and
has been reported by the group of Ikkala (Figure 9).[42] Here


Figure 7. The use of multiple weak interactions to enhance the binding of a guest molecule.


Figure 8. Synthesis of metallodendrimers through the step-wise use of metal coordination and hydrogen bonding.
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the pyridine moieties at each repeat unit can coordinate to
metal ions with pendant functionalities resulting in the for-
mation of a functional, charged metal complex. This ionic
species can then be further functionalized through the selec-
tion of the counter ion.[45] While Ikkala and co-workers do
not report on the introduction of several functional groups
using this strategy, the system has the potential for multi-
functionalization by using two different functional groups
for the coordination step and the counterions, and the initial
design strategy of coordinating two different alkyl chains
serves as a proof-of-principle for this unique system.


The second system has been reported by our group and
goes by the name “universal polymer backbone”
(UPB).[24,46] It is a materials design strategy that has been
maturing in our lab for the last four years and was conceptu-
ally illustrated in a review by
Lehn in 2002.[30] The design is
based on a polymeric scaffold
that contains a number of dif-
ferent recognition motifs. By
using multiple self-assembly
strategies, the polymeric scaf-
fold can be functionalized with
a wide variety of side chains or
functional groups (Figure 10),
bestowing several advantages
to the system.


First, the processability of a
polymeric material makes it a
candidate for use in everyday
applications. Second, introduc-
tion of a large number of func-
tional groups can be fast and
quantitative. Third, the same


polymeric scaffold can be used for a wide variety of materi-
als suggesting the name “universal polymer backbone”.
Fourth, the multifunctionalization can be a quick and simple
one-pot step, due to the parallel nature of each self-assem-
bly event. These advantages in the ideal UPB design would
allow for rapid optimization and streamlining of the manu-
facturing processes by eliminating the inherent multiple
steps required in the production of any covalent material.
Therefore, this methodology may open up new avenues in
materials design, which may not be accessible or practical
by a covalent methodology.


What separates this methodology from the majority of
self-assembly strategies in polymer chemistry outlined above
is the use of multiple noncovalent interactions. Its distinc-
tion from those that have already used multiple interactions


Figure 9. Synthesis of a multifunctional poly(vinylpyridine) functionalized with two alkyl chains.


Figure 10. Multifunctionalization of a polymer at three recognition sites: hydrogen bonding (red), metal coor-
dination (blue), Coulombic interaction (black).


� 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6212 – 62216218


CONCEPTS M. Weck et al.



www.chemeurj.org





is that in all other cases the goal is not the introduction of
multifunctionality, but appears to be the establishment of or-
thogonality, since the final structure could have been realiz-
ed through a single interaction. The UPB uses orthogonality
as a requisite design guideline, permitting simultaneous mul-
tiple interactions, the interactions themselves taking a subor-
dinate role to their tethered functionality.


Returning back to the fundamental design requirements
for a multifunctional self-assembled system, we first had to
select the polymeric scaffold. We decided to use a poly(nor-
bornene)-based polymer backbone that has a variety of im-
portant properties and advantages. First, norbornenes can
be polymerized by means of ring-opening metathesis poly-
merization (ROMP), a polymerization method that is often
living and fully functional-group tolerant when employing
GrubbsI ruthenium initiators.[47] Second, ROMP-based poly-
mers have been used extensively for a variety of applica-
tions, including high impact corrosion resistant materials,
such as piping and ballistics containment, marine antifouling
agents, sports equipment, along with dental and pharma-
ceutical products, and these polymers have found their way
into a number of industrial applications.[48] The identification
of the ideal recognition units was the second step in the
design of the UPB. We have exploited hydrogen-bonding-
and metal-coordination-based recognition units in our labo-
ratory. The hydrogen-bonding recognition units are based
on either diaminopyridines or cyanuric acids.[24,43,46] Further-
more, a variety of metal-coordinating recognition units were
employed, including metallated pincer complexes and bipyr-


idine-based compounds.[24–27] It is important to note that
GrubbsI ruthenium initiators are fully tolerant of any ancil-
lary functional group or metal complex, and we have dem-
onstrated the living character of the ROMP of most mono-
mers as well as determined the polymerization kinetics,
thereby giving us full control over the polymerization and
allowing for the designed synthesis of random or block co-
polymer structures.[25]


While the self-assembly methodology for each individual
recognition motif has been reported in the literature,[2,25,27, 49]


none of these studies investigated the orthogonality of these
recognition motifs, a prerequisite for their use in multifunc-
tional materials. The orthogonality of random copolymers
containing 2,6-diaminopyridine and palladated pincer com-
plexes was recently unequivocally proven by us using a vari-
ety of techniques, including NMR spectroscopy, differential
scanning calorimetry, and titration experiments.[24] We have
shown that the self-assembly process can proceed through
three possible pathways (Figure 11). The first pathway (A)
selectively functionalizes all hydrogen-bonding recognition
units with thymine. The pincer units, unaffected during the
hydrogen-bonding step, are then quantitatively functional-
ized with a pyridine moiety. The alternate self-assembly
process (B), starting with metal coordination followed by
hydrogen bonding, was also successful. Of particular impor-
tance is the third option (C), in which all the receptors and
substrates are thrown into the mix and each unit finds its
complementary counterpart without any noticeable interfer-
ence. This is in accordance with the recently reported self-


Figure 11. Three pathways to the multifunctionalization of the UPB.
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sorting of hydrogen-bonding recognition units,[28,29] and
clearly demonstrates that the UPB scaffold can be function-
alized in one simple step to afford rapidly optimized multi-
functional materials.[24] It is important to note that the prop-
erties of the final polymeric material are independent of the
strategy used, giving us unprecedented control over the ma-
terials functionalization step.


Physical gels have previously been prepared using well-
defined noncovalent interactions,[22, 50,51] but we recently
communicated the first example of multifunctional materials
by combining noncovalent cross-linking with noncovalent
polymer functionalization using the UPB strategy.[52] Ter-
polymers containing an alkyl spacer, a pincer complex, and
either 2,6-diaminopyridine or cyanuric acid have been syn-
thesized. A perylene unit, which in itself is bestowed with a
number of important functions and has been used in the
design and synthesis of a variety of electro-optical materi-
als,[53] is used as a noncovalent crosslinker for the UPB. The
2,6-diaminopyridine recognition units along the UPB act as
receptors for the perylene (1), while the palladated pincer
complexes on the UPB remain free for further functionali-
zation using either nitrile (2), pyridine (3), or phosphine (4)
containing molecules (Figure 12).


A crosslinked material can also be generated by reversing
the cross-linking/functionalization sequence and recognition
units used by coordinating bisfunctionalized pyridine ligands
onto the palladated pincer complexes, leaving all hydrogen
bonding sites open for further UPB functionalization. These
examples clearly demonstrate the potential of the UPB in
materials design and synthesis. It can be envisioned that
more complex methodologies might be developed through


the introduction of a third recognition motif, bringing this
synthetic multifunctionalization strategy closer and closer to
its ideal model in nature, the protein.


Conclusion


Over the last decade, the importance of self-assembly as a
synthetic tool in the fabrication of polymeric materials has
increased dramatically due to the complex chemical nature
of current materials. Furthermore, current research efforts
in polymer science are targeted towards the rational design
of even more complex materials that are often based on a
larger number of functions or contain several well-defined
functional substructures; that is, they are multifunctional. It
is evident that covalent chemistry cannot be the synthetic
strategy of choice for these materials. Nature clearly outlines
the use of multiple noncovalent interactions as the design
strategy towards the synthesis of its multifunctional bioma-
terials. In the last five years, a very limited number of syn-
thetic polymeric systems that have either been fabricated
through simulating natureIs self-assembly methodologies or
have been suggested have begun to emerge in the literature.
In this concept article, we reviewed the current progress of
the field and suggested basic important design aspects. By
reviewing the literature, it becomes clear that the field of
multifunctional synthetic polymeric systems has a bright
future. All fundamental self-assembly studies towards the
creation of self-assembled multifunctional materials have
been carried out. Furthermore, polymerization strategies are
available that allow for the controlled incorporation of func-


Figure 12. Schematic representation of the cross-linking/functionalization strategy of the UPB.
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tional monomers into homo, random, or block copolymers.
So what is missing to take this field to the next level? Clear-
ly the self-assembly methodologies towards the creation of
multifunctional materials are currently limited. Only two
strategies are reported in the literature that describe the use
of multiple and orthogonal noncovalent interactions in the
synthesis of multifunctional materials, while nature uses a
multitude of methodologies towards such a goal. These lim-
ited methodologies clearly hamper the expansion of the
field. However, with the recent interest in multifunctional
polymeric systems and the clear advantages of self-assembly
more strategies are expected to be developed in the fore-
seen future.
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Catalytic Photooxidation of 4-Methoxybenzyl Alcohol with a Flavin–Zinc(ii)-
Cyclen Complex


Radek Cibulka,*[a] Rudolf Vasold,[b] and Burkhard Kçnig*[b]


Introduction


Photoinduced electron transfer (PET) in reversible nonco-
valent assemblies of electron-donor and electron-acceptor
moieties is studied intensively[1,2] because of its importance
for related biological processes. However, utilization of PET
for catalysis or sensitization of chemical reactions has so far
mainly been restricted to diffusion-controlled collision pro-
cesses. Only a limited number of systems with a defined re-
versible interaction between the photosensitizer and the
substrate have been reported.[3,4] To improve the sensitizing
efficiency of a photoactive molecule for a chemical reaction
we have prepared a mediator containing a chromophore co-
valently tethered to a substrate binding site. In such a
system, the bound substrate and the photoactive unit inter-


act intramolecularly, thus increasing the efficacy of the elec-
tron-transfer process. The substrate–sensitizer interaction
through coordinative bond formation is reversible, allowing
a catalytic process.
As a model reaction for investigation of the sensitizing


synthetic receptor, the photooxidation of benzyl alcohols
has been used. The oxidation of alcohols to aldehydes is a
key transformation in the chemical industry and also in biol-
ogy, and numerous stoichiometric and catalytic reactions
and reagents to mediate the process have been developed.[5]


Investigations currently in progress are aimed at attempting
to increase the efficiency of the reaction and to make it
more environmentally benign.[6] New metal complexes[7] and
metal-free systems[8,9] that catalyze oxidations with oxygen
or hydrogen peroxide as the stoichiometric oxidant are
sought after. The flavin–zinc(ii)-cyclen complex reported
here fulfils these criteria.


Results and Discussion


Design and synthesis : Molecule 10 (Scheme 1) consists of
two covalently bound subunits: the flavin chromophore,
which upon irradiation provides the necessary redox energy
to transform the substrate into the product, and a coordina-
tive binding site for the substrate. Riboflavin was selected as
the chromophore because it becomes a strong oxidant upon
irradiation,[10] and riboflavin-2’,3’,4’,5’-tetraacetate has previ-
ously been used for intermolecular PET oxidation of benzyl
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Abstract: Flavin–zinc(ii)-cyclen 10 con-
tains a covalently linked substrate
binding site (zinc(ii)–cyclen) and a
chromophore unit (flavin). Upon irra-
diation, compound 10 effectively oxi-
dizes 4-methoxybenzyl alcohol (11-
OCH3) to the corresponding benzalde-
hyde both in water and in acetonitrile.
In the presence of air, the reduced
flavin 10-H2 is reoxidized, and so cata-
lytic amounts of 10 are sufficient for al-
cohol conversion. The mechanism of


oxidation is based on photoinduced
electron transfer from the coordinated
benzyl alcohol to the flavin chromo-
phore. This intramolecular process pro-
vides a much higher photooxidation ef-
ficiency, with quantum yields 30 times
those of the comparable intermolecular


process with a flavin chromophore
without a binding site. For the reaction
in buffered aqueous solution a quan-
tum yield of F = 0.4 is observed. The
turnover number in acetonitrile is in-
creased (up to 20) by high benzyl alco-
hol concentrations. The results show
that the covalent combination of a
chromophore and a suitable binding
site may lead to photomediators more
efficient than classical sensitizer mole-
cules.


Keywords: electron transfer ·
flavin · macrocyclic ligands ·
photooxidation · sensitizers
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alcohols.[9a,b,d] A diethylene glycol substituent was introduced
into the 10-position to increase the solubility in water and
thus to allow oxidation reactions in aqueous solutions.


Zinc(ii)–cyclen was chosen as the binding site for the sub-
strate, in view of the presence and functioning of Lewis acid
zinc(ii) ions in the active site of alcohol dehydrogenase.[11]


Cyclen has a high affinity (lg K = 16.2)[12] for zinc(ii) ions,
which precludes other binding equilibria. Moreover zinc(ii)–
cyclen is known to coordinate Lewis base substrates[13] such
as water, alcohols,[11b,14] imides, or phosphate anions weakly
and reversibly. Similar systems containing a crown ether
unit covalently linked to a flavin moiety have already been
reported.[15] In these cases, however, the crown ether is not a
binding site for a substrate but only coordinates alkali metal
or alkaline-earth metal ions, thus modulating the flavin
redox potential and resulting in changes in the oxidation
quantum yields of benzyl alcohol[15a] or alkali mandelates.[15b]


The flavin part of the molecule (compound 4) was pre-
pared by using the general method developed by Kuhn and
co-workers:[16] synthesis of 1,2-dimethyl-4,5-dinitrobenzene
(1), ipso-substitution of the nitro group with 2-(2-methoxy-
ethoxy)ethylamine (2) in pyridine, the reduction of the
second nitro group in 3 with dihydrogen and Pd/C, and sub-
sequent condensation of the obtained diamine with alloxane.
Triply tert-butyloxycarbonyl(Boc)-protected cyclen[17] was
treated with bromoacetic acid in the presence of dicyclohex-
ylcarbodiimide (DCC) to give 7. The alkylation of flavin 4
in its 3-position has to be performed quickly to avoid de-
composition of the molecule, so an excess of compound 7


Abstract in Czech: Flavin-Zn(II)-cyklen 10 obsahuje vazeb-
nL mMsto pro substrAt (Zn(ii)-cyklen), kterL je kovalentně
vAzanL k chromoforu (flavin). Po ozAřenM oxiduje sloučenina
10 4-methoxybenzylalkohol 11-OCH3 na odpovMdajMcM alde-
hyd ve vodě a v acetonitrilu. ProvAdM-li se reakce v přMtom-
nosti vzduchu, vznikajMcM redukovaný flavin 10-H2 se reoxi-
duje a pro oxidaci alkoholu tak postačuje pouze katalytickL
množstvM lAtky 10. Mechanismus oxidace je založen na fo-
toindukovanLm přenosu elektronů z benzylalkoholu koordi-
novanLho k cyklenovL jednotce na flavinový chromofor.
Tento intramolekulArnM proces podstatně zvyšuje fflčinnost
fotooxidace—jejM kvantový výtežek je třicetinAsobný ve
srovnAnM s kvantovým výtežkem intermolekulArnM oxidace
flavinem bez vazebnLho mMsta. V pufrovanLm vodnLm pro-
středM bylo dosaženo kvantovLho výtežku F = 0.4. Počet
dosažených katalytických cyklů v acetonitrilu se zvyšuje s
koncentracM benzylalkoholu až na hodnotu 20. Výsledky
ukazujM, že kovalentnM spojenM chromoforu a vhodnLho va-
zebnLho centra může vLst k fotomediAtorům, kterL jsou
fflčinnějšM než klasickL fotosenzibilizAtory.


Scheme 1. Synthesis of flavin–zinc(ii)-cyclen complex 10. Reaction conditions: a) pyridine, reflux (82%); b) acetic acid, RT (52%); c) DCC, CH2Cl2, RT
(72%); d) K2CO3, DMF, RT (88%) e) CH2Cl2, RT (99%); f) 1. H2O, ion exchange (OH


�); 2. CH3CN, 60 8C (39%).
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was used in DMF with K2CO3 as base. The reaction in DMF
was found to be ten times faster than that in acetonitrile.
Deprotection of 8 with trifluoroacetic acid in dichlorome-
thane gave the ammonium salt 9, and the free amine form
of 9 was obtained by use of a strong basic ion exchanger.
Because of its low stability[18] the free base was immediately
converted into the zinc(ii) perchlorate complex 10. All reac-
tions starting from compound 4 were performed with exclu-
sion of light to prevent photochemical degradation of the
flavin moiety. For comparison, the 3-methylflavin 5, which
lacks the cyclen binding site, was also prepared.


Cyclic voltammetry and fluorescence quenching : The abili-
ties of flavin derivatives 4, 5, and 10 to oxidize benzyl alco-
hols were estimated from the DG values for electron trans-
fer from the alcohol to the excited flavin. With the entropy
changes from ground to excited state neglected, DG was
calculated by the Rehm–Weller[19] equation [DG =


96.4 (Eox1=2�E
red
1=2
)�e2/ea�E0–0] . Redox potentials of flavin


reduction and alcohol oxidation were experimentally
determined by cyclic voltammetry (Table 1), and typical


values[9a,b,10d] were used for the Coulombic term (e2/ea =


5.4 kJmol�1) and the flavin excitation energy (E0–0 =


241 kJmol�1). The reduction potential of flavin 10 with
zinc(ii)–cyclen substitution was found to be shifted in the
positive direction by 200 mV in relation to flavins 4 and 5,
which may be interpreted in terms of the electron-withdraw-
ing effect of the adjacent zinc(ii) ion.
The thermodynamic data reveal that 11-OCH3 (see


Scheme 2) is a suitable substrate for flavin-mediated photo-
oxidation. No flavin emission quenching is observed in the


presence of benzyl alcohol (11-H), because the electron-
transfer process for this redox couple is endergonic. The
rate constants (kq) of flavin emission quenching by 4-me-
thoxybenzyl alcohol (11-OCH3) given in Table 1 were esti-
mated by use of the measured lifetimes and slopes (KS) of
Stern–Volmer plots (see Experimental Section for details).
The values of kq—of about 6V10


9
m


�1 s�1—are virtually iden-
tical for all investigated flavins. However, the obtained
Stern–Volmer plots for dynamic emission quenching of 4
and 5 with 11-OCH3 are linear, while the nonlinear plot ob-
served for 10 indicates a static quenching mechanism
through a noncovalent interaction between 10 and 11-
OCH3, as shown in Scheme 3 (see Supporting Information
for data). An affinity constant of about 24 Lmol�1 was esti-
mated from the emission quenching data (see Supporting In-
formation).


Catalytic photooxidation of 4-methoxybenzyl alcohol in ace-
tonitrile : The photooxidation of 4-methoxybenzyl alcohol
(11-OCH3) to 4-methoxybenzaldehyde (12-OCH3) under
mediation by the flavin–zinc-cyclen 10 was investigated in
acetonitrile under atmospheric pressure of air. The presence
of oxygen is necessary to reoxidize the reduced flavin[9a,10a]


formed during photooxidation, so that catalytic amounts of
10 are sufficient. No aldehyde formation was observed after
60 min of irradiation of 11-OCH3 in acetonitrile in the ab-
sence of any flavin (Table 2, entry 1) even if the solution
contained an excess of hydrogen peroxide; hydrogen perox-
ide thus does not oxidize benzyl alcohol under these reac-
tion conditions. Flavin–zinc(ii)-cyclen 10 mediates the photo-
oxidation, providing 51% conversion after 1 h of irradiation
(Table 2, entry 2). The quantum yield of aldehyde formation
is F = 3.8V10�2.
In the presence of flavins 4 and 5, without the zinc(ii)–


cyclen unit, the oxidation proceeds very slowly, and after
60 min of irradiation only small amounts of products were
detected. The importance of covalently connected flavin and
zinc(ii)–cyclen for high photoconversion of benzyl alcohol is
shown by comparison of the data for 10 with those obtained
in the presence of equimolar amounts of 3-methylflavin 5[20]


and cyclen–zinc(ii) perchlorate (13). The more positive re-
duction potential makes 10 the better oxidant, but the esti-
mated change in DG is not sufficient to explain the observed
significant differences in reactivity.[21] The highly effective


Table 1. Estimated thermodynamic oxidation parameters (DG) and emis-
sion quenching rate constants (kq) for flavin derivatives 4, 5, and 10 in re-
action with benzyl alcohol (11-H) and para-methoxybenzyl alcohol (11-
OCH3).


Flavin t Ered1=2 kqV10
9 [m�1 s�1] DG [kJmol�1]


[ns][a] of flavin[b] [V]
11-H 11-OCH3 11-H[c] 11-OCH3


[d]


10 5.4 �0.88 – 7.8 +11 �47
4 7.1 �1.08 – 5.7 +30 �28
5 6.4 �1.09 – 5.6 +31 �27


[a] Fluorescence lifetimes (single-exponential decay; measured in aceto-
nitrile in the absence of benzyl alcohol). [b] Values obtained in acetoni-
trile versus ferrrocene/ferrocenium; cFlavin = 2V10�3m. [c] Eox1=2 (benzyl al-
cohol, 11-H) = 1.79 V versus ferrocene/ferrocenium. [d] Eox1=2 (4-methoxy-
benzyl alcohol, 11-OCH3) = 1.19 V versus ferrocene/ferrocenium.


Scheme 2. Benzyl alcohols 11 used for photooxidation, product of photo-
oxidation (12-OCH3), and zinc(ii) cyclen bisperchlorate (13).


Scheme 3. Reversible complex of 10 and 11-OCH3.
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intramolecular electron-transfer process from reversibly co-
ordinated 11-OCH3 to the excited flavin chromophore of 10
is clearly the origin of its photocatalytic function (Figure 1).


Unfortunately, degradation of the flavin molecule in so-
lution was observed during irradiation by visible light, the
typical flavin absorbance maximum intensity decreasing
during the course of the reaction. Table 2 gives the relative
decrease after 1 h. A similar degradation of the flavin is ob-
served in the absence of benzyl alcohol (see Supporting In-
formation).
Fukuzumi et al.[9a] have reported the stabilization of ribo-


flavin-2,3,4,5-tetraacetate in the photocatalytic oxidation of
benzyl alcohols by rare-earth-metal ion coordination to the
carbonyl-oxygen donor atoms of the isoalloxazine ring. In
an attempt to increase the stability of 10 we performed the
oxidation of 11-OCH3 in the presence of an excess of scan-
dium(iii) triflate (Table 2, entry 6). The observed rate of al-
dehyde formation is slightly higher with scandium triflate,
but flavin decomposition is still severe, as indicated by a
drop in the flavin absorption intensity to 52% of its original
value (45% in the absence of scandium triflate) after 1 h of
reaction time.
The formation of aldehyde 12-OCH3 and hydrogen perox-


ide and the conversion of 11-OCH3 during photooxidation


in the presence of 10 was moni-
tored analytically (Figure 2).
The data show a clean conver-
sion process that affords 90%
alcohol conversion after 2 h.
This corresponds to a theoreti-
cal turnover number of 9 for
the sensitizer 10, but in view of
its degradation during the
course of the reaction its actual
efficiency must be much higher.
To confirm the proposed


electron-transfer mechanism,
the oxidation of 4-methoxyben-
zyl alcohol (11-OCH3) by flavin


was performed under exclusion of oxygen. Irradiation of a
deaerated acetonitrile solution containing flavin 10 and 11-
OCH3 with visible light (l>420 nm) resulted in the forma-


tion of 12-OCH3 and the reduced flavin 10-H2. The process
was monitored by 1H NMR, UV/Vis spectrophotometry, and
HPLC (see Supporting Information).
The efficiency of photooxidation by flavins 10 and 5 in-


creases with increasing alcohol concentration, reaching max-
imum turnover numbers of irradiation of about 20 and 1.6,
respectively, after 60 min. (Figure 3). The flavin–zinc(ii)-
cyclen conjugate 10 is thus also significantly more efficient
then flavin 5 at higher substrate concentrations.[22]


Photooxidation of 4-methoxybenzyl alcohol in water : The
good solubility of 10 in water allows the mediated photooxi-
dation of 11-OCH3 to be studied in buffered aqueous solu-
tions (borate buffer, pH 7.2). Irradiation of a deaerated
aqueous solution of 10 and 11-OCH3 afforded the corre-
sponding benzaldehyde 12-OCH3, as detected by


1H NMR
and HPLC analysis. The photocatalytic efficiencies and
quantum yields of flavins 5 and 10 in dioxygen-saturated
aqueous solutions were compared by turnover number after
irradiation for 60 min (Table 3). Generally, the rates of pho-
tooxidation in water are higher than those in acetonitrile,


Table 2. Quantum yields of the photooxidation of 4-methoxybenzyl alcohol (c = 2V10�3 molL�1) in acetoni-
trile[a] mediated by different flavins (c = 2V10�4 molL�1).


Entry Flavin Conversion Rel. abs. at 444 nm Quantum yield
after 1 h of after 1 h of of aldehyde


irradiation [%] irradiation[b][%] formationF[c]


1 none 0 – –
2 10 51 45 3.8V10�2


3 2 1 54 1.3V10�3


4 8 1 54 9.1V10�4


5 5+13 2 53 1.8V10�3


6 10+Sc(TfO)3
[d] 70 52 1.1V10�1


[a] The data were obtained from irradiation (l>420 nm) of an oxygen-saturated solution of flavin and 11-
OCH3 in acetonitrile under atmospheric pressure. [b] Relative absorbance of the reaction mixture at 444 nm
after 60 min irradiation time relative to the absorbance at the beginning of the experiment. [c] Quantum yield
calculated from the rate of aldehyde formation during irradiation for 5 min. [d] c(Sc(TfO)3) = 1V10�2 molL�1.


Figure 1. Proposed mechanism of catalytic photooxidation of benzyl alco-
hol 11-OCH3 mediated by flavin 10 in the presence of dioxygen.


Figure 2. Concentrations of 11-OCH3 (&), 12-OCH3 (*), and hydrogen
peroxide (~) during photooxidation of 11-OCH3 (c = 2V10�3 molL�1) in
oxygen-saturated acetonitrile in the presence of a catalytic amount of 10
(c = 2V10�4 molL�1).
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which can be interpreted in terms of the higher polarity of
the medium.[23] At higher concentration of substrate (c =


20 mmolL�1), a photooxidation quantum yield of F = 0.40
was achieved with compound 10. The quantum yield was
not influenced by an increase in the pH from 7.2 to 9.0.
The turnover numbers for flavins 5 and 10 are fairly simi-


lar, in contrast with the results in acetonitrile. Flavin 10 suf-
fers from its lower photostability, as is evident from the rela-
tive absorbance of the reaction mixture after 60 min of irra-
diation. However, the quantum yield calculated from the in-
itial conversion in the first five minutes of the reaction indi-
cates a higher efficiency for 10 than for 5 in the catalytic
photooxidation. The observed difference in reactivity in
aqueous solutions is smaller than in acetonitrile. The compe-
tition of benzyl alcohol and water binding to the coordina-
tion site of 10 may hamper the formation of the alcohol/
flavin–zinc(ii)-cyclen complex necessary for efficient intra-
molecular oxidation.


Conclusion


The flavin–zinc(ii)-cyclen conjugate 10 has been prepared as
a new sensitizer with a substrate binding site for the photo-


oxidation of 4-methoxybenzyl alcohol to the corresponding
aldehyde. The oxidation mechanism is based on photoin-
duced electron transfer, both in acetonitrile and in water. In
the presence of dioxygen, the flavin is reoxidized and 10
acts efficiently in catalytic amounts. The role of the zinc(ii)-
cyclen unit is to coordinate the hydroxy group of the benzyl
alcohol in reversible fashion, thus facilitating intramolecular
electron transfer to the excited flavin. The efficiency of the
intramolecular process with 10 is significantly higher than
for flavins lacking the binding site. In summary, compound
10 operates as an efficient photosensitizer for the oxidation
of 4-methoxybenzyl alcohol by oxygen. The reaction pro-
ceeds in aqueous solutions at pH 7.2 and at ambient temper-
ature. The study demonstrates that sensitizers with increased
efficiency for photochemical processes can be obtained
through the combination of chromophores with suitable
binding sites. Such systems may find applications in photo-
oxidations or photoreductions of biomolecules, waste water
treatment, selective photochemical transformations, or the
chemical storage of light energy.


Experimental Section


General : 1,2-Dimethyl-4,5-dinitrobenzene (1),[16,24] 2-(2-methoxyethoxy)-
ethylamine (2),[25] and triply Boc-protected cyclen 6[17b] were synthe-
sized by known procedures. All other reagents used were commercially
available reagent grade. Solvents were distilled and dried by standard
procedures. Temperature data are uncorrected. 1H NMR and 13C NMR
spectra were recorded on a Bruker Avance instrument at 300 MHz and
75 MHz, respectively. Chemical shifts are reported in ppm, coupling con-
stants (J) in Hz. Elemental analyses were performed on a Vario EL III
analyzer. UV/Vis and fluorescence spectra were recorded on Varian
Cary 50 Bio and Varian Eclipse spectrometers. Mass spectra were
measured on Finnigan MAT 95, ThermoQuest Finnigan TSQ 7000, and
Finnigan MAT SSQ710A spectrometers. TLC analyses were carried out
on DC Alufolien Kieselgel 60H F254 (Merck). Gerundan Si 60 silica gel
(0.063–0.200 mm; Merck) was used for column chromatography.


N-[2-(2-Methoxyethoxy)ethyl]-4,5-dimethyl-2-nitroaniline (3): A solution
of 1,2-dimethyl-4,5-dinitrobenzene (1, 2.18 g, 11.11 mmol) and 2-(2-me-
thoxyethoxy)ethylamine (2, 2.10 g, 17.62 mmol) in pyridine (270 mL) was
heated to reflux for 15 h. A further portion of 2-(2-methoxyethoxy)ethyl-
amine (1.05 g, 8.81 mmol) was added, and the solution was heated to
reflux until all starting material had been converted into product (TLC,
chloroform/methanol 100:3). The overall reaction time was 65 h. The re-
action mixture was cooled, chloroform (400 mL) was added, and the so-
lution was extracted with aqueous citric acid (10%, 10V250 mL) and
with water (2V250 mL). The organic phase was dried over sodium sul-
fate, the solvents were evaporated in vacuum, and the crude product was
purified by column chromatography (chloroform/methanol 100:1) to give
compound 3 (2.45 g, 82%) as an orange oil. Rf = 0.23 (CHCl3/MeOH
100:1); 1H NMR (CDCl3): d = 2.17 (s, 3H; ArCH3), 2.26 (s, 3H;
ArCH3), 3.40 (s, 3H; CH3O), 3.51 (t,


3J(H,H) = 5.8 Hz, 2H; CH2N), 3.59
(m, 2H; CH3OCH2), 3.67 (m, 2H; CH3OCH2CH2), 3.77 (t,


3J(H,H) =


5.6 Hz, 2H; OCH2CH2N), 6.63 (s, 1H; ArH), 7.92 ppm (s, 1H; ArH);
13C


NMR (CDCl3): d = 18.6 (+), 20.7 (+), 42.7 (�), 59.2 (+), 69.3 (�), 70.6
(�), 71.9 (�), 114.1 (+), 124.5 (Cquat), 126.5 (+), 130.0 (Cquat), 144.1
(Cquat), 147.2 ppm (Cquat); MS (70 eV, EI): m/z (%): 268 (24) [M]+ , 179
(100) [M�C4H9O2]


+ ; elemental analysis calcd (%) for C13H20N2O4


(268.3): C 58.19, H 7.51, N 10.44; found: C 57.61, H 7.24, N 10.27.


10-[2-(2-Methoxyethoxy)ethyl]-7,8-dimethyl-10H-benzo[g]pteridine-2,4-
dione (4): Nitro compound 3 (1.30 g, 4.84 mmol) was dissolved in acetic
acid (20 mL) and after addition of Pd/C (10%) was stirred for 23 h in an
autoclave under dihydrogen atmosphere (600 kPa). The reaction mixture
was filtered through Celite, and boric acid (2.7 g, 43.7 mmol) and alloxan
monohydrate (2.48 g, 15.49 mmol) were added immediately. The mixture


Figure 3. Dependence on the alcohol concentration of the flavin turnover
numbers for photooxidation of 11-OCH3 with 10 (&) and 5 (*) in aceto-
nitrile (cflavin = 2V10�4 molL�1) after 60 minutes irradiation.


Table 3. Comparison of the efficiency of flavin mediators (c = 2V
10�4 molL�1) for the photooxidation of 4-methoxybenzyl alcohol in
borate buffer, pH 7.2.[a]


Flavin Concentration Turnover Rel. abs. at 444 nm Quantum
of 11-CH3 after 1 h after 1 h yield F[c]


[mmolL�1] irradiation irradiation[b] [%]


none 2 0 – –
10 2 7.6 57 0.23
5 2 8.3 79 0.11
5+13 2 8.3 73 0.14
10 20 10.9 76 0.40
10, pH 9.0 20 12.7 84 0.40


[a] The data were obtained after irradiation of oxygen-saturated solutions
of the catalyst and substrate in water with light (l>420 nm) under at-
mospheric pressure. [b] Relative absorbance of the reaction mixture at
444 nm after irradiation for 60 min relative to the absorbance at the be-
ginning of experiment. [c] Quantum yield calculated from the rate of al-
dehyde formation during irradiation for 5 min.
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was stirred for 9 h under nitrogen at room temperature. The solution was
diluted with chloroform (250 mL) and water (50 mL), the separated
chloroform phase was washed with water (3V100 mL), and the organic
phase was dried over magnesium sulfate. After evaporation of solvent in
vacuo and recrystallization of the crude product from water, compound 4
(0.86 g, 52%) was obtained as orange crystals. M.p. 229 8C; 1H NMR
(CDCl3): d = 2.45 (s, 3H; ArCH3), 2.54 (s, 3H; ArCH3), 3.28 (s, 3H;
CH3O), 3.42 (m, 2H; CH3OCH2), 3.60 (m, 2H; CH3OCH2CH2), 4.02 (t,
3J(H,H) = 5.6 Hz, 2H; OCH2CH2N), 4.93 (t,


3J(H,H) = 5.8 Hz, 2H;
CH2N), 7.77 (s, 1H; ArH), 8.03 (s, 1H; ArH), 8.46 ppm (s, 1H; NH);


13C
NMR (CDCl3): d = 19.5 (+), 21.4 (+), 45.9 (�), 59.0 (+), 68.0 (�), 70.8
(�), 71.8 (�), 117.0 (+), 132.16 (+), 132.22 (Cquat), 135.0 (Cquat), 135.8
(Cquat), 137.1 (Cquat), 148.1 (Cquat), 150.3 (Cquat), 155.2 (Cquat), 159.6 ppm
(Cquat); UV/Vis (acetonitrile): lmax (e) = 225 (31000), 270 (31400), 345
(8400), 444 (11900); MS (70 eV, EI): m/z (%): 344 (2) [M]+ , 242 (100)
[M�C5H10O2]


+ , 171 (58) [M�C7H11NO4]
+ , 156 (24) [M�C7H12N2O4]


+ ;
elemental analysis calcd (%) for C17H20N4O4 (344.4): C 59.29, H 5.85, N
16.27; found: C 58.98, H 5.78, N 16.20.


Tri-tert-butyl 10-bromoacetyl-1,4,7,10-tetraazacyclododecane-1,4,7-tricar-
boxylate (7): A solution of triply Boc-protected cyclen 6 (2.5 g,
5.29 mmol), bromoacetic acid (0.85 g, 6.11 mmol), and DCC (1.09 g,
5.28 mmol) in anhydrous dichloromethane (60 mL) was stirred for 20 h
under nitrogen at room temperature. White solid was filtered off, and the
filtrate was washed with a solution of sodium hydroxide (2m, 2V40 mL)
and water (2V40 mL) and dried over sodium sulfate. The crude product
obtained by evaporation of the solvents in vacuo was purified by column
chromatography (ethyl acetate/petroleum ether 3:1). Product 7 (2.26 g,
72%) was obtained as a white solid. RF = 0.70 (ethyl acetate/petroleum
ether 3:1); m.p. 55 8C; 1H NMR (CDCl3): d = 1.46 (s, 18H; (CH3)3C),
1.49 (s, 9H; (CH3)3C), 3.37–3.57 (m, 16H; CH2N), 3.84 ppm (s, 2H;
CH2Br);


13C NMR (CDCl3): d = 28.0 (+), 49.5–51.6 (�), 80.5 (Cquat),
80.7 (Cquat), 155.4 (Cquat), 157.3 (Cquat) ppm; MS (70 eV, EI): m/z (%): 592
and 594 (10) [M]+ , 513 (63) [M�Br]+ , 492 and 494 (17)
[M�C4H8�CO2]


+ , 413 (40) [M�C4H8�CO2�Br]+ , 371 (58)
[M�C7H10O3Br]


+ , 357 (37), 57 (100) [C4H9]
+; elemental analysis calcd


(%) for C25H45N4O7 (593.6): C 50.59, H 7.64, N 9.44, Br 13.46; found: C
50.18, H 7.21, N 9.16, Br 13.20.


Tri-tert-butyl 10-(2-{10-[2-(2-Methoxyethoxy)ethyl]-7,8-dimethyl-2,4-
dioxo-4,10-dihydro-2H-benzo[g]pteridin-3-yl}acetyl)-1,4,7,10-tetraazacy-
clododecane-1,4,7-tricarboxylate (8): A mixture of 4 (0.34 g, 0.99 mmol),
7 (1.73 g, 2.91 mmol), and potassium carbonate (1 g) in dry dimethylfor-
mamide (50 mL) was stirred under nitrogen at room temperature until
all 4 had been converted into the product (ca. 4 h). The progress of the
reaction was monitored by TLC (ethyl acetate/methanol 5:2). A second
portion of 4 (0.16 g, 0.46 mmol) was added, and the mixture was stirred
at room temperature for 8 h, diluted with chloroform (200 mL), and
washed with water (4V150 mL), and the organic phase was dried over
magnesium sulfate. After evaporation of the solvents and purification of
the crude product by column chromatography (ethyl acetate/methanol
4:1), compound 8 (1.1 g, 88%) was obtained as a yellow solid. RF = 0.55
(ethyl acetate/methanol 4:1); m.p. 137–139 8C; 1H NMR (CDCl3): d =


1.48 (m, 27H; (CH3)3C), 2.43 (s, 3H; ArCH3), 2.53 (s, 3H; ArCH3), 3.29
(s, 3H; CH3O), 3.30–3.75 (m, 16H; CH2N), 3.42 (m, 2H; CH3OCH2),
3.55 (m, 2H; CH3OCH2CH2), 4.00 (t, 3J(H,H) = 5.8 Hz, 2H;
OCH2CH2N), 4.85–4.95 (m, 4H; CH2N, CH2Br), 7.75 (s, 1H; ArH),
8.04 ppm (s, 1H; ArH); 13C NMR (CDCl3): d = 19.5 (+), 21.3 (+), 28.42
(+), 28.46 (+), 28.58 (+), 45.4 (�), 50.03 (�), 50.06 (�), 50.29 (�), 51.50
(�), 59.0 (+), 68.1 (�), 70.7 (�), 71.7 (�), 80.2 (Cquat), 80.5 (Cquat), 116.9
(+), 132.1 (Cquat), 132.2 (+), 134.9 (Cquat), 135.5 (Cquat), 136.6 (Cquat), 146.7
(Cquat), 147.5 (Cquat), 149.0 (Cquat), 155.2 (Cquat), 155.6 (Cquat), 159.8 ppm
(Cquat); MS (ESI, CH2Cl2+CH3OH+CH3COONH4): m/z (%): 858 (100)
[M+H]+ , 758 (26) [M�C4H7�CO2]


+ ; elemental analysis calcd (%) for
C42H64N8O11 (857.0): C 58.86, H 7.53, N 13.07; found: C 58.65, H 7.28, N
12.68.


10-[2-(2-Methoxyethoxy)ethyl]-7,8-dimethyl-3-[2-oxo-2-(1,4,7,10-tetraaza-
cyclododec-1-yl)ethyl]-10H-benzo[g]pteridine-2,4-dione·3CF3COOH (9):
A solution of 8 (0.25 g, 0.29 mmol) dissolved in dichloromethane (5 mL)
and trifluoroacetic acid (5 mL) was stirred for 3 h under nitrogen at
room temperature. The solvents were evaporated, and the remaining
solid was dissolved in water (10 mL). The aqueous solution of 9 was ex-
tracted with dichloromethane (10 mL), the water was evaporated under


reduced pressure, and the remaining solid was dried in vacuo to yield 9
(0.26 g, 99%) as a yellow solid. M.p. 69–70 8C; 1H NMR (600 MHz,
CD3CN, TMS): d = 2.43 (s, 3H; ArCH3), 2.55 (s, 3H; ArCH3), 3.19 (s,
3H; CH3O), 3.22 (m, 8H; CH2N), 3.26 (m, 4H; CH2N), 3.37 (t,


3J(H,H)
= 4.7 Hz, 2H; CH3OCH2), 3.56 (t, 3J(H,H) = 4.6 Hz, 2H;
CH3OCH2CH2), 3.69 (m, 2H; CH2NC=O), 3.88 (m, 2H; CH2NC=O),
3.91 (t, 3J(H,H) = 5.5 Hz, 2H; OCH2CH2N), 4.85 (t,


3J(H,H) = 5.5 Hz,
2H; CH2N), 4.89 (s, 2H; NCH2C=O), 7.84 (s, 1H; ArH


6), 7.89 ppm (s,
1H; ArH9); 13C NMR (150 MHz, CD3CN): d = 18.2 (+), 20.3 (+), 42.5
(�), 43.3 (�), 44.1 (�), 44.3 (�), 44.9 (�), 45.0 (�) 45.8 (�), 46.35 (�),
46.43 (�), 47.5 (�), 57.8 (+), 67.0 (�), 70.3 (�), 71.3 (�), 115.7 (q, CF3),
116.9 (+), 131.1 (+), 131.9 (Cquat), 135.07 (Cquat), 135.10 (Cquat), 137.5
(Cquat), 148.5 (Cquat), 149.1 (Cquat), 155.7 (Cquat), 160.1 (Cquat), 160.4 (q,
CF3COO


�), 169.8 ppm (Cquat); MS (ESI, CH3CN): m/z (%): 557 (100)
[M+H�3VCF3COOH]+ , 279 (13) [M+H2


2+�3CF3COOH], 186 (24)
[M+H3


3+�3CF3COOH]; MS (-ESI, CH3CN): m/z (%): 783 (59)
[M�CF3COOH�H]� , 669 (15) [M�2VCF3COOH�H]� , 227 (100) [(2V
CF3COOH�H)]� ; elemental analysis calcd (%) for C33H43F9N8O11


(898.8): C 44.10, H 4.82, N 12.47; found: C 43.96 H 4.97, N 12.71.


10-[2-(2-Methoxyethoxy)ethyl]-7,8-dimethyl-3-[2-oxo-2-(1,4,7,10-tetraaza-
cyclododec-1-yl)ethyl]-10H-benzo[g]pteridine-2,4-dione zinc(ii) bisper-
chlorate (10): Ammonium salt 9 (0.25 g, 0.28 mmol) was dissolved in
water and passed trough an ion exchanger (Merck Ion exchanger III,
OH� form) to obtain its free base form. The water was evaporated under
reduced pressure and the remaining solid was dried under vacuum to
yield 10-[2-(2-methoxyethoxy)ethyl]-7,8-dimethyl-3-[2-oxo-2-(1,4,7,10-tet-
raazacyclododec-1-yl)ethyl]-10H-benzo[g]pteridine-2,4-dione (0.112 g,
72.3%), which was used without purification for the preparation of the
zinc complex. 1H NMR (CD3CN): d = 2.44 (s, 3H; ArCH3), 2.53 (s, 3H;
ArCH3), 2.57 (m, 4H; CH2N), 2.64 (m, 4H; CH2N), 2.77 (m, 4H; CH2N),
3.19 (s, 3H; CH3O), 3.37 (m, 2H; CH3OCH2), 3.51 (m, 2H; CH2NC=O),
3.56 (m, 2H; CH3OCH2CH2), 3.59 (m, 2H; CH2NC=O), 3.91 (t, J =


5.8 Hz, 2H; OCH2CH2N), 4.83 (t, J = 5.8 Hz, 2H; CH2N), 4.96 (s, 2H;
NCH2C=O), 7.80 (s, 1H; ArH), 7.90 ppm (s, 1H; ArH); MS (ESI,
CH3CN): m/z (%): 557.3 (100) [M+H]+ ; HR-MS (C27H41N8O5): calcd.
557.3200; found 557.3206 � 0.0007.


A solution of zinc(ii) bisperchlorate hexahydrate in acetonitrile (2 mL)
was added to the solution of the free amine base of 9 (0.119 g,
0.21 mmol) in acetonitrile (3 mL) under nitrogen. The mixture was stir-
red for 30 min at 60 8C and after evaporation of solvents a red solid was
obtained. The crude product was dissolved in hot acetone (60 8C), and
after cooling impurities precipitated. The solids were filtered off and,
after evaporation of the solvent from the filtrate, compound 10 (0.09 g,
51%) was obtained as a red solid. M.p.>260 8C, decomp. at 260 8C; 1H
NMR (CD3CN): d = 2.45 (s, 3H; ArCH3), 2.55 (s, 3H; ArCH3), 2.72 (m,
2H; CH2N), 2.85 (m, 2H; CH2N), 2.95 (m, 2H; CH2N), 3.00–3.25 (m,
6H; CH2N), 3.15 (s, 3H; CH3O), 3.34 (m, 2H; CH3OCH2), 3.53 (m, 2H;
CH3OCH2CH2), 3.71 (m, 2H; CH2NC=O), 3.89 (t, J = 5.8 Hz, 2H;
OCH2CH2N), 3.94 (m, 2H; CH2NC=O), 4.88 (t, J = 5.6 Hz, 2H; CH2N),
4.90 (s, 2H; NCH2C=O), 7.88 (s, 1H; ArH


6), 7.94 ppm (s, 1H; ArH9); 13C
NMR: d = 18.2 (+), 20.2 (+), 43.4 (�), 43.5 (�), 45.2 (�), 45.9 (�),
46.0(�), 57.7 (+), 66.9 (�), 70.2 (�), 71.2 (�), 117.7 (+), 131.0 (+), 132.3
(Cquat), 133.0 (Cquat), 136.1 (Cquat), 139.8 (Cquat), 150.2 (Cquat), 150.7 (Cquat),
157.8 (Cquat), 161.0 (Cquat), 173.8 ppm (Cquat); UV/Vis (acetonitrile): lmax
(e) = 225 (27100), 270 (28600), 345 (7400), 444 (10100); MS (ESI,
CH3CN): m/z (%): 310.1 (100) [(M�2VClO4


�)]2+ , 557.4 (50) [LH]+ ,
619.3 (16) [(M�2VClO4


��H+)]+ , 679.4 (48) [(M�2VClO4
�+CH3-


COO�)]+ , 719.2 (17) [(M�ClO4
�)]+ ; HR-MS (C27H39N8O5Zn


+): calcd.
619.2335; found 619.2375�0.0029.
10-[2-(2-Methoxyethoxy)ethyl]-3,7,8-trimethyl-10H-benzo[g]pteridine-
2,4-dione (5): A mixture of flavin 4 (0.05 g, 0.15 mmol), sodium carbon-
ate (0.18 g, 1.7 mmol), and methyl iodide (0.78 g, 5.5 mmol) in dry DMF
(3 mL) was stirred at room temperature for 45 h. Water (1 mL) was then
added and the pH was adjusted to 7 with hydrochloric acid (1m). The so-
lution was extracted with chloroform (3V20 mL) and the organic phase
was dried with sodium sulfate. After evaporation of the solvents and re-
crystallization from water, the pure product was obtained as yellow nee-
dles (0.027 g, 52%). M.p. 162–164 8C; 1H NMR (CDCl3): d = 2.43 (s,
3H; ArCH3), 2.52 (s, 3H; ArCH3), 3.26 (s, 3H; CH3O), 3.39 (m, 2H;
CH3OCH2), 3.51 (s, 3H; CH3N), 3.56 (m, 2H; CH3OCH2CH2), 3.99 (t,
J = 5.2 Hz, 2H; OCH2CH2N), 4.93 (t, J = 5.2 Hz, 2H; CH2N), 7.74 (s,
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1H; ArH), 8.03 ppm (s, 1H; ArH); 13C NMR: d = 19.5 (+), 21.4 (+),
28.7 (+), 45.3 (�), 59.0 (+), 68.1 (�), 70.8 (�), 71.7 (�), 116.8 (+), 132.1
(Cquat), 132.2 (+), 135.0 (Cquat), 135.4 (Cquat), 136.6 (Cquat), 147.4 (Cquat),
148.7 (Cquat), 156.0 (Cquat), 160.2 ppm (Cquat); MS (70 eV, EI): m/z (%):
358 (4) [M]+ , 256 (100) [M�C5H10O2]


+ , 199.1 (38) [C11H9N3O]
+ , 171 (28)


[C10H9N3]
+ , 156 (12) [C10H8N]2


+ ; elemental analysis calcd (%) for
C18H22N4O4 (358.4): C 60.32, H 6.19, N 15.63; found: C 59.98, H 5.76, N
15.45.


Photooxidations : Photooxidations were performed in quartz cuvettes (d
= 10 mm). Aliquot portions of stock solutions of reactants in acetonitrile
or in water were added direct into the cell to achieve concentrations of
flavin catalyst and benzyl alcohol of 2V10�4 molL�1 and 2V10�3 molL�1,
respectively. The mixture was purged with oxygen for 5 min before the
reaction. The cell containing the reactants was irradiated with a lamp
(500 W) through a filter transmitting only light with l>420 nm. The
amount of hydrogen peroxide produced was determined by the sodium
iodide method:[26] The sample (50 mL) was diluted with excess sodium
iodide and the amount of I3� formed was determined spectrophotometri-
cally (lmax = 350 nm). The amount of the reactant, 4-methoxybenzyl al-
cohol and the product, 4-methoxybenzaldehyde, was determined by
HPLC: aliquot portions of the reaction mixture were diluted with the so-
lution of the internal standard (naphthalene, Fluka p. a. grade) and the
sample was analyzed on an Agilent 1100 HPLC System (column: Phe-
nomenex Luna C18 column, 150 mm, 5 ml) with use of spectrophotomet-
ric detection (Agilent 1100 Diode Array Detector). The amount of the
flavin catalyst was monitored by measurement of the absorbance of the
reaction mixture at the maximum of the flavin absorption (l = 444 nm).
Quantum yields of 4-methoxybenzyl alcohol photooxidation were deter-
mined from the kinetics of 4-methoxybenzaldehyde formation over irra-
diation for 5 min with the standard actinometer potassium ferrioxalate.[27]


The amount of 4-methoxybenzylaldehyde formed was monitored by
HPLC as described above.


For reaction monitoring in deaerated water and acetonitrile by NMR
spectroscopy, solutions were prepared directly in the NMR tube. The so-
lution was then purged with argon for 15 min and the reaction mixture
was irradiated (l>420 nm) for 8 h. Signals of the resulting aldehyde
were correlated with signals of a standard.


Fluorescence quenching : The relative fluorescence intensities were mea-
sured on a Varian Eclipse spectrometer in acetonitrile solutions contain-
ing 10 (c = 2V10�5 molL�1), 4 (c = 1V10�5 molL�1), or 5 (c = 1V
10�5 molL�1) and the corresponding benzyl alcohol (c = 0–2V
10�2 molL�1) at 25 8C. Stern–Volmer plots (I0/I = 1+KS[Q]) were con-
structed, and constants KS were evaluated as the slope of the dependence
(in the case of 4 and 5) or as a slope of the linear part (in the case of 10).
Quenching rate constants (kq) were calculated from values of KS (KS =


kq·t). Fluorescence lifetimes (t) of flavins 10, 4, and 5 in acetonitrile were
measured by use of a Hurricane (Spectra-Physics) laser source (lex =


401.5 nm) and a high speed digital oscilloscope LeCroy 9360 analyzer
(200 ps).


Cyclic voltammetry : Cyclic voltammetry measurements were performed
with An Autolab PGSTAT 20 set-up at room temperature in acetonitrile
under argon with use of a conventional undivided electrochemical cell
and a platinum disc as the working electrode, platinum wire as the auxili-
ary electrode, and calomel as the reference electrode. Redox potentials
were referenced against ferrocenium/ferrocene. In all experiments, the
scan rate was 50 mVs�1 and Pr4NBF4 (tetrapropylammonium tetrafluoro-
borate) was used as supporting electrolyte (c = 0.1 molL�1).
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Bulky Monodentate Phosphoramidites in Palladium-Catalyzed Allylic
Alkylation Reactions: Aspects of Regioselectivity and Enantioselectivity


Maarten D. K. Boele,[a] Paul C. J. Kamer,[a] Martin Lutz,[b] Anthony L. Spek,[b]


Johannes G. de Vries,[c] Piet W. N. M. van Leeuwen,*[a] and Gino P. F. van Strijdonck[a]


Introduction


Allylic-substitution reactions are currently among the most
important and widely studied catalytic reactions in organic
synthesis. Especially in the last decade, enormous progress
has been made in gaining insight in the factors that deter-
mine the outcome of the reaction, such as the metal, the


structure of the allyl substrate, ligand or nucleophile and the
nature of the solvent.[1–4]


The vast majority of the studies reported apply palladium
as the metal catalyst of choice. A plethora of ligands has
been designed and employed, mainly with phosphorus and/
or nitrogen donor atoms. Especially the asymmetric allylic
alkylation has received broad attention (Scheme 1).[1–6] Ex-
cellent enantioselectivities have been obtained when C2


symmetrical diphosphines were used, as demonstrated by
Trost et al.[1,6] The observed stereoselectivities for these and
other systems can often be explained by the concept of a
“chiral pocket”.[7–10] The chiral induction stems from the se-
lective clockwise or anticlockwise rotation of the allyl
moiety in this pocket upon nucleophilic attack to form the
product h2-alkene complex.
The potential of other classes of ligands has been recog-


nised in recent years. These include chiral P�N ligands, as
was demonstrated by Pfaltz and Helmchen, who employed
chiral phosphinooxazoline ligands possessing C1 symme-
try.[5,11–18] The difference in donor properties of the coordi-
nating phosphorus and nitrogen atoms offered the possibili-


[a] Dr. M. D. K. Boele, Dr. P. C. J. Kamer,
Prof. Dr. P. W. N. M. van Leeuwen, Dr. G. P. F. van Strijdonck
University of Amsterdam
van?t Hoff Institute for Molecular Sciences
Nieuwe Achtergracht 166, 1018 WVAmsterdam (Netherlands)
Fax: (+31)20-525-5604
E-mail : pwnm@science.uva.nl


[b] Dr. M. Lutz, Prof. Dr. A. L. Spek
University of Utrecht
Bijvoet Center for Biomolecular Research
Utrecht (Netherlands)


[c] Prof. Dr. J. G. de Vries
DSM Research B.V., Postbus 18
6160 MD, Geleen (Netherlands)


Abstract: A series of bulky monoden-
tate phosphoramidite ligands, based on
biphenol, BINOL and TADDOL back-
bones, have been employed in the Pd-
catalysed allylic alkylation reaction.
Reaction of disodium diethyl 2-methyl
malonate with monosubstituted allylic
substrates in the presence of palladium
complexes of the phosphoramidite li-
gands proceeds smoothly at room tem-
perature. The regioselectivities ob-
served depend strongly on the leaving
group and the geometry of the allylic
starting compounds. Mono-coordina-
tion occurs when these ligands are li-
gated in [Pd(allyl)(X)] complexes
(allyl=C3H5, 1-CH3C3H4, 1-C6H5C3H4,
1,3-(C6H5)2C3H3; X=Cl, OAc). The
solid-state structure determined by X-


ray diffraction of [Pd(C3H5)(1)(Cl)] re-
veals a non-symmetric coordination of
the allyl moiety, caused by the stronger
trans influence of the phosphoramidite
ligand relative to X� . In all of these
complexes, the syn,trans isomer is the
major species present in solution. Be-
cause of fast isomerisation and high re-
activity of the syn,cis complex, the
major product formed upon alkylation
is the linear product, especially for
monosubstituted phenylallyl substrates
in the presence of halide counterions.
In the case of biphenol- and BINOL-


based phosphoramidites, however, a
strong memory effect is observed when
1-phenyl-2-propenyl acetate is em-
ployed as the substrate. In this case,
nucleophilic attack competes effective-
ly with the isomerisation of the transi-
ent cinnamylpalladium complexes. The
asymmetric allylic alkylation of 1,3-di-
phenyl-2-propenyl acetate afforded the
chiral product in up to 93% ee. Sub-
strates with smaller substituents gave
lower enantioselectivities. The ob-
served stereoselectivity is explained in
terms of a preferential rotation mecha-
nism, in which the product is formed
by attack on one of the isomers of the
intermediate [Pd{1,3-(C6H5)2C3H3}(L)-
(OAc)] complex.


Keywords: alkylation · asymmetric
catalysis · homogeneous catalysis ·
ligand design · palladium
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ty of directing the site of nucleophilic attack to the allylic
carbon atom trans to phosphorus. This is caused by the
larger trans influence exerted by P relative to N, thereby
rendering the carbon atom trans to phosphorus more elec-
trophilic.[14,19–22] Other bidentate P�N ligands, such as
planar, chiral ferrocenyl derivatives, have also been success-
fully employed, with high regio- and stereoselectivities.[23]


The number of chiral monodentate ligands that have been
studied in palladium-catalysed asymmetric allylic transfor-
mations is rather limited. The reports on application of
chiral monodentate ligands in the allylic alkylation deal
almost without exception with chiral phosphines.[24–32] In
most cases the enantioselectivities obtained are at best in
the same range as those observed for bidentate analogues.[26]


Among the most prominent examples of successful mono-
dentate ligands are the so-called MOP-type ligands
(Scheme 2), introduced by Hayashi and co-workers.[30,33] It


was shown that MOP ligands give very selective and active
catalysts in the asymmetric Pd-catalysed reduction of allylic
esters with formic acid.[27,30] Application of these ligands in
allylic alkylation revealed several interesting features with
respect to the regioselectivity of unsymmetrically substituted
allyl groups (Scheme 3). With the use of MeO-MOP, the re-
action of 1-aryl-2-propenyl acetate derivatives with the
sodium salt of dimethyl 2-methyl malonate resulted in for-
mation of the branched product in 90% regioselectivity,
with an ee of 87% (Ar=4-CH3OC6H4, Scheme 2).


[34]


Thus, directing the site of nucleophilic attack by a differ-
ence in donor properties could be accomplished by the use


of mixed donor ligands or by
the use of bulky, monodentate
ligands. We have described the
application of bulky, monoden-
tate phosphoramidite ligands in
the Suzuki and the Heck reac-
tion.[35] These ligands were
shown to have properties that
distinguish them from most li-
gands used to date. The most


important feature is the bulkiness of the ligand, resulting in
enforced mono-coordination to palladium, which leads to
enhanced reaction rates. Because of these interesting com-
plexation characteristics, we decided to study bulky phos-
phoramidites in the palladium-catalysed allylic alkylation re-
action, both the non-asymmetric and asymmetric variant. In
the last few years a revival has taken place in the use of
chiral monodentate ligands for asymmetric reactions.[36] In
most cases, however, these ligands are relatively small and
more than one ligand coordinates to the metal centre. The
few early examples of the use of phosphoramidites as li-
gands include the hydroformylation.[37] An important break-
through demonstrating the value of chiral phosphoramidites
has been accomplished by Feringa and co-workers. They
successfully applied this class of ligands in the copper-cata-
lysed asymmetric 1,4-addition.[38] More recently, it has been
shown that monodentate phosphoramidites can function as
effective chiral ligands in other metal-catalysed reactions
such as hydrogenations,[39,40] hydrosilylations[41] and hydrovi-
nylations.[42] Despite the recent increase in interest for phos-
phoramidites as auxiliaries in catalysis, very few applications
in palladium-catalysed allylic subtitution have been reported
yet.[43] Several groups have exemplified the potential of
chiral phosphoramidites in copper-catalysed allylic alkyla-
tions, which proceed through a mechanism (predominantly
SN2’ from s-allyl complexes) different from that of the palla-
dium-catalysed reaction. The application of phosphorami-
dites in iridium-catalysed allylic alkylations has been report-
ed.[44] The reaction was proposed to proceed through s-allyl
complexes as well and resulted in enantioselectivities of up
to 93% with very high regioselectivity to the branched prod-
uct (>99%). In this paper, we present the results we ob-
tained in testing bulky phosphoramidites in palladium-cata-
lysed allylic alkylations of several allylic substrates.[35] The
ligand effects on regio- and enantioselectivity are described,
together with the observation of a large regiochemical
memory effect, and its implications for asymmetric transfor-
mations.


Scheme 1. Asymmetric palladium-catalysed allylic alkylation of a symmetrically substituted allyl substrate.


Scheme 2. [Pd((R)-MeO-MOP)]-catalysed regioselective and enantiose-
lective alkylation of 1-substituted cinnamyl derivatives.


Scheme 3. Asymmetric palladium-catalysed allylic alkylation of an un-
symmetrically substituted allyl substrate and a monodentate ligand.
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Results and Discussion


Ligand synthesis : Several bulky phosphoramidites, based on
bulky biphenol, binaphthol or TADDOL backbones were
prepared. These can be easily synthesised by published
methods[37,45,46] and possess modular properties, allowing
fine-tuning of their steric and electronic characteristics. An
overview of the ligands we applied in the present studies of
the palladium-catalysed allylic alkylation is shown here.


Allylic alkylation reactions :
Phosphoramidite 1 was tested
in the palladium-catalysed allyl-
ic alkylation reaction of differ-
ent monosubstituted allylic sub-
strates. From these reactants,
three different isomeric prod-
ucts can be formed (see
Scheme 4). The linear product,
arising from nucleophilic attack
on the nonsubstituted terminus


of the allyl moiety, can be formed in E (trans) or Z (cis) ge-
ometry. Attack on the substituted site of the allyl results in
formation of the chiral, branched product. The results for
the catalytic reaction of crotyl acetate ((E)-3-methyl-2-pro-
penyl acetate, 5 b), cinnamyl acetate ((E)-3-phenyl-2-pro-
penyl acetate, 6 b) and rac-a-vinyl benzylacetate (1-phenyl-
2-propenyl acetate, 7 b) and the corresponding chlorides,
disodium diethyl 2-methyl malonate are shown in Table 1.
In all experiments, more than 95% conversion was ob-


tained within two hours. The re-
gioselectivity observed in the
allylic alkylation appears to be
largely dependent on the anion-
ic counterion present. For
crotyl chloride (5 a), the
branched and linear E product
are formed in equal amounts
(43%), together with a minor
amount of the Z product. Upon
changing to crotyl acetate (5 b),
the regioselectivity shifts dra-
matically towards the linear E
product (84%, entry 2). This
change in regioselectivity is ac-
companied by a drop in reac-
tion rate. When 20 equivalents
of tetra-n-butylammonium chlo-
ride are added, the high selec-
tivity towards the branched
product is restored, resulting in
an even slightly higher percent-
age of branched alkene (57%).
A similar trend is observed
when the methyl substituent is
replaced by the larger phenyl
group, although in this case the
overall formation of the E linear
product is much more favoured
than for the crotyl substrates
(entries 5–7). No formation of
the Z alkene is observed for the
cinnamyl substrate (6). This is
in accordance with observations
in other studies.[19] The addition
of bromide results in an in-
crease of the amount of
branched product formed. Fur-


Scheme 4. Allylic alkylation of monosubstituted allyl substrates.
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thermore, for the phenyl-substituted allyl substrate, the allyl-
ic substitution displays a large memory effect. Thus, the al-
kylation of a-vinylbenzyl acetate 7 b yields a product mix-
ture in which 67% of the branched product is formed, com-
pared to only 3% starting from the isomeric linear substrate
(entries 6 and 8). This memory effect largely disappears
when extra halide is added to the reaction mixture (entry 9).
To gain more insight into the origin of the observed regio-


selectivity, stoichiometric allylic alkylation reactions were
also carried out. In the stoichiometric reactions, the complex
geometries have fully equilibrated to their thermodynamic
ratios prior to alkylation. Therefore the regioselectivity ob-
served in these alkylations will reflect the thermodynamic
composition of the [Pd(allyl)(1)(X)] complexes, provided
that the nucleophilic attack is faster than isomerisation of
the Pd–allyl complex. Recent research into the regioselectiv-
ity of stoichiometric allylic alkylation with complexes with
bidentate ligands has shown that the syn complex reacts
mainly towards the linear E product, with formation of
small quantities of the branched product. The isomeric anti
complex reacts to the branched product or the linear Z
product.[14,47–49] The reactions were performed by addition of
a large excess of disodium diethyl 2-methyl malonate to a
solution of the [Pd(allyl)(1)(X)] complex (X=Cl, OAc).
The results of the stoichiometric alkylation reactions are
shown in Table 2.
The observed selectivities in the stoichiometric alkylation


differ significantly from those obtained from the catalytic


experiments. For the stoichiometric reactions, the regioselec-
tivity obtained when the crotyl complexes are applied is rel-
atively insensitive to the counterion present (Table 2, en-
tries 1–3). This is in sharp contrast to the catalytic reactions
(Table 1, entries 1–4), in which the presence of halide is re-
quired for formation of the branched alkene. Stoichiometric
reactions with the corresponding cinnamyl complexes result
in similar observations. Thus, the application of [Pd(cinna-
myl)(1)(OAc)] yields linear the E and branched product in
a 83:17 ratio (entry 5), whereas in the catalytic reaction the
branched product is formed in only 3% (see Table 1). The
results from the stoichiometric experiments with halide pres-
ent do not deviate significantly from those of the catalytic
reactions, resulting in high selectivity towards the linear
product.
The observed trends can be explained as follows. From


the principle of microscopic reversibility it follows that the
oxidative addition (being the reverse reaction of reductive
elimination) of allylic compounds to Pd0 containing mono-
dentate phosphorous ligands occurs in a cis fashion. Thus,
the initial complexes formed from crotyl or cinnamyl sub-
strates will have the substituent on the allyl moiety and the
ligand in a cis relationship (see Scheme 5).[50–53] Since in the


NMR spectra only the syn,trans complexes (b) are observed
(vide infra), we conclude that this is the most stable com-
plex geometry. Therefore, the initially formed syn,cis com-
plexes a will isomerise to the corresponding trans complex,
by means of a pseudorotation mechanism.[1,54–56] The ob-
served regioselectivity during catalysis will depend on the
rate of this isomerisation, the equilibrium constant of the
equilibrium C between a and b (Scheme 5) and the rate of
nucleophilic attack (A and B). It has been shown by several
groups that the addition of halide anions can accelerate dy-
namic processes in Pd(p-allyl) complexes considera-
bly.[47,57–59] Since attack of the nucleophile will mainly occur
on the allyl terminus trans to phosphorus (which has a much
larger trans influence than the anionic ligand),[60] the syn,-


Table 1. Catalytic alkylation of monosubstituted allyl compounds 5–7
with disodium diethyl 2-methyl malonate using [{Pd(h3-C3H5)(OAc)2}2]/
1.[a]


Substrate X R TOF[b] Linear Linear Branched
E [%] Z [%] [%]


1 5a Cl CH3 180 43 14 43
2 5b OAc CH3 122 84 8 8
3 5c OTf CH3 n.d. 58 11 31
4[c] 5b OAc CH3 174 40 3 57
5 6a Cl C6H5 284 91 0 9
6 6b OAc C6H5 56 97 0 3
7[c] 6b OAc C6H5 113 99 0 1
8 7b OAc 1-C6H5 202 33 0 67
9[c] 7b OAc 1-C6H5 307 84 0 16


[a] Reaction conditions: Pd/1/allylic substrate/nucleophile=1:1:100:200;
[Pd]=10mm in THF. Reaction time is 2 h. Selectivity after final conver-
sion, determined by GC with dihexyl ether as internal standard. [b] Initial
turnover frequency, determined after 5 mins. [c] 20 equivalents (to Pd) of
(nBu)4NCl added.


Table 2. Stoichiometric alkylation of [Pd(3-RC3H4)(1)(X)] with disodium
diethyl 2-methyl malonate.[a]


Substrate X R Linear Linear Branched
E [%] Z [%] [%]


1 5a Cl CH3 39 8 53
2 5b OAc CH3 37 8 55
3[b] 5b OAc CH3 31 3 66
4 6a Cl C6H5 94 0 6
5 6b OAc C6H5 83 0 17
6[b] 6b OAc C6H5 98 0 2


[a] Reaction conditions: Pd/nucleophile=1:50; [Pd]=10mm in THF. Se-
lectivity determined by GC. [b] 20 equivalents (to Pd) of (nBu)4NCl
added.


Scheme 5. Possible explanation for regioselectivity observed in palladi-
um-catalysed allylic alkylation in the presence of monodentate phosphor-
amidites.
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trans complex b will mainly react to the branched product
(route B). The presence of halide counterions (Cl or Br) en-
hances the rate of isomerisation and therefore the amount
of branched product formed. The isomerisation C from the
initially formed cis complex a in the case of the
[Pd(RC3H4)(1)(OAc)] complexes is slower compared to the
halide-containing intermediates, resulting in formation of a
larger amount of the linear (E) product through pathway A.
This is what is observed for crotyl substrates.
For the phenyl-substituted substrates, the situation is


slightly different. Similar to the crotyl substrates, the isomer-
isation C in the cinnamylpalladium complexes will be rela-
tively slow when OAc� is the counterion. This is confirmed
by the presence of the strong memory effect: when the 3-
phenyl-substituted substrate 7 b is employed, which initially
forms the trans complex (b), a high selectivity towards the
branched product is observed. In contrast, the 1-acetoxy
substrate (6 b) will form the cis isomer (a) and therefore
mainly reacts towards the linear product. The presence of
halide enhances the rate of isomerisation between the cis
and trans complexes drastically, resulting in faster isomerisa-
tion relative to nucleophilic attack. In this situation, the
linear (E) product is formed predominantly. However, since
only the trans complex is observed in NMR spectra, this im-
plies that for cinnamyl complexes the cis complex reacts
with higher rate than the corre-
sponding trans complex, result-
ing in the predominant forma-
tion of linear product. Being
higher in energy (and thus un-
favoured in the equilibrium
mixture), the energy barrier of
the cis complex for nucleophilic
attack is apparently lower than
that of the trans complex, re-
sulting in higher reaction rates and higher selectivity to the
linear product isomer. Additionally, the increased steric hin-
drance of the phenyl group at the substituted allyl terminus
hampers attack of the nucleophile on this carbon atom. Nu-
cleophilic attack on this position is not favoured by electron-
ic factors either, which render the unsubstituted terminus
more electrophilic.[48] Therefore, a preference for the linear
product exists when employing cinnamyl substrates. Because
of the large trans influence of the phosphoramidite ligand,
this product will be formed through the cis isomer (route A
in Scheme 5).
These conclusions are supported by the observations in


the stoichiometric reactions. If the isomerisation of the
[Pd(cinnamyl)(1)(X)] (X=Cl, Br) complexes is very fast
compared to nucleophilic attack, the stoichiometric reac-
tions should not deviate significantly from the results ob-
tained in the catalytic reactions. This is indeed what we have
found (Tables 1 and 2). When no halide is present, more of
the branched product is formed, due to the slower cis/trans
isomerisation.
In summary, halides enhance the rate of isomerisation in


[Pd(allyl)(1)(X)] complexes, resulting in more rapid equili-
bration of the isomeric complexes from the initially formed
syn,cis to the more stable syn,trans form. The latter isomer


reacts mainly to the branched product. Therefore, the
branched product is formed in excess when crotyl substrates
are employed in the presence of halide counterions. In con-
trast, when phenyl-substituted allyl substrates are used the
cis isomer reacts at a much higher rate than the trans com-
plex (kA@kB in Scheme 5), resulting in the formation of
mainly linear product, despite the fact that it is present in
only very small quantities under equilibrium conditions.
Only when the branched a-vinylbenzyl acetate 7 b is em-
ployed in the absence of halide anions, a significant amount
of the branched product is formed, due to slow isomerisa-
tion.


Asymmetric allylic alkylations : It is clear that phosphorami-
dite ligands are a useful class of ligands for palladium-cata-
lysed allylic alkylation reactions. Moreover, the possibility
of regioselective nucleophilic attack on the substituted allyl
terminus enables the enantioselective formation of the
(chiral) branched product. Therefore, we tested chiral phos-
phoramidites in the asymmetric variant of the allylic alkyla-
tion reaction of both symmetric and nonsymmetric sub-
strates.
First the alkylation of 1,3-diphenyl-2-propenyl acetate (8)


with dimethyl malonate anion as the nucleophile (Scheme 6)
was tested. Thus, 1 mol% [Pd(C3H5)(m-OAc)]2 and two


equivalents of ligand were stirred at room temperature for
15 minutes before the reaction was started. The nucleophile
was formed in situ by addition of BSA (N,O-bis(trimethylsi-
lyl) acetamide) and a catalytic amount of KOAc. The results
of the catalytic reactions are shown in Table 3.
Use of TADDOL-based phosphoramidites in the asym-


metric alkylation of 1,3-diphenyl-2-propenyl acetate resulted
in excellent yields and good enantioslectivity of the product
in most cases. Thus, employing (R,R)-2 b as the chiral auxili-
ary, product 9 was obtained in 89% ee, with S configuration.
Lowering the reaction temperature improved the enantiose-
lectivity marginally, to 90% (entry 4), but the conversion
was incomplete in this case. Reaction with the correspond-
ing ligand with the opposite stereochemistry in the TAD-
DOLate backbone results in the same ee, with the opposite
enantiomer (R) formed in excess (entry 5). Changing the
structure of the backbone at the remote acetal moiety
(ligand 2 i) resulted in a decrease of the enantioselectivity to
81% (entry 6). This can be explained by the fact that the cy-
clohexyl group slightly distorts the adjacent ring structure,
and hence affects the geometry of the aryl substituents. Var-
iation of the aryl moieties also has a large influence on the
stereochemical outcome of the reaction: both the 2-naph-
thyl- (2 f) and phenyl-containing (2 e) ligands give rise to


Scheme 6. Asymmetric allylic alkylation of 1,3-diphenyl-2-propenyl acetate (8).
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lower ee?s than the 3,5-dimethylphenyl group (entries 7 and
8).
The structure of the amino group in the ligand has a


much less pronounced influence on the enantioselectivity
(entries 9–14). The piperazine-substituted ligand 2 g gives
lower ee. In the case of the N,a-dimethylbenzylamino sub-
stituent, the possibility of chiral cooperativity effects arises.
Such effects, although not extremely large, have been ob-
served for these ligands in asymmetric intramolecular Heck
reactions.[35] In the asymmetric alkylations, a positive effect
is observed when the amine moiety and the TADDOLate
backbone have the opposite configuration (entry 11 and 14).
The latter determines the absolute configuration and enan-
tioselectivity of the reaction to a large extent (Table 3), but
a further increase to 93% ee is observed when ligand
(S,S,R)-2 c is used (entry 14). Changing the nucleophile to
disodium diethyl 2-methyl malonate in THF has a strong
detrimental effect on the level of stereocontrol (entry 15).
The addition of extra halide anions lowers both the product
yield and ee (entry 16).
To gain insight into the coordination mode of the bulky


phosphoramidite ligands during the catalytic reaction, we
tested the dependence of the observed enantioselectivity in
the reaction of 8 with dimethyl malonate on the enantiopur-
ity of the ligand employed. Such relationships have been
shown to give important information on the nature of the
catalytically active species as bis-ligand complexes often
show nonlinear effects.[52,53] The results for ligand 2 b are
shown in Figure 1. Within experimental error, the stereo-
chemical outcome of the reaction is linearly correlated to
the ee of the ligand. Therefore, a reaction mechanism in
which the active catalytic species has only one chiral ligand
coordinated to the Pd centre is most likely, as also observed
for the enantioselective Heck cyclisations,[35,61, 62] but an acci-


dental linear behaviour for a bis-ligand complex remains
feasible.
As was demonstrated, bulky phosphoramidites can steer


the regioselectivity of monosubstituted allylic compounds
towards the chiral, branched product. Therefore, we also
probed these TADDOL-based ligands in the asymmetric al-
lylic alkylation of other prochiral, nonsymmetrically substi-
tuted substrates. The results of the reactions performed with
rac-1-phenyl-2-propenyl acetate (a-vinylbenzyl acetate 7 b),
rac-1-phenyl-3-but-1-enyl acetate (1-methyl-3-phenylallyl
acetate 10) and cinnamyl acetate (6 b) with dimethyl malo-
nate in dichloromethane at room temperature are shown in
Table 4.


As for most ligands reported,[1] the high level of enantio-
selectivity obtained for the 1,3-diphenylallyl substrate (8)
drops dramatically when allylic substrates containing smaller
substituents are employed. Thus, reaction of 10 b with di-
methyl malonate in the presence of ligand (R,R)-2 b results
in complete regioselective formation of the product stem-
ming from nucleophilic attack at the methyl-substituted allyl
terminus (11) in 32% ee (Scheme 7, Table 4 entry 1), com-
pared to 89% ee for diphenylallyl substrate 8. Moreover,
the strong regiochemical memory effect observed when
ligand 1 was employed for the alkylation of substrate 7 b
(Table 1) is not found for the TADDOL-based chiral phos-


Table 3. Asymmetric allylic alkylation of 8 with dimethyl malonate in
the presence of phosphoramidite ligands 2–4.[a]


Ligand T Yield[b] ee (config)[c]


[8C] [%] [%]


1 4 25 65 68 (R)
2 (R)-3b 25 n.d. 67 (R)
3 (R,R)-2b 25 >99 89 (S)
4 (R,R)-2b 0 87 90 (S)
5 (S,S)-2b 25 >99 90 (R)
6 (R,R)-2 i 25 70 81 (S)
7 (R,R)-2 f 25 86 61 (S)
8 (R,R)-2e 25 >99 73 (S)
9 (R,R)-2 g 25 n.d. 83 (S)
10 (R,R)-2a 25 n.d. 88 (S)
11 (R,R,S)-2d 25 >99 92 (S)
12 (R,R,R)-2c 25 >99 87 (S)
13 (S,S,S)-2d 25 >99 87 (R)
14 (S,S,R)-2c 25 98 93 (R)
15[d] (R,R)-2b 25 >99 66
16[e] (R,R)-2b 25 34 85 (S)


[a] Reaction conditions: Pd/ligand/allyl/dimethyl malonate/BSA=


1:2:100:150:150 in CH2Cl2. Catalyst incubation time is 15 mins, reaction
time 16 h. [b] Based on conversion of the acetate, determined by GC
with dihexyl ether as internal standard; n.d.=not determined. [c] Deter-
mined by HPLC (Daicel OD). [d] Reaction carried out in THF with diso-
dium diethyl 2-methyl malonate as the nucleophile. [e] 20 equivalents (to
Pd) of (nBu)4NBr added.


Figure 1. Correlation between the enantiopurity of ligand 2 b and the
enantioselectivity in the reaction of 8 to 9.


Table 4. Asymmetric allylic alkylation of 6 b, 7b and 10 b with dimethyl
malonate using phosphoramidite ligands 2 b and 3 b.[a]


Substrate T Ligand Yield[b] Regio- ee[d]


[8C] [%] selectivity[c] [%]


1 10b 25 (R,R)-2b >95 >99:1
(11:12)


32


2 7b 25 (R,R)-2b >99 94:6 18
3 7b 0 (R,R)-2b 79 94:6 25
4[e] 7b 25 (R,R)-2b >99 98:2 n.d.
5 6b 25 (R,R)-2b >99 98:2 n.d.
6 7b 25 (R)-3b >99 26:74 7


[a] Reaction conditions: Pd/ligand/allyl substrate/dimethyl malonate/
BSA=1:2:100:150:150 in CH2Cl2. Catalyst incubation time is 15 mins, re-
action time 16 h. [b] Based on conversion of the acetate, determined by
GC with dihexyl ether as internal standard. [c] Lineair/branched ratio,
determined by GC. [d] Determined by HPLC (Daicel OD), n.d.=not de-
termined. [e] 20 equivalents (to Pd) of (nBu)4NBr added.
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phoramidites (Table 4, entries 2–5). Apparently, for all non-
symmetrically substituted allyl substrates, the isomerisation
and/or the relative reactivity of the transient [Pd(allyl)(2)]
complexes largely favours reaction from the electronically
and sterically less stable isomer bearing the phenyl substitu-
ent cis to the bulky ligand. In the case of cinnamyl deriva-
tives this results in the formation of mainly linear (nonchi-
ral) product. When BINOL-based ligand (R)-3 b is used, the
regiochemical selectivity for the branched product is higher
again. This ligand is expected to have steric properties that
are similar to those of ligand 1, because of the resemblance
of the backbones in both ligands. Nevertheless, the enantio-
selectivity observed for the reaction of (R)-3 b is very low,
also relative to the enantioselectivity obtained for (R)-3 b in
the alkylation of 1,3-diphenylallyl acetate 8 (7% vs 67% ee
for the latter compound). Possibly, the diminished steric
constraints reduce the steric interactions that discriminate
the two possible pathways upon allyl rotation. The reason
for this remarkable influence of
the ligand backbone on the re-
gioselectivity (i.e. the memory
effect) is unclear at present.


Complex synthesis and charac-
terisation : To investigate the
coordination behaviour of the
bulky phosphoramidites in
more detail, we synthesised var-
ious [Pd(allyl)(L)(X)] (allyl=
C3H5, C6H5C3H4, 1,3-
(C6H5)2C3H3; L=bulky phos-
phoramidite, X=Cl, OAc)
complexes and studied them
using NMR spectroscopy. The
chloride-containing complexes
could readily be obtained by re-
action of the ligand with 0.5
equivalents of the correspond-
ing [{Pd(allyl)(m-Cl)}2] dimer,
which yielded the desired com-
plexes in near-quantitative
yields. The acetate complexes
were prepared from the [{Pd(al-
lyl)(OAc)}2] dimer, which was
prepared from the chloro dimer
by reaction with AgOAc. These
complexes appeared to be less
stable than their chloro ana-


logues and were therefore not
isolated.
For the nonchiral ligand 1,


the complex [Pd(C3H5)(1)(Cl)]
can exist as two enantiotopic
isomers (possible conformers
arising from different orienta-
tions within the ligand exclud-
ed): the complex with the allyl
“up” (also called exo) or, alter-


natively, “down” (endo).[55] These two isomers are enantio-
mers in the case of the C3H5 ligand and any other C2v sym-
metric allyl moiety. As expected, the 31P NMR spectrum
showed only one sharp resonance at d=140.1 ppm (CDCl3,
20 8C). Addition of an extra 0.5 equivalents of ligand did not
change the spectrum for the complex, but only resulted in
the appearance of the signal of uncoordinated phosphorami-
dite (153.3 ppm). Inspection of the corresponding 1H NMR
spectrum revealed that all allyl protons are inequivalent,
showing slightly broadened signals at room temperature.
This confirms that only one ligand coordinates to the Pd
centre. The broadening of the allyl signals can be explained
by slow syn/anti exchange through the well-known h3-h1-h3


mechanism (Scheme 8, R=H). The exchange is faster for
the allyl protons with the lowest shifts in the 1H NMR spec-
trum. Cooling down to �20 8C resulted in sharpening of the
allyl resonances, while the peak in the 31P NMR spectrum
broadened significantly. Phosphorus decoupling of the


Scheme 7. Palladium-catalysed allylic alkylation with unsymmetrically substituted allyl substrates.


Scheme 8. Possible isomerisation mechanisms in [Pd(allyl)(L)(X)] complexes.
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proton spectrum resulted in the change of the two apparent
triplets stemming from the allyl moiety into two doublets.
Therefore, these two signals can be attributed to the protons
being trans to the phosphoramidite ligand. This implies that
the syn/anti exchange is faster for the protons situated cis to
the phosphorus donor. On further cooling, the phosphorus
resonance decoalesces into two broad singlets of approxi-
mately equal intensity (1:0.9 at �70 8C). This decoalescence
is accompanied by broadening of the isopropyl protons from
the amine moiety of the ligand in the 1H NMR spectrum.
The two observed different species at low temperature are
likely to arise from the two different orientations of the bi-
phenyl backbone of the ligand. When rotation around the
C�C axis is restricted, the ligand becomes chiral due to atro-
pisomery, giving rise to two diastereomers in the palladium–
allyl complex.
We were able to grow crystals of [Pd(C3H5)(1)(Cl)] by


slow evaporation of a solution of the complex in hexanes.
X-ray crystal structure determination revealed that the com-
pound crystallises as a racemate in the centrosymmetric
space group P21/c. As a consequence of the disordered allyl
group both diastereomers (in the crystal no biphenyl rota-
tion will take place) are present in a 1:1 ratio. The structure
of the (S)-isomer (allyl up) is shown in Figure 2 and con-
firms the mono-coordination of the bulky ligand to the pal-
ladium centre. The nonsymmetric environment of the allyl
moiety is reflected in the bond lengths observed in the
solid-state structure (see Table 5). The allyl ligand was re-


fined with a disorder model. In this model the end carbon
atoms remain on the same position. The observed signifi-
cantly dissymmetric character of the allyl group is thus relia-
bly determined; the Pd�C bond trans to the phosphorami-
dite ligand is longer than the one at the cis position
(2.1809(19) Q vs 2.150(2) Q respectively, see Table 5) and is
caused by the stronger trans influence of the phosphorus-
amidite relative to the chloride.[63] Due to the disorder of
the allyl group the C�C distances are less accurately deter-
mined. The length of the C�C bond within the allyl group
trans to phosphorus atom is 1.350(6) Q and shows signifi-
cantly more double bond character than the other C�C
bond, which is 1.437(5) Q. Nucleophilic attack will take
place preferentially on the trans terminus, which is more
electrophilic. Remarkably, this difference is reversed (al-
though smaller) for the R isomer in the crystal structure.
This reversed order has been observed before in allyl com-
plexes bearing bidentate phosphinyloxazoline ligands[18] or


monodentate phosphines.[63] In addition, sterically the trans
site seems more favourable for attack, since there is virtually
no steric hindrance present on this side of the allyl, as can
be seen from the crystal structure. This effect will be even
more important for monosubstituted allyl substrates, since
the substituents on the newly formed sp3 carbon atom have
to bend backwards during the reaction, into the relative
empty space around the chloride ligand.
Complexes bearing unsymmetrically substituted allyl moi-


eties have a larger number of possible isomers than the un-
substituted ones. For the cinnamyl-containing palladium
complex for example, eight different isomers can be envis-
aged (again assuming fast rotation around the Pd�P axis):
the syn,trans-, syn,cis-, anti,trans- and anti,syn complexes,
each having two enantiomers. However, in the case of non-
chiral phosphoramidite 1, the monosubstituted allyl com-


Figure 2. Molecular structure of [(S)-Pd(C6H5C3H4)(1)(Cl)]: side-view
(top) and front-view (bottom).


Table 5. Selected distances [Q] and bond angles [8] from the crystal
structure of [Pd(C3H5)(1)(Cl)].


[a]


Pd(1)�C(1) 2.1809(19) Pd(1)�Cl(1) 2.3598(5)
Pd(1)�C(2)(R) 2.174(4) C(2)(R)�C(1) 1.411(5)
Pd(1)�C(2)(S) 2.159(4) C(2)(R)�C(3) 1.383(5)
Pd(1)�C(3) 2.150(2) C(2)(S)�C(1) 1.350(5)
Pd(1)�P(1) 2.2960(5) C(2)(S)�C(3) 1.437(5)


Cl(1)-Pd(1)-P(1) 96.828(17) Cl(1)-Pd(1)-C(1) 92.09(6)
P(1)-Pd(1)- C(3) 103.62(6)


[a] C(3)(R) and C(3)(S) belong to two different disorder components.
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plexes show a behaviour similar to the unsubstituted com-
plexes. [Pd(1-C6H5C3H4)(1)(Cl)] has four different allyl reso-
nances in the 1H NMR spectrum at room temperature. From
the P�H and H�H couplings observed on the hydrogen
atom attached to the benzylic carbon atom (3J(P,H)=14 Hz,
3J(H,H)=15 Hz) in this complex we conclude that the pre-
fered geometry of the cinnamyl is trans with respect to the
phosphorus atom and syn to the central allyl hydrogen
atom. No other complexes are observed, as is confirmed by
31P NMR spectroscopy, which shows one signal at
141.4 ppm. This confirms the assumption that the allyl
moiety will orient itself in a fashion in which it experiences
the least steric hindrance, that is, trans,syn to the bulky
ligand. This is also the electronically most stable isomer.
The signals of the two protons on the nonsubstituted termi-
nus of the allyl ligand are very broad at room temperature,
indicating syn/anti exchange. No syn/anti isomerisation is ob-
served for the other side of the allyl over a temperature
range of �50 8C to +55 8C. The acetato complexes showed
similar behaviour. Upon addition of an excess of ligand to a
solution of [Pd(CH3C3H4)(1)(OAc)], prepared in situ, no
changes in the the 1H NMR spectrum were observed, and
only the signal of free 1 appeared in the 31P NMR spectrum.
Therefore we conclude that also in the [Pd(allyl)(L)(OAc)]
complexes only one phosphoramidite ligand is coordinated
to palladium.
Next, the behaviour of complexes bearing chiral bulky


phosphoramidites was studied. The [Pd(C3H5){(R,R)-
2 b}(Cl)] complex appeared to be present as two diastereo-
mers, as indicated by the presence of two resonances in the
31P NMR spectrum (d=119.3 and 117.3 ppm, CD2Cl2,
�20 8C). The ratio of the two diastereomers is temperature
dependent, ranging from 2.7:1 at �50 8C to 1.5:1 at 20 8C.
On further increasing the temperature, coalescence starts to
occur. Unfortunately we were unable to determine the coa-
lescence temperature due to decomposition of the complex
above 60 8C (CDCl3). Also in the 1H NMR spectrum, the
presence of the two diastereomers was observed. Overlap of
the signals of the ligand and the allyl hampered complete as-
signment of all the resonances, but by means of 2D NMR
(GHSQC) spectroscopy we were able to confirm that both
species are p-allyl complexes. Because of the chirality of the
ligand, the two isomers stemming from the different orienta-
tion of the allyl fragment are diastereomers, one with the
allyl group in the endo position and one with it in the exo
position. The analogous complex [Pd(1,3-
(C6H5)2C3H3){(R,R)-2 b}(Cl)], bearing the 1,3-diphenylallyl
moiety, showed only one signal (d=119.4 ppm in CHCl3) in
the 31P NMR spectrum over a broad temperature range
(�60 to 40 8C). In the 1H NMR spectrum, only one isomer
was observed (> 95%) as judged from the presence of two
allyl signals (the third resonance is obscured by overlap with
signals of the ligand). No significant change was observed in
the 1H NMR spectrum upon variation of the temperature
either. This suggests the presence of only one major diaster-
eomer in solution for [Pd(1,3-(C6H5)2C3H3){(R,R)-2 b}(Cl)].
Unfortunately, we were unable to obtain crystals suitable
for X-ray analysis of allyl complexes with 2 as the ligand to
confirm the complex geometry.


Origin of enantioselectivity : From the NMR studies of the
[Pd(1,3-diphenylallyl)((R,R)-2 b)(Cl)] complex, it is conclud-
ed that the complex exists mainly as one isomer. Based on
steric considerations, we assume that the syn,syn geometry
of the 1,3-diphenylallyl moiety is largely favoured. In this
case, two isomeric complexes can be envisaged: one with
the chirality from the [Pd(allyl)(L*)(X)] complex with S
configuration and one with the opposite R configuration.
These complexes can interconvert (epimerise) through p ro-
tation (see Scheme 8). Semi-empirical modelling studies
(PM3(tm) level) did not enable us to determine which of
the diastereomers is thermodynamically the most stable and
thus corresponds to the one observed by NMR spectroscopy.
However, assuming that nucleophilic attack will take place
trans to the phosphorus atom,[13,15,17,64] the reactive complex
should be the one with the allyl fragment coordinated in an
R configuration when employing the (S,S)-TADDOLate
backbone (see Table 3, entry 4).
We explain the observed enantioselectivities in terms of


steric considerations. We assume a transition state that re-
sembles more the h2-alkene product complex rather than
the p-allyl starting compound. Upon nucleophilic attack, the
hybridisation of the carbon atom at which the new bond is
formed changes from sp2 to sp3. The coordination mode of
the allyl moiety changes from h3 to h2. To enable this, the
pre (R)-allyl has to rotate in a clockwise fashion for the
(Rax)-allyl complex, whereas the (Sax)-allyl complex will
show counterclockwise rotation giving the S product
(Scheme 9). Inspection of the complex structures obtained


from modeling reveals that in the [Pd(1,3-
(C6H5)2C3H3){(S,S)-2 b}(Cl)] complex, the ligand adopts a
geometry in which the lower left side of the allyl group is
shielded by one of the aryl groups of the ligand backbone
(see Figure 3). This structure closely resembles the ligand
conformation found in the X-ray structure elucidated of the
related [{Pd(4-C6H4CN)(2)(m-Br)}2] complex.


[35] Upon attack
on the S isomer, the counterclockwise rotation moves the
phenyl group at the sp2-hybridised carbon atom in close
proximity of this aryl group. In contrast, the clockwise rota-
tion (from the R complex) will result in relief of steric inter-
actions, since both sides of the product alkene rotate into
less occupied space around the metal centre. Therefore, we


Scheme 9. Pathways of nucleophilic attack on the trans-termini yielding
the two enantiomers.
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expect the clockwise rotation to be more facile, resulting in
the formation of the R product, as is observed. This simple
steric model is supported by the fact that replacement of the
3,5-dimethylphenyl groups in the TADDOLate ligands by
other, less bulky aryl moieties results in a large decrease of
stereoinduction, because of decreased steric interactions
during the anticlockwise rotation of the alkene being
formed, lowering the enantiodiscrimination. In this model,
the amine functionality is not expected to have a large influ-
ence in the stereochemical outcome of the reaction, which is
confirmed by experiment.
Changing the substrate from 1,3-diphenylallyl to the


smaller 1-methyl-3-phenylallyl or even cinnamyl, also has a
large detrimental effect on the observed ee?s (Table 4). The
simple model presented above for the mechanism cannot
fully account for this observation, since one would expect
the enantioselectivity to be mainly dependent on the bulk of
the substituent on the side of the allyl group cis to phospho-
rus and rather insensitive towards substitution on the trans
carbon atom of the allyl moiety. Probably, the smaller bulk
of the substituents bending backwards on the carbon atom
on which the nucleophile attacks also plays an important
role in interacting with the chirality of the ligand and thus
preventing anticlockwise rotation.


Conclusion


Bulky monodentate phosphoramidite ligands can successful-
ly be applied in the Pd-catalysed allylic alkylation reaction
with carbon nucleophiles. The results obtained with these li-
gands show interesting features that differ considerably


from the results generally obtained with symmetrical biden-
tate ligands, especially with respect to regioselectivity. From
the studies on isolated complexes, it was concluded that in
the allylpalladium complexes only one ligand can coordinate
to the metal centre. Despite this monocoordination, high
enantioselectivities can be obtained with bulky chiral phos-
phoramidites and disubstituted allyllic substrates. The ee?s
are significantly lower for substrates with smaller substitu-
ents or non-symmetrically substituted allyl compounds.


Experimental Section


General remarks : All experiments were carried out under a purified ni-
trogen atmosphere by using standard Schlenk techniques unless noted
otherwise. Solvents were purchased from Acros and dried prior to use.
Toluene was distilled from sodium; THF, hexanes and diethyl ether from
sodium/benzophenone ketyl and dichloromethane from calcium hydride.
All amines employed were distilled from calcium hydride prior to use.
Phosphorus trichloride was distilled prior to use and stored at �20 8C.
Hexamethyl phosphoramide (HMPT), 1,8-bis(dimethylamino)naphtha-
lene, N,O-bis(trimethylsilyl) acetamide (BSA), cinnamyl chloride and di-
methyl malonate were purchased from Acros and used as received.
Other allylic substrates were prepared following standard procedures.[65]


The TADDOL-type backbones employed were synthesised according to
literature procedures.[66,67] (R)-3,3’-Trimethylsilyl-1,1’-binaphtyl-2,2’-diol
was synthesised as reported by Buisman et al.[68] N-Benzyl-(1R,2S)-nor-
ephedrine was synthesised by a literature procedure.[69] [{Pd(C3H5)(m-
Cl)}2], [{Pd(cinnamyl)(m-Cl)}2] and [{Pd(1,3-diphenylallyl)(m-Cl)}2] were
synthesised according to literature procedures.[70, 71] Disodium diethyl 2-
methyl malonate (0.5m in THF) was prepared from diethyl 2-methyl mal-
onate and NaH in THF at 0 8C. [{Pd(crotyl)(m-OAc)}2] was freshly pre-
pared from the corrseponding chloride-bridged dimer and AgOAc
(1.0 equiv) in the appropriate solvent, followed by filtration over Celite.


NMR spectra were recorded on a Varian Mercury 300 (300.1 MHz) in
CDCl3 and are reported in ppm with tetramethylsilane (1H and 13C) and
85% H3PO4 (


31P) as external standards. Thin-layer chromatography was
carried out on Macherey-Nagel SIL G/UV plates of Kieselgel 60.
Column chromatography was performed with silica 60 (SDS Chromagel,
70–200 mm). GC measurements were performed on a Shimadzu GC-17A
apparatus (split/splitless, equipped with a F.I.D. detector and a BPX35
column (internal diameter of 0.22 mm, film thickness 0.25 mm, carrier gas
70 kPa He)) and an Interscience HR GC Mega 2 apparatus (J&W Scien-
tific, DB-1 column, 30 m/inner diameter 0.32 mm/film thickness 3.0 mm,
carrier gas 70 kPa He, F.I.D. detector). GC/MS measurements (E.I. de-
tection) were performed on a HP 5890/5971 apparatus, equipped with a
ZB-5 column (5% cross-linked phenyl polysiloxane) with an internal di-
ameter of 0.25 mm and film thickness of 0.25 mm. Melting points were
measured on a Gallenkamp melting point apparatus and are reported un-
corrected. HPLC measurements for determination of enantiomeric ex-
cesses were performed using a Gilson apparatus equipped with a Dyna-
max UV-1 absorbance detector. High-resolution mass spectra were re-
corded at the Department of Mass Spectroscopy at the University of
Amsterdam using FAB+ ionisation on a JEOL JMS SX/SX102A four
sector mass spectrometer with 3-nitrobenzyl alcohol as a matrix. Elemen-
tal analyses were performed at the Department of Microanalysis at the
Rijksuniversiteit Groningen (The Netherlands).


(1R,7R)-4-Dimethylamino-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphen-
yl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane ((R,R)-2 a): (2R,3R)-
O-isopropylidene-1,1,4,4-tetra(3,5-dimethylphenyl)threitol (300 mg,
0.52 mmol) was dried by dissolving the compound in toluene (5 mL) and
evaporating evaporating thoroughly to dryness (3 times). Next, the diol
was dissolved in toluene (20 mL). The solution was cooled to 0 8C and a
solution of HMPT (113 mL, 0.62 mmol) together with 1H-tetrazole (ca.
1 mg) in toluene (5 mL) was added dropwise. The mixture was warmed
to room temperature and stirred for 2 h and subsequently refluxed for
24 h. After removal of the solvent in vacuo the resulting foamy solid was
purified by column chromatography (hexanes/EtOAc/triethylamine, 95/5/


Figure 3. Modelled structure (PM3(tm)-level) of the two syn,syn [Pd{1,3-
(C6H5)2C3H3}{(S,S)-2 b}(Cl)] complexes (left), schematically represented
when viewed along the Pd–allyl axis on the right (the plane represents
the aryl-fragment of the ligand blocking the allyl moiety upon rotation,
empty circles represent minor steric interactions).
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2.5 v/v/v) to yield the product as a white powder. Yield: 165 mg (49%).
1H NMR (300 MHz, CDCl3): d=7.39 (s, 2H; Ar-H), 7.19 (s, 2H; Ar-H),
7.06 (s, 4H; Ar-H), 6.87 (s, 2H partial overlap; Ar-H), 6.86 (s, 2H partial
overlap; Ar-H) 5.08 (dd, J=3.3, 8.2 Hz, 1H; CH), 4.77 (d, J=8.2 Hz,
1H; CH), 2.73 (d, 3J(P,H)=10.4 Hz, 6H; NCH3), 2.29–2.26 (m, 24H;
ArCH3), 1.35 (s, 3H; OCCH3), 0.28 ppm (s, 3H; OCCH3);


13C{1H} NMR
(75.5 MHz, CDCl3): d=147.2, 146.9, 142.0, 137.4, 137.0, 136.7, 136.4,
129.3, 129.0, 129.0, 128.8, 127.1, 126.8, 126.7, 125.3, 125.1, 111.8, 83.2,
83.0, 82.7, 81.8, 81.3, 81.2 (the area 83.2–81.2 ppm contains some extra
resonances probably due to P�C coupling.) 35.5 (d, 2J(P,C)=19.5 Hz),
27.9, 25.7, 21.9, 21.8 ppm; 31P{1H} NMR (121.5 MHz, CDCl3): d=


139.7 ppm; HRMS: m/z calcd for C41H51NO4P: 652.3556; found: 652.3557
[M�H]+ ; elemental analysis calcd (%) for C41H50NO4P: C 75.55, H 7.73,
N 2.15; found: C 75.17, H 7.84, N 2.19.


(1S,7S)-4-Dimethylamino-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-
3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane ((S,S)-2 a): This com-
pound was prepared as described above for (R,R)-2a from 2S,3S-O-iso-
propylidene-1,1,4,4-tetra(3,5-dimethylphenyl)threitol (500 mg, 0.86 mmol)
and HMPT (188 mL, 1.03 mmol). Yield: 310 mg (55%); 1H NMR
(300 MHz, CDCl3): d=7.44 (s, 2H; Ar-H), 7.24 (s, 2H; Ar-H), 7.11 (s,
4H; Ar-H), 6.91 (s, 3H partial overlap; Ar-H), 6.88 (s, 1H partial over-
lap; Ar-H) 5.12 (dd, J=3.3, 8.2 Hz, 1H; CH), 4.81 (d, J=8.2 Hz, 1H;
CH), 2.78 (d, 3J(P,H)=10.5 Hz, 6H; N(CH3)2), 2.33–2.30 (m, 24H;
ArCH3), 1.40 (s, 3H; OCCH3), 0.33 ppm (s, 3H; OCCH3);


31P{1H} NMR
(121.5 MHz, CDCl3): d=139.7 ppm. HRMS: m/z calcd for C41H51NO4P:
652.3556; found: 652.3533 [M+H]+ ; elemental analysis calcd (%) for
C41H50NO4P: C 75.55, H 7.73, N 2.15; found: C 75.62, H 7.92, N 2.21.


(1R,7R)-4-Chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-
3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane : 2R,3R-O-isopropyl-
idene-1,1,4,4-tetra(3,5-dimethylphenyl)threitol (3.50 g, 6.0 mmol) was
dried by dissolving the compound in toluene (15 mL) and evaporating
thoroughly to dryness (3 times). The diol was dissolved in toluene
(60 mL) together with triethylamine (1.3 mL, 9 mmol) and cooled to
�40 8C. Subsequently, a solution of phosphorus trichloride (0.66 mL,
7.5 mmol) and triethylamine (1.3 mL, 9 mmol) in toluene (20 mL) was
added dropwise. After complete addition, the cooling bath was removed
and the cloudy mixture slowly warmed to room temperature and stirred
overnight. Next, the suspension was refluxed for 2 h and filtered under
strict nitrogen atmosphere to remove the salts (Et3N·HCl) formed. The
resulting solution was evaporated in vacuo to yield a slightly yellow mois-
ture-sensitive powder as the product. This was not purified further, but
used immediately in the following reactions.


(1R,7R)-4-Diethylamino-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-
3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane ((R,R)-2 b): A solution
of diethylamine (0.54 mL, 5.3 mmol) and triethylamine (0.73 mL,
5.3 mmol) in toluene (20 mL) was added dropwise to a solution of
(1R,7R)-4-chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-3,5,8,10-
tetraoxa-4-phosphabicyclo[5.3.0]decane (2.3 g, 3.5 mmol) in toluene
(75 mL) at 0 8C. After complete addition, the mixture was allowed to
warm to room temperature and stirred for 2 h and subsequently stirred
at 80 8C during 4 h. The resulting suspension was filtered under nitrogen
and evaporated in vacuo. The resulting off-white powder was purified by
column chromatography (hexanes/triethylamine 95/5 v/v). Yield: 2.10 g
(88%) of white semi-crystalline powder; 1H NMR (300 MHz, CDCl3):
d=7.51 (s, 2H; Ar-H), 7.29 (s, 2H; Ar-H), 7.15 (s, 4H; Ar-H), 6.92–6.88
(m, 4H; Ar-H), 5.15 (dd, J=8.3, 3.5 Hz, 1H; OCH), 4.75 (d, J=8.3 Hz,
1H; OCH), 3.33 (dq, J=11.0 (3J(P,H)), 7.0 Hz, 4H; N(CH2CH3)2), 2.35–
2.33 (m, 24H; ArCH3), 1.50 (s, 3H; OCCH3), 1.25 (t, J=7.0 Hz, 6H;
N(CH2CH3)2), 0.33 ppm (s, 3H; OCCH3);


13C{1H} (75.5 MHz, CDCl3)
NMR: d=147.6, 147.2, 142.3, 137.3, 136.9, 136.7, 136.4, 129.2, 129.0,
128.9, 128.8, 127.2, 126.8, 126.7, 125.3, 111.4, 83.5, 83.1, 82.8, 81.4, 81.3,
81.2, 39.5, 39.2, 28.0, 27.2, 25.6, 21.9, 21.9, 15.7 ppm; 31P{1H} (121.5 MHz,
CDCl3) NMR: d=141.5 ppm; HRMS (FAB+): m/z calcd for
C43H55NO4P: 680.3869; found: 680.3856 [M�H]+ ; elemental analysis
calcd (%) for C43H54NO4P: C 75.96, H 8.01, N 2.06; found: C 75.83, H
7.92, N 1.98.


(1S,7S)-4-Diethylamino-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-
3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane ((S,S)-2 b): This com-
pound was prepared as described for (R,R)-2 b. 1H NMR (300 MHz,
CDCl3): d=7.43 (s, 2H; Ar-H), 7.21 (s, 2H; Ar-H), 7.05 (s, 4H; Ar-H),
6.86–6.82 (m, 4H; Ar-H), 5.08 (dd, J=8.3, 3.5 Hz, 1H; OCH), 4.67 (d,


J=8.3 Hz, 1H; OCH), 3.26 (dq, J=11.0 (3J(P,H)), 7.0 Hz, 4H;
N(CH2CH3)2), 2.30–2.26 (m, 24H; ArCH3), 1.42 (s, 3H; OCCH3), 1.17 (t,
J=7.0 Hz, 6H; N(CH2CH3)2), 0.25 ppm (s, 3H; OCCH3);


13C{1H} NMR
(75.5 MHz, CDCl3): d=147.6, 147.2, 142.4, 137.3, 136.9, 136.7, 136.4,
129.2, 129.0, 128.8, 128.8, 127.2, 126.8, 125.3, 111.4, 83.5, 83.1, 82.8, 81.4,
81.3, 81.2, 39.3 (d, 2J(P,C)=22.0 Hz), 28.0, 25.6, 21.8, 15.7, 15.6 ppm;
31P{1H} NMR (121.5 MHz, CDCl3): d=141.5 ppm; HRMS (FAB


+): m/z
calcd for C43H55NO4P: 680.3869; found: 680.3856 [M+H]+ ; elemental
analysis calcd (%) for C43H54NO4P: C 75.96, H 8.01, N 2.06; found: C
75.86, H 8.22, N 2.20.


(1S,7S)-4-(N-Methyl-N-(R)-1-phenylethylamino)-9,9-dimethyl-2,2,6,6-
tetra(3,5-dimethylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]de-
cane ((S,S,R)-2 c): Prepared analogously to the synthesis of (R,R)-2b
from (1S,7S)-4-chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-
3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane (2.6 mmol) and (R)-(+)-
N,a-dimethylbenzylamine (0.47 mL, 3.2 mmol). The crude product was
purified by extraction with hexanes (2V10 mL), followed by quick
column chromatography (hexanes/triethylamine 95/5 v/v) to give a white
foam as the product. Yield: 510 mg (27%); 1H NMR (300 MHz): d=
7.60–6.80 (m, 17H; Ar-H), 5.14 (dd, J=8.2, 3.2 Hz, 1H; OCH), 4.70 (m,
1H; NCH), 4.65 (d, J=8.2 Hz, 1H; OCH), 2.61 (d, J=6.0 Hz, 3H;
NCH3), 2.34–2.18 (m, 24H; ArCH3), 1.53 (d, J=6.9 Hz, 3H; NCHCH3),
1.47 (s, 3H; OCCH3), 0.50 (s, 3H; OCCH3);


13C{1H} (75.5 MHz, C6D6)
NMR: d=148.7, 148.2, 148.1, 144.0, 144.0, 143.6, 143.1, 138.0, 137.6,
137.5, 137.0, 129.9, 129.6, 129.5, 128.9, 127.8, 127.7, 127.3, 126.2, 126.1,
112.1, 84.8, 83.7, 83.4, 82.6, 82.5, 82.5, 56.6 (d, 2J(P,C)=35.4 Hz), 29.8,
28.5, 27.6, 26.3, 26.0, 22.1, 22.0 (m), 19.5, 19.4, 12.0 ppm; 31P{1H} NMR
(121 MHz): d=140.9 ppm; HRMS (FAB+): m/z calcd for C48H57NO4P:
742.4025; found 742.3993 [M�H]+ ; elemental analysis calcd (%) for
C48H56NO4P: C 77.70, H 7.61, N 1.89; found: C 77.59, H 7.52, N 1.81.


(1R,7R)-4-(N-Methyl-N-(R)-1-phenylethylamino)-9,9-dimethyl-2,2,6,6-
tetra(3,5-dimethylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]de-
cane ((R,R,R)-2 c): This compound was prepared similarly to the synthe-
sis of (S,S,R)-2c from (1R,7R)-4-Chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-di-
methylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane. Yield:
42%; 1H NMR (300 MHz, CDCl3): d=7.48–7.04 (m, 13H; Ar-H), 6.90–
6.69 (m, 4H; Ar-H), 5.14 (dd, J=8.3, 3.1 Hz, 1H; OCH), 4.85–4.72 (m,
1H; NCH(Ph)(Me)), 4.69 (d, J=8.3 Hz, 1H; OCH), 2.57 (d, 3J(P,H)=
6.9 Hz, 3H; NCH3), 2.32–2.23 (m, 24H; Ar-CH3), 1.58 (d, J=7.2 Hz, 3H;
NCHCH3), 1.42 (s, 3H; OCCH3), 0.28 ppm (s, 3H; OCCH3);


13C{1H}
NMR (75.5 MHz, CDCl3): d=147.5, 147.2, 143.2, 143.2, 142.6, 142.1,
137.4, 136.9, 136.8, 136.4, 129.3, 129.0, 128.9, 128.9, 128.3, 127.7, 127.2,
126.8, 125.3, 111.5, 83.4, 82.9, 82.7, 81.6, 81.5, 81.4, 55.3 (d, 2J(P,C)=
35.4 Hz), 28.0, 26.5, 26.4, 25.7, 21.9, 21.8, 18.4, 18.4, 12.0 ppm; 31P{1H}
NMR (121.5 MHz, CDCl3): d=140.1 ppm; HRMS (FAB


+): m/z calcd for
C48H57NO4P: 742.4025; found: 742.4025 [M�H]+ ; elemental analysis
calcd (%) for C48H56NO4P: C 77.70, H 7.61, N 1.89; found: C 77.02, H
7.87, N 1.95.


(1R,7R)-4-(N-Methyl-N-(S)-1-phenylethylamino)-9,9-dimethyl-2,2,6,6-
tetra(3,5-dimethylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]de-
cane ((R,R,S)-2 c): This compound was prepared similarly to the synthe-
sis of (S,S,R)-2c from (1R,7R)-4-chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-di-
methylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane
(0.81 mmol) and (S)-(�)-N,a-dimethylbenzylamine (141 mL; 0.97 mmol).
Yield: 268 mg (45%); 1H NMR (300 MHz, C6D6): d=8.00 (s, 2H; Ar-H),
7.71 (s, 2H; Ar-H), 7.58 (s, 4H; Ar-H), 7.46 (s, 1H; Ar-H), 7.44 (s, 1H;
Ar-H), 7.22–7.07 (m, 4H; Ar-H), 6.77–6.70 (m, 4H; Ar-H), 5.84 (dd, J=
8.4, 3.9 Hz, 1H; OCH), 5.34 (d, 3J(H,H)=8.4 Hz, 1H; OCH), 4.84–4.75
(m, 1H; NCH(Me)(Ph)), 2.81 (d, 3J(P,H)=6.3 Hz, 3H; NCH3), 2.18–2.07
(m, 24H; Ar-CH3), 1.55 (s, 3H; OCCH3), 1.48 (d,


3J(H,H)=6.9 Hz 3H;
NCH(CH3)(Ph)), 0.49 ppm (s, 3H; OCCH3);


13C{1H} NMR (75.5 MHz,
C6D6): d=148.7, 148.1, 148.1, 144.0, 143.9, 143.5, 143.5, 143.1, 138.0,
137.6, 137.4, 137.4, 137.4, 137.0, 129.9, 129.6, 129.5, 128.9, 128.0, 127.8,
127.7, 127.4, 126.2 (partial overlap with residual solvent signal), 112.1,
84.7, 83.7, 83.4, 82.6, 82.5, 82.5, 56.6 (d, 2J(P,C)=35.4 Hz), 35.3 (m), 29.8,
28.5, 27.6 (m), 26.3, 26.0, 22.0 (m), 19.5, 12.0 ppm; 31P{1H} NMR
(121.5 MHz, C6D6): d=140.8 ppm; HRMS (FAB+): m/z calcd for
C48H57NO4P: 742.4025; found: 742.3996 [M�H]+ ; elemental analysis
calcd (%) for C48H56NO4P: C 77.70, H 7.61, N 1.89; found: C 77.68, H
7.54, N 1.94.
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(1S,7S)-4-(N-Methyl-N-(S)-1-phenylethylamino)-9,9-dimethyl-2,2,6,6-
tetra(3,5-dimethylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]de-
cane ((S,S,S)-2 c): This compound was prepared similarly to the synthesis
of (S,S,R)-2c from (1S,7S)-4-Chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-di-
methylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane
(0.81 mmol) and (S)-(�)-N,a-dimethylbenzylamine (141 mL, 0.97 mmol).
Yield: 261 mg (43%); 1H NMR (300 MHz, C6D6): d=7.99 (s, 2H; Ar-H),
7.73 (s, 1H; Ar-H), 7.63 (s, 2H; Ar-H), 7.60 (s, 2H; Ar-H), 7.42 (d, J=
7.7 Hz, 2H; Ar-H), 7.22–7.11 (m, 4H; Ar-H), 6.79–6.70 (m, 4H; Ar-H),
5.83 (dd, J=8.3, 3.8 Hz, 1H; OCH), 5.44 (d, 3J(H,H)=8.3 Hz, 1H;
OCH), 4.91–4.83 (m, 1H; NCH), 2.77 (d, 3J(P,C)=7.1 Hz, 3H; NCH3),
2.18–2.07 (m, 24H; Ar-CH3), 1.53 (d, 3J(H,H)=7.1 Hz, 3H;
NCH(CH3)(Ph)), 1.52 (s, 3H; OCCH3), 0.55 ppm (s, 3H; OCCH3);
13C{1H} NMR (75.5 MHz, C6D6): d=148.6, 148.1, 143.7, 143.6, 143.5,
143.1, 138.1, 137.6, 137.4, 137.0, 130.0, 129.8, 129.6, 129.4, 127.9, 127.3,
126.1, 112.3, 84.3, 83.8, 83.5, 83.1, 82.5, 82.4, 56.0 (d, 2J(P,C)=34.2 Hz),
35.3, 29.8, 28.4, 27.6, 27.6, 27.3, 27.2, 26.4, 26.0, 23.1, 22.0 (m), 19.0,
12.0 ppm; 31P{1H} NMR (121.5 MHz, C6D6): d=142.0 ppm; HRMS
(FAB+): m/z calcd for C48H57NO4P: 742.4025; found: 742.4016 [M�H]+ ;
elemental analysis calcd (%) for C48H56NO4P: C 77.70, H 7.61, N 1.89;
found: C 77.83, H 7.68, N 1.84.


(1R,7R)-4-(Diisopropylamino)-9,9-dimethyl-2,2,6,6-tetraphenyl-3,5,8,10-
tetraoxa-4-phosphabicyclo[5.3.0]decane ((R,R)-2 e): This compound was
prepared analogously to (R,R)-2b from (2R,3R)-O-isopropylidene-
1,1,4,4-tetraphenylthreitol. Its observed spectroscopic characteristics
matched previously reported data.[45]


(1R,7R)-4-Diethylamino-9,9-cyclohexyl-2,2,6,6-tetra(3,5-dimethylphen-
yl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane ((R,R)-2 i): This com-
pound was prepared analogously to (R,R)-2b from the corresponding
TADDOL backbone. 1H NMR (300 MHz, CDCl3): d=7.40 (s, 2H; Ar-
H), 7.23 (s, 2H; Ar-H), 7.15 (s, 2H; Ar-H), 7.04 (s, 2H; Ar-H), 6.84–6.80
(m, 4H; Ar-H), 4.97 (dd, J=8.5, 3.5 Hz, 1H; OCH), 4.68 (d, 1H; J=
8.5 Hz, OCH), 3.22 (m, 4H; N(CH2CH3)2), 2.28–2.25 (m, 24H; ArCH3),
1.56–1.49 (m, 4H; OCCH2), 1.28–1.12 (m, 4H; CH2), 1.15 (t, 6H; J=
6.9 Hz, N(CH2CH3)2), 0.55–0.45 (m, 1H; CH), 0.35–0.24 ppm (m, 1H;
CH); 13C{1H} (75.5 MHz, CDCl3) NMR: d=147.6, 147.4, 142.5, 142.1,
137.2, 136.8, 136.5, 136.2, 129.1, 128.8, 128.7, 128.6, 127.1, 126.9, 126.8,
125.4, 125.2, 112.1, 82.7, 82.4, 81.9, 81.5, 81.4, 41.9, 39.1 (d, J=22.0 Hz),
37.5, 35.6, 25.4, 24.6, 24.3, 21.9, 15.6, 15.5, 11.4 ppm; 31P{1H} NMR
(121.5 MHz, CDCl3): d=141.4 ppm; HRMS (FAB+): m/z calcd for
C46H59NO4P: m/z 720.4182; found: 720.4182 [M�H]+; elemental analysis
calcd (%) for C46H58NO4P: C 76.74, H 8.12, N 1.95; found: C 76.65, H
8.06, N 1.88.


(1R,7R)-4-Diethylamino-9,9-dimethyl-2,2,6,6-tetra(2-naphthyl)-3,5,8,10-
tetraoxa-4-phosphabicyclo[5.3.0]decane ((R,R)-2 f): The compound was
prepared analogously to the 3,5-(CH3)C6H3-substituted ligand ((R,R)-
2b). Purification was done by column chromatography (SiO2) twice using
hexanes/Et3N/CH2Cl2 (92.5/5.0/2.5 v/v) to yield the compound as a white
solid (49% yield). 1H NMR (300 MHz, CDCl3): d=8.60 (s, 1H; Ar-H),
8.21 (s, 1H; Ar-H), 8.12 (s, 1H; Ar-H), 8.05 (s, 1H; Ar-H), 7.91–7.41 (m,
24H; Ar-H), 5.53 (dd, J=8.5, 3.6 Hz, 1H; OCH), 5.12 (d, J=8.5 Hz, 1H;
OCH), 3.37–3.28 (m, 4H; N(CH2CH3), 1.41 (s, 3H; OCCH3), 1.21 (t, J=
6.9 Hz, 6H; N(CH2CH3)), 0.28 ppm (s, 3H; OCCH3);


13C{1H} NMR
(75.5 MHz, CD2Cl2): d=145.1, 144.3, 144.3, 140.2, 139.8, 133.3–133.0
(overlapping), 129.0–126.5 (overlapping), 112.5, 83.6, 82.4, 82.1, 82.0,
46.8, 44.5, 39.8, 39.5, 28.1, 25.9, 15.8 ppm; 31P{1H} NMR (121.5 MHz): d=
141.9 ppm; HRMS (FAB+): m/z calcd for C51H47NO4P: 768.3243; found:
768.3235 [M�H]+ ; elemental analysis calcd (%) for C51H46NO4P: C
79.77, H 6.04, N 1.82; found: C 79.85, H 6.12, N 1.78.


(1R,7R)-4-N-(1-Aza-4-oxacyclohexyl)-9,9-dimethyl-2,2,6,6-tetra(3,5-di-
methylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane ((R,R)-
2h): This compound was prepared analogously to the synthesis of (R,R)-
2b from (1R,7R)-4-chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-dimethylphenyl)-
3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane (2.6 mmol) and morpho-
line (164 mL, 164 mg, 1.88 mmol). The crude product was purified by
quick column chromatography (hexanes/triethylamine 95/5 v/v) to give a
white foam as the product. Yield: 510 mg (27%); 1H NMR (300 MHz,
CDCl3): d=7.37 (s, 2H; Ar-H), 7.20 (s, 2H; Ar-H), 7.03 (s, 2H; Ar-H),
6.99 (s, 2H; Ar-H), 6.87–6.83 (m, 4H; Ar-H), 5.07 (dd, J=8.4, 3.6 Hz,
1H; OCH), 4.73 (d, 1H; 8.3 Hz), 3.74–3.68 (m, 4H; N(CH2CH2)2O),
3.35–3.33 (m, 2H; CH2O), 3.21–3.18 (m, 2H; CH2O), 2.28–2.26 (m, 24H;


Ar-CH3), 1.43 (s, 3H; OCCH3), 0.29 ppm (s, 3H; OCCH3);
13C{1H} NMR


(75.5 MHz, C6D6): d=148.2, 147.9, 147.9, 143.1, 143.0, 138.1, 137.7, 137.4,
137.0, 130.0, 129.8, 129.7, 129.5, 127.8, 127.8, 126.0, 112.7, 83.9, 83.7, 83.6,
83.3, 82.5, 82.4, 68.2 (d, J=4.9 Hz), 45.0 (d, J=17.1 Hz), 35.3, 29.7, 28.3,
27.6, 26.5, 22.0, 21.8, 21.2, 19.3, 12.0 ppm; 31P{1H} NMR (121.5 MHz,
C6D6): d=138.8 ppm; HRMS (FAB+): m/z calcd for C43H53NO5P:
694.3661; found: 694.3670 [M�H]+ ; elemental analysis calcd (%) for
C43H52NO5P: C 74.43, H 7.55, N 2.02; found: C 74.28, H 7.46, N 1.94.


(1R,7R)-4-N-(1-Aza-4-(N’-methyl)azacyclohexyl)-9,9-dimethyl-2,2,6,6-
tetra(3,5-dimethylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]de-
cane ((R,R)-2 g): This compound was prepared analogously to the syn-
thesis of (R,R)-2b from (1R,7R)-4-chloro-9,9-dimethyl-2,2,6,6-tetra(3,5-
dimethylphenyl)-3,5,8,10-tetraoxa-4-phosphabicyclo[5.3.0]decane
(1.30 mmol) and 1-methylpiperazine (173 mL, 156 mg, 1.56 mmol). The
crude product was purified by quick column chromatography (hexanes/
triethylamine 95/5 v/v) to give a white foam as the product. Yield:
510 mg (27%); 13C{1H} NMR (75.5 MHz, C6D6): d=148.4, 148.0, 148.0,
143.3, 143.2, 138.0, 137.6, 137.3, 129.9, 129.8, 129.7, 129.4, 127.8, 127.8,
126.1, 112.6, 84.0, 84.1, 83.7, 83.5, 83.4, 82.5, 82.4, 56.7, 47.1 (d, J=
7.3 Hz), 44.8 (d, J=19.5 Hz), 35.3, 29.8, 28.3, 27.6, 26.5, 26.0, 21.9 (m),
12.0 ppm; HRMS (FAB+): m/z calcd for C44H56N2O4P: 707.3978; found:
707.3986 [M�H]+ ; elemental analysis calcd (%) for C44H55N2O4P: C
74.76, H 7.84, N 3.96; found: C 74.83, H 8.04, N 3.66.


(R)-O,O’-(1,1’)-Dinaphthyl-2,2’-diyl-3,3’-di(trimethylsilyl)phosphorchlori-
dite : (R)-3,3’-trimethylsilyl-1,1’-binaphtyl-2,2’-diol (1.00 g, 2.31 mmol) was
azeotropically dried by dissolving it in anhydrous toluene (10 mL) fol-
lowed by evaporation in vacuo of the solvent (2 times). The dry starting
material was then dissolved in toluene (25 mL). PCl3 (242 mL, 381 mg,
2.77 mmol) and triethylamine (1.3 mL, 0.93 g, 9.2 mmol) were dissolved
in toluene (50 mL) and were added dropwise to the diol solution at 0 8C.
After stirring overnight, the resulting suspension was stirred at 50 8C for
1 h. After cooling to room temperature, the suspension was filtered and
the solvent evaporated to give a yellow, air-sensitive powder (31P{1H}
NMR: d=176 ppm). This compound was not characterised further, but
used immediately in further reactions.


O,O’-(1,1’)-Dinaphthyl-2,2’-diyl-3,3’-di(trimethylsilyl)-N,N-diethylphos-
phoramidite ((R)-3 a): (R)-O,O’-(1,1’)-Dinaphthyl-2,2’-diyl-3,3’-
di(trimethylsilyl)phosphorchloridite (546 mg, 1.10 mmol) was dissolved in
toluene (25 mL) and cooled to 0 8C; then triethylamine (0.23 mL,
1.65 mmol) was added. Next, a solution of diethylamine (0.17 mL,
1.65 mmol) in toluene (20 mL) was added dropwise. After complete addi-
tion, the solution was warmed to room temperature and stirred for 2 h.
Subsequently the cloudy mixture was stirred overnight at 75 8C. After
cooling to room temperature the resulting suspension was filtered and all
volatiles evaporated in vacuo. The crude product was washed with hex-
anes (2V15 mL) and purified by column chromatography (SiO2, eluens
EtOAc/Et3N/PE=5:5:90) to afford the product as a white powder. Yield:
110 mg (19%). Precipitation from the hexane washing fractions yielded
another 100 mg pure product. 1H NMR (300 MHz, CDCl3): d=8.04 (d,
2H; J=12.3 Hz, Ar-H), 7.89 (d, J=8.1 Hz, 2H; Ar-H), 7.39–7.05 (m, 6H;
Ar-H), 2.94 (br, 4H; NCH2CH3), 1.02 (br, 6H; NCH2C H3), 0.47 (s, 9H;
Si(CH3)3), 0.41 ppm (s, 9H; Si(CH3)3);


13C{1H} (75.5 MHz, CDCl3): d=
154.1, 154.0, 137.0, 136.8, 134.3, 134.1, 132.9, 132.5, 131.0, 130.2, 128.5,
128.4, 127.1, 127.0, 126.4, 126.3, 124.6, 124.3, 122.9, 122.8, 121.3, 40.6 (m),
29.9, 15.7, 0.3, 0.2 ppm; 31P{1H} (121.5 MHz, CDCl3): d=150.2 ppm;
HRMS: m/z calcd for C30H38NO2PSi2: 532.2257; found: 532.2274
[M�H]+ ; elemental analysis calcd (%) for C30H38NO2PSi2: C 67.76,
H 7.20, N 2.63; found: C 67.47, H 7.42, N 2.67.


O,O’-(1,1’-Dinaphthyl-2,2’-diyl-3,3’-di(trimethylsilyl))-N-methyl-N-(R)-1-
phenylethylphosphoramidite ((R)-3 b): This compound was prepared
analogously to (R)-3 a from (R)-O,O’-(1,1’)-dinaphthyl-2,2’-diyl-3,3’-di-
(trimethylsilyl)phosphorchloridite (546 mg, 1.10 mmol) and (R)-(+)-N,a-
dimethylbenzylamine (0.22 g, 1.65 mmol). Purified by column chromatog-
raphy (SiO2, eluents EtOAc/Et3N/PE=2.5:5:92.5). Yield: 251 mg (38%)
of a white powder. 1H NMR (300 MHz, CDCl3): d=8.06 (d, 2H; J=
4.8 Hz, Ar-H), 7.88 (dd, J=8.3, 1.1 Hz, 2H; Ar-H), 7.46–7.01 (m, 11H;
Ar-H), 4.90 (m, 1H; NCH(Me)(Ph)), 2.13 (d, J=4.3 Hz, 3H; NCH3),
1.63 (d, J=7.0 Hz, 3H; NCH(CH3)), 0.44 (s, 9H; Si(CH3)3), 0.43 ppm (s,
9H; Si(CH3)3);


13C{1H} (75.5 MHz, CDCl3): d=153.5 (d, J=1.5 Hz),
142.0, 136.7, 16.6, 133.9, 133.7, 132.3, 131.9, 130.5, 129.8, 128.0, 127.8,
127.4, 126.8, 126.7, 126.5, 126.0, 124.2, 124.1, 122.5, 122.5, 121.1, 121.1,
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56.1, 55.5, 45.3, 29.5, 27.5, 19.1, 19.0, 0.3, �0.2, �0.2 ppm; 31P{1H}
(121.5 MHz, CDCl3): d=145.6 ppm; HRMS: m/z calcd for
C35H40NO2PSi2: 594.2414; found: 594.2415 [M�H]+ ; elemental analysis
calcd (%) for C35H40NO2PSi2: C 70.79, H 6.79, N 2.36; found: C 70.49, H
7.04, N 2.45.


3-Benzyl-2-(2,6-di-tert-butylphenoxy)-4-(S)-methyl-5-(R)-phenyl-1,3,2-ox-
azaphospholidine (4): N-Benzyl-(1R,2S)-norephedrine (340 mg,
1.40 mmol) was dissolved in anhydrous toluene (40 mL). Separately, 2,6-
di(tert-butyl)phenoxyphosphordichloridite (433 mg, 1.40 mmol)[37] was
dissolved in anhydrous toluene (40 mL). Both solutions were slowly
dropwise added, simultaneously, to a solution of triethylamine (3 mL) in
toluene (40 mL) at �40 8C. Care was taken to ensure that the rate of ad-
dition of both reactant-containing solutions was as equal as possible.
After complete addition, the resulting reaction mixture was warmed to
room temperature and stirred for 48 h. The formed ammonium salts were
filtered and the solvent removed in vacuo. This resulted in a yellowish
powder as the crude product. Pure compound was obtained by crystalli-
sation from diethyl ether, followed by washing of the formed crystals
with cold diethyl ether (5 mL) and acetonitrile (2V5 mL). Yield: 365 mg
(55%); 1H NMR (300 MHz, CDCl3): d=7.38–7.34 (m, 12H; Ar-H), 6.99
(t, J=7.7 Hz, 1H; Ar-H), 5.13 (d, J=6.0 Hz, 1H; CH(Ph)O), 4.60 (dd,
J=15.1, 7.9 Hz, 1H; NC(H)(H)(Ph)), 4.09 (dd, J=23.2, 7.9 Hz, 1H;
NC(H)(H)(Ph)), 3.31 (m, 1H; CH(Me)N), 1.61 (s, 18H; C(CH3)3),
1.00 ppm (d, J=6.8 Hz, 3H; CH(CH3)N);


13C NMR (75.5 MHz, CDCl3):
d=152.1 (d, J=11.0 Hz), 143.7, 139.3, 138.2, 128.9, 128.3, 128.1, 128.1,
127.9, 127.6, 126.7, 126.3, 122.7, 86.0 (d, J=12.2 Hz), 55.2, 51.0 (d, J=
30.5 Hz), 35.8, 32.4, 15.6 ppm; 31P NMR (121.5 MHz, CDCl3): d=


154.9 ppm; HRMS: m/z calcd for C30H38NO2P: 476.2718; found: 476.2746
[M�H]+ ; elemental analysis calcd (%) for C30H38NO2P: C 75.76, H 8.05,
N 2.95; found: C 75.58, H 8.07, N 3.06.


[Pd(C3H5)(1)(Cl)]: A Schlenk vessel was charged with [{Pd(allyl)(m-Cl)}2]
(111 mg, 0.30 mmol) and phosphoramidite 1 (293 mg, 0.60 mmol). Next,
dichloromethane (15 mL) was added and the resulting mixture was stir-
red for 30 min at room temperature. Evaporation of the solvent gave the
product complex as a pale yellow microcrystalline powder in quantitative
yield. Crystals suitable for an X-ray analysis were grown by slow evapo-
ration of a solution of the compound in hexanes. 1H NMR (300 MHz,
CD2Cl2, 0 8C): d=6.92 (br s, 2H; (L)Ar-H), 6.78 (brd, 2H; (L)Ar-H),
5.18–5.09 (m, 1H; (allyl)-Hmeso), 4.41 (apparent t, J=8.8 Hz, 1H; (allyl)-
H3,syn), 4.24–4.18 (m, 2H; N(CHMe2)2), 3.80 (s, 6H; OCH3), 3.38 (appa-
rent t, J=14.0 Hz, 1H; (allyl)-H3,anti), 3.24 (brd, J=5.7 Hz, 1H; (allyl)-
H1,anti), 1.94 (d, J=12.2 Hz, 1H; (allyl)-H1,syn) 1.47 (s, 9H; C(CH3)3), 1.42
(s, 9H; C(CH3)3), 1.30 ppm (d, J=6.7 Hz, 6H; N(CH(CH3)2)2);


13C{1H}
NMR(75.5 MHz,CD2Cl2, 0 8C): d=157.47, 146.14, 143.85 (d, J=5.0 Hz),
133.4, 132.96, 119.78 (d, J=9.7 Hz), 116.75, 115.59, 81.44 (d, J=44.9 Hz),
61.49, 57.73, 50.76 (d, J=12.1 Hz), 37.78, 33.32, 26.59 ppm; 31P NMR
(121.5 MHz, CD2Cl2): d=140.1 ppm; HRMS (FAB+): m/z calcd for
C31H47NO4PPd: 634.2277; found: 634.2297 [M�Cl]+ ; elemental analysis
calcd (%) for C31H47ClNO4PPd: C 55.53, H 7.07, N 2.09; found: C 55.39,
H 7.12, N 2.03.


[Pd(crotyl)(1)(Cl)]: A Schlenk vessel was charged with [{Pd(crotyl)(m-
Cl)}2] (37 mg, 0.09 mmol) and phosphoramidite (92 mg, 0.18 mmol).
Next, dichloromethane (5 mL) was added and the resulting mixture was
stirred for 30 min at room temperature. The dichloromethane was re-
moved in vacuo and the resulting solid washed with two portions of di-
ethyl ether (5 mL). After drying under vacuum the product complex was
obtained as a beige microcrystalline powder in quantitative yield.
1H NMR (300 MHz, CD2Cl2): d=6.96 (br s, 2H; Ar-H), 6.78 (br s, 2H;
Ar-H), 4.93 (brq, J=10.4 Hz, 1H; allyl-Hmeso), 4.33–4.24 (m, 2H;
N(CHMe2)2), 4.16–4.05 (m, 1H; allyl-H), 3.80 (s, 6H; OCH3), 3.06 (br s,
1H; allyl-H), 1.86 (brd, J=10.7 Hz, 1H; allyl-H), 1.66–1.32 ppm (m,
33H; L+allyl-CH3);


13C{1H} NMR (CD2Cl2): d=155.83, 144.51 (d, J=
6.1 Hz), 142.22, (d, J=4.9 Hz), 131.9 (br), 131.5 (br), 117.25 (d, J=
8.5 Hz), 115.11, 113.98, 100.04, 99.54, 66.20, 56.10, 49.20 (d, J=13.4 Hz),
36.17, 31.76, 25.01, 17.69 ppm (d, J=7.3 Hz); 31P NMR (CD2Cl2): d=


143.6 ppm; HRMS (FAB+): m/z calcd for C32H49NO4PPd: 648.2434;
found: 648.2430 [M�Cl]+ ; elemental analysis calcd (%) for
C32H49ClNO4PPd: C 56.15, H 7.21, N 2.05; found: C 56.12, H 7.20, N
2.01.


[Pd(cinnamyl)(1)(Cl)]: A Schlenk vessel was charged with [{Pd(cinna-
myl)(m-Cl)}2] (91 mg, 0.18 mmol) and phosphoramidite (172 mg,


0.36 mmol). Dichloromethane (10 mL) was added and the resulting mix-
ture was stirred for 30 min at room temperature. Evaporation of the sol-
vent gave the product complex as a yellow powder in quantitative yield.
1H NMR (0 8C, CD2Cl2): d=7.30 (br s, 5H; (cinnamyl)Ar-H), 6.96 (br s,
2H; (L)Ar-H), 6.80 (br s, 2H; (L)Ar-H), 5.50 (apparent double t, J=
12.6, 9.6 Hz, 1H; (cinnamyl)-Hmeso), 4.91 (apparent t, J=14.1 Hz, 1H;
(cinnamyl)-H3), 4.25 (heptet, J=6.5 Hz, 2H; N(CHMe2)2), 3.80 (s, 6H;
OCH3), 3.24 (brd, J=6.5 Hz, 1H; (cinnamyl)-Hsyn), 2.16 (brd, 1H; (cin-
namyl)-Hanti), 1.56 (s, 9H; C(CH3)3), 1.48 (s, 9H; C(CH3)3), 1.28 ppm (d,
J=6.5 Hz, 6H; N(CH(CH3)2)2);


13C{1H} NMR: d=153.74, 142.34, 140.33,
134.51 (d, J=9.7 Hz), 130.37, 127.10, 126.71, 126.54, 126.49, 113.19,
111.82, 109.47 (d, J=9.0 Hz), 54.13, 53.91, 47.69 (d, J=12.8 Hz), 34.30,
30.13, 23.23 ppm; 31P NMR (CD2Cl2): d=141.4 ppm; HRMS (FAB


+): m/z
calcd for C37H51NO4PPd: 710.2590; found: 710.2601 [M�Cl]+ ; elemental
analysis calcd (%) for C37H51ClNO4PPd: C 59.52, H 6.88, N 1.88; found:
C 59.61, H 6.82, N 1.93.


[Pd(C3H5){(R,R)-2 b}(Cl)]: This compound was prepared as described for
[Pd(C3H5)(1)(Cl)].


13C{1H} NMR (CD2Cl2, mixture of isomers): d=


144.12, 142.18, 142.11, 141.67, 138.38, 138.07, 137.58, 136.34, 129.73,
128.92, 128.80, 127.46, 127.05, 126.87, 126.37, 125.63, 125.10, 118.06,
117.87, 114.92, 89.33, 89.16, 86.61, 79.87, 79.23, 78.99, 78.52, 65.89, 62.82,
57.16, 55.12, 41.06, 27.16, 26.89, 26.67, 26.54, 21.46, 21.39, 21.22, 15.33,
14.91 ppm; 31P NMR (MHz, �20 8C, CD2Cl2): d=119.25 (major isomer),
117.32 ppm (minor isomer); HRMS (FAB+): m/z calcd for
C46H59NO4PPd: 826.3216; found: 826.3198 [M�Cl]+ ; elemental analysis
calcd (%) for C46H59ClNO4PPd: C 64.04, H 6.89, N 1.62; found: C 64.10,
H 6.82, N 1.58.


[Pd(1,3-diphenylallyl){(R,R)-2 b}(Cl)]: A Schlenk vessel was charged
with [Pd(1,3-diphenylallyl)(m-Cl)]2 (91 mg, 0.18 mmol) and phosphorami-
dite (R,R)-2b (172 mg, 0.36 mmol). Dichloromethane (10 mL) was added
and the resulting mixture was stirred for 30 min at room temperature.
Evaporation of the solvent gave the product complex as an orange/
yellow microcrystalline powder in quantitative yield. The compound de-
composed slowly in solution. 1H NMR (300 MHz, CDCl3): d=7.60–6.78
(m, 22H; Ar-H), 6.19 (t, J=12.9 Hz, 1H), 5.90 (d, J=7.7 Hz, 1H), 5.12
(d, J=7.5 Hz, 1H), 4.30 (apparent t, J=13.0 Hz, 1H), 2.92–2.82 (m, 3H),
2.50–2.17 (m, 27H), 1.59–1.51 (m, 2H), 0.63 (s, 3H), 0.50 (s, 3H), 0.45–
0.41 ppm (m, 6H); 13C{1H} NMR (CD2Cl2): d=144.62, 142.07, 141.68,
141.62, 139.50, 138.51, 137.42, 136.35, 135.97, 130.72, 129.53, 129.25,
128.77, 128.25, 128.20, 127.97, 127.84, 127.20, 125.73, 114.82, 107.27,
107.18, 94.40, 94.08, 90.06, 89.87, 85.93, 79.24, 78.44, 78.41, 71.39, 71.33,
39.82 (d, J=9.3 Hz), 26.87, 26.54, 21.83, 21.50, 21.39, 21.17, 13.83 ppm;
31P NMR: d=119.4 ppm.


Allylic alkylation reactions


General procedure : A flame-dried Schlenk vessel was charged with fresh-
ly prepared stock-solutions in THF (1 mL per experiment) containing
[{Pd(crotyl)(m-OAc)}2] (2.0 mg, 0.005 mmol) and ligand 1 (4.9 mg,
0.010 mmol, 2 equiv). Subsequently, the allylic substrate (1.0 mmol) and
dihexyl ether (50 mL), as internal standard for GC measurements, were
added and the reaction mixture was stirred for 15 min at room tempera-
ture. A solution of disodium diethyl 2-methyl malonate (4 mL, 2.0 mmol,
0.5m) was added and the solution was stirred at room temperature. Ali-
quots were taken from the reaction mixture at certain time intervals, di-
luted with diethyl ether, washed with saturated aqueous ammonium chlo-
ride solution, dried over MgSO4 and analysed by GC.


Asymmetric allylic alkylation reactions


General procedure : A flame-dried Schlenk vessel was charged with
[{Pd(allyl)(m-OAc)}2] (2.0 mg, 0.005 mmol) and ligand (0.020 mmol,
4 equiv) through freshly prepared stock-solutions in CH2Cl2 (2 mL per
experiment). Subsequently, the allylic substrate (1.0 mmol) and dihexyl
ether (50 mL), as internal standard for GC measurements were added,
followed by dimethyl malonate (171 mL, 1.5 mmol). This mixture was stir-
red at room temperature for 15 minutes. The reaction was started by ad-
dition of N,O-bis(trimethylsilyl) acetamide (371 mL, 1.5 mmol) and
KOAc (1 mg). The reaction was monitored by GC and TLC. After the
desired reaction time, the mixture was diluted with Et2O (10 mL),
washed with saturated ammonium chloride solution (5 mL) and dried
over MgSO4. Evaporation of the solvent gave crude product which was
purified by flash column chromatography (SiO2, eluents: EtOAc/hex-
anes=1:3) to yield a colourless oil. The enantiomeric excess was deter-
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mined by chiral HPLC (Daicel OD, n-hexane/2-propanol=99.5:0.5, flow
0.5 mLmin�1, tR (R)=35.4, tR (S)=38.7 min, l=254 nm for the product
from 1,3-diphenylallyl acetate).


Computational details : All calculations were performed on an SG work-
station using the commercially available SPARTAN program (ver-
sion 5.0.3.). The geometry optimisations were carried out on semi-empiri-
cal (PM3(tm)) level after optimisation using molecular mechanics (Sybyl
force field), for the [Pd(allyl)(L)(Cl)] complexes, in which L is the struc-
ture of the ligand without the substituents on the acetal moiety in the
backbone. The product h2-alkene complexes were modelled by using
�CH(COOH)2 as the newly coupled fragment.
X-ray crystal structure determination of [Pd(C3H3)(1)(Cl)]:
C31H47ClNO4PPd, Mr=670.52, pale yellow block, 0.30V0.30V0.15 mm3.
Monoclinic crystal system, space group P21/c (no. 14). Cell parameters:
a=10.9862(1), b=16.6159(1), c=18.1533(2) Q, b=104.4576(3)8, V=


3208.86(5) Q3; Z=4, 1=1.388 gcm�3; 41792 reflections were measured
on a Nonius KappaCCD diffractometer with rotating anode and MoKa ra-
diation (graphite monochromator, l=0.71073 Q) at a temperature of
150 K. An absorption correction based on multiple measured reflections
was applied (m=0.75 mm�1, correction range 0.80–0.89). The reflections
were merged using the program SORTAV,[72] resulting in 7358 unique re-
flections (Rint=0.0493), of which 6093 were observed [I>2s(I)]. The
structure was solved with automated Patterson methods using the pro-
gram DIRDIF,[73] and refined with the program SHELXL97[74] against F2


of all reflections up to a resolution of (sin#/l)max=0.65 Q
�1. Non-hydro-


gen atoms were refined freely with anisotropic displacement parameters,
hydrogen atoms were refined as rigid groups. The allyl ligand was
rotationally disordered over two conformations and was refined with a
disorder model. There were 374 refined parameters, 0 restraints. R
(obsd reflns): R1=0.0276, wR2=0.0711; R (all data): R1=0.0370, wR2=
0.0762. Weighting scheme w=1/[s2(F2


o)+ (0.0367P)
2+1.1877P], where


P= (F2
o+2F


2
c)/3. GoF=1.066. Residual electron density between �0.66


and 0.71 eQ�3. The drawings, structure calculations and checking for
higher symmetry was performed with the program PLATON.[75] CCDC-
247629 contains the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre,
12 Union Road, Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or
deposit@ccdc.cam.uk).
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Sugar–Poly(para-phenylene ethynylene) Conjugates as Sensory Materials:
Efficient Quenching by Hg2+ and Pb2+ Ions


Ik-Bum Kim, Belma Erdogan, James N. Wilson, and Uwe H. F. Bunz*[a]


Introduction


Herein we report the surprisingly efficient fluorescence
quenching of sugar-substituted poly(para-phenylene ethyn-
ylene)s (PPE) 2 and 3 by Hg2+ and Pb2+ ions. Lead and
mercury are heavy metals that play a large role in environ-
mental politics due to their high general and specific neuro-
toxicity.[1] Adverse long-term health effects are significant
even upon exposure to trace concentrations of these ele-
ments. Mercury and lead are prevalent as environmental
pollutants generated by industrial processes including the
large-scale combustion of coal (mercury) and the long-
standing environmental pollution by lead paint (now
banned).[2] As a consequence, the detection and determina-
tion of lead and mercury is of great scientific, medical, and
economic interest. The classic approaches to lead and mer-
cury sensing are atomic absorption spectrometry, inductively
coupled plasma mass spectrometry, anodic stripping voltam-
metry, and X-ray fluorescence spectrometry, all of which re-
quire expensive hardware, sophisticated sample treatment,
and well-trained operators.[3] As a consequence, the develop-
ment of sensitive “dip-stick” tests for mercury and lead ions
is attractive. Progress has been made, however, with recently
reported Pb2+ or Hg2+ sensors that utilize either specific
DNA and peptides or small fluorescent dyes, such as hy-
droxyquinoline-substituted crown ethers.[4–7]


Conjugated polymers are organic semiconductors. They
find widespread use in electro-optical devices as well as in
analytical detection schemes.[8–10] The highly fluorescent
PPEs[11,12] have been exploited as sensory materials for elec-
tron-poor aromatics,[13] fluoride ions,[14] streptavidin,[15] and
some metal cations.[16] As an important note, a subtle differ-
ence in analyte can greatly affect the sensing action of con-
jugated polymers, and in some cases, closely related analytes
can be discerned with surprising efficiency. The reason for
the often observed selectivity is not clear but can be exploit-
ed to detect a specific analyte, an example being Tour9s
iodide sensor.[17]


The interaction of saccharides with heavy metals has been
only sparingly investigated, despite the importance of cellu-
lose copper complexes that allow for the processing of cu-
prammonium rayon.[18] Few reports describe the interaction
of monomeric sugars with mercury or lead ions. It was
claimed that simple sugars form chelate complexes of un-
known structure that show stability constants of �105 at
high ionic strengths in water.[19a] A second study contended
that “there is no major interaction between d-glucose and
the zinc-group metals (Zn, Cd, Hg) in aqueous solution”.[19b]


A third study[19c] investigated the coordination of mercury
salts to sugar amino acids. The authors of this study con-
clude from their data that complex formation is dependent
upon the chosen counterion for the mercury salt. A cited ex-
ample was HgCl2, dissolving mostly undissociated into
water. The solid-state structure of Hg2+ and Pb2+ complexes
of sugars are largely unknown and only recently Kl?fers
et al.[20] have obtained crystal structures of some sugar–tran-
sition-metal complexes. An instructive case is the reaction
of g-cyclodextrin with Pb(NO3)2 which led to a sixteen-fold
plumbated cyclodextrin torus (solid state). Not all sugars


[a] Dr. I.-B. Kim, Dr. B. Erdogan, J. N. Wilson, Prof. Dr. U. H. F. Bunz
School of Chemistry and Biochemistry
Georgia Institute of Technology
770 State Street, Atlanta GA 30332 (USA)
Fax: (+1)404-385-1795
E-mail : uwe.bunz@chemistry.gatech.edu


Abstract: Three polar poly(para-phen-
ylene ethynylene)s (PPE) were synthe-
sized by utilizing the Heck–Sonoga-
shira protocol. Two of the PPEs carry
b-glucopyranose substituents. Depend-
ing upon the linker used between the
glycol units and the backbone, the fluo-
rescence of these PPEs can be


quenched by Hg2+ and Pb2+ to a vary-
ing degree. Monomeric model com-
pounds that are substituted with only


one glucose unit are not efficiently
quenched. The presence of many glu-
cose substituents in one PPE assembly
led to a large increase in the binding
constant to Hg2+ and quenching of the
fluorescence was amplified.


Keywords: alkynes · conjugated
polymers · glucose · sensors ·
transition metals
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form crystalline complexes with lead ions. According to Kl?-
fers et al. ,[20] such complexes appear gelatinous, detracting
attention from biologically and medicinally interesting
sugar–transition-metal coordination. And while the unspe-
cific interaction of some polythiophene derivatives with lead
and mercury salts at high concentrations has been studied
by McCullough et al.,[21] the chromic response was attribut-
ed to the conformational change of the conjugated back-
bone. Herein, we report the synthesis of PPEs 1–3 and their
sensitive but differential fluorescence quenching by Hg2+


and Pb2+ ions.


Results


Synthesis : Polymers 1 and 2 and the model compounds 7b
and 11b were synthesized according to Schemes 1 and 2, re-


spectively, while polymer 3 was prepared according to
ref. [22a] (Ethex: 1,4-diethynyl-2,5-bis(ethylhexyl)benzene).
Starting from diiodohydroquinone (4), etherification with
the polar chloride 5a furnished diiodide 6 (34%)
(Scheme 1). Polymerization utilizing the acetylene gas meth-
od[22b] produced polymer 1 in excellent yield (85%) with a
number-average molecular weight (Mn) of 9.5M103 amu and
a polydispersity (Mw/Mn) of 1.85. Another monomer, 7a,
was obtained in a 31% yield by the Pd-catalyzed alkynyl-
ation of 6 with (trimethylsilyl)acetylene followed by removal


of the TMS groups by tetrabutylammonium fluoride. To
access the model compound 7b, diiodide 6 was coupled to
4-methoxyphenylacetylene under standard Pd-catalyzed
coupling conditions.[11, 23] The trimer 7b was obtained analyt-
ically pure in a 54% yield after precipitation and washing
with a mixture of ethyl acetate/hexanes (EtOAc/Hex, 1:3).


The glucose-substituted polymer 2 and its model com-
pound 11b were obtained in an analogous way. Starting
from 2,5-diiodo-4-methoxyphenol (8), attachment of the tri-
ethylene glycol unit using iodide 5b and K2CO3 produced 9.
A Pd-catalyzed reaction with (trimethylsilyl)acetylene led to


monomer 10, while glycosyla-
tion of 9 using glucose penta-
acetate in the presence of
BF3·OEt2 in dichloromethane[24]


gave rise to the clean formation
of 11a in a 76% yield. Only the
b-anomer was observed under
these conditions, analogous to
the literature.[24] If diiodide 11a
is coupled to 10 by using stan-
dard Heck–Cassar–Sonoga-
shira[23] conditions, deacetylated
polymer 2 is formed in a 93%
yield with an Mn of 35M10


3 amu
and an Mw/Mn of 1.52. Coupling of 11a to 4-methoxyphenyl-
acetylene under the same conditions gave the analytically
pure, deacetylated model compound 11b (63% yield) after
precipitation and washing with a mixture of EtOAc/Hex
(1:3). The polymers and the model compounds are sparingly
soluble in water, but dissolve well in aprotic polar solvents
such as DMSO or dimethylformamide (DMF) forming clear
blue/green fluorescent solutions. The concomitant deacetyla-
tion of glucose when preparing 2 and 11b is gratifying and
occurs as a result of the action of the nucleophilic piperi-
dine. Varying amounts of N-acetylpiperidine are formed as
byproduct. The in situ deprotection is a convenient and mild
way of removing the acetyl groups cleanly.


Optical properties of the polymers and their model com-
pounds : PPEs 1 and 2 and their model compounds exhibit
the expected optical behavior.[11] In solution, the optical
properties of 1 and 2 are only determined by the dialkoxy–
PPE backbone and are not influenced by the presence of
the glucose or oligo(ethylene glycol) side chains. In Figure 1,
absorption and emission spectra of polymer 2 and model
compound 11b are shown. The optical properties of 2 in
DMF are identical, within experimental error, to those re-
ported by other groups (labsmax=410–452 nm, lemmax=455–
476 nm) for alkoxy–PPEs.[11] The quantum yield (F) of 2 in
DMF is 0.63, while that of 11b in DMF is 0.76. The quantum
yields for 1 and 7b are similar, as are their spectral features.


Sensing of lead and mercury—comparison of polymers to
model compounds


Polymers : Polymers 2 and 3 were originally designed to test
the binding of PPEs to lectins, that is, sugar binding pro-
teins. In binding studies with the lectin concanavalin A


Scheme 1. Synthesis of the polymer 1 and the model compound 7b.
a) K2CO3, DMF; b) [PdCl2(PPh3)2], CuI/THF, piperidine, then Bu4NF;
c) [PdCl2(PPh3)2], CuI/THF, piperidine.
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(Con A), we found that upon addition of the lectin-cofactor
Mn2+ to the solution of glucose–PPE 2 and Con A, a small
but significant quenching of the fluorescence of 2 occurred.


The quenching of polymers 2
and 3 with other transition-
metal ions was investigated.
Most transition-metal ions did
not elicit any response, however
Pb2+ and Hg2+ did (Table 1).


In our first experiment we
exposed 2 to HgCl2 and found
that significant quenching of 2
occurred with a KSV of 11M103.
Polymers 1 and 3, however,
were not quenched by mercury
chloride. Mercury chloride is
largely undissociated in water,
and probably even less dissoci-
ated in DMF. In a second set of
experiments we exposed 1–3 to
mercury nitrate, which is more
ionic. Here the KSV value in-
creased to 38M103 for 2 and a
moderate KSV value of 2.9M103


for the non-glycosylated poly-
mer 1 was observed. Polymer 3
was not quenched at all by
Hg(NO3)2. Is the nature of the
counterion or the dissociation
constant of importance for the
fluorescence quenching of the
polymers? We chose mercury


acetate and mercury trifluoroacetate (tfa) as additional
quenchers, the acetate having a low dissociation constant in
DMF, while mercury trifluoroacetate is more dissociated.
Mercury chloride and mercury acetate are grouped as low-
dissociating salts, while mercury nitrate and mercury tri-
fluoroacetate show a considerably higher concentration of
free mercury ions. The quenching of 1–3 with mercury ace-
tate is similar to that observed for quenching with HgCl2,
and the results of the quenching experiments of 1–3 with
mercuric trifluoroacetate ([Hg(tfa)2]) resemble those ob-
tained for the nitrate, with [Hg(tfa)2] being a somewhat
better quencher than the nitrate. Glucose–PPE 2 is
quenched by mercury trifluoroacetate effectively (KSV=48M
103) while the oligo(ethylene glycol)-substituted PPE (1)
shows a quenching of 2.9M103 and polymer 3 is quenched
only weakly by mercury trifluoroacetate. To test the quench-
ing of these PPEs by an unspecific quencher we investigated
the effect of the addition of 4-nitrophenol to 1–3. The ob-
tained KSV values are considerably lower than those for the
mercury salts and all similar, in the range of 1–2M103. The
data suggest that the chemical nature of the counterion to
the Hg2+ ion does not play a significant role in the interac-
tion of the PPEs with the transition-metal ion, only the dis-
sociation seems to be important. Addition of sodium acetate
does not quench the fluorescence of polymers 1–3, further
reinforcing the trend of the chemical insignificance of the
chemical nature of the counterion.


The quenching effect of lead was investigated. PPEs 1–3
show significant KSV values. Polymer 3 showed the largest
value with KSV=72M103. Only lead acetate quenches the


Scheme 2. Synthesis of the model compound 11b and the polymer 2. a) K2CO3, acetone; b) [PdCl2(PPh3)2],
CuI/THF, piperidine, then Bu4NF; c) [PdCl2(PPh3)2], CuI/THF, piperidine; d) glucose(OAc)5, BF3·OEt2;
e) [PdCl2(PPh3)2], CuI/THF, piperidine, then Bu4NF.


Figure 1. Absorption (&) and emission (c) spectra (a.u.=arbitrary
units) of model compound 11b in DMF (top; labsmax=369 nm, lemmax=


397 nm) and glucose–PPE 2 in DMF (bottom; labsmax=436 nm, lemmax=


476 nm).
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polymers; the nitrate has an almost negligible effect upon
the fluorescence of the polymers. The presence of the ace-
tate ion seems to be an auxiliary in the coordination of the
lead ions to the sugar-coated PPEs, but quenching is not a
function of the acetate anion as such.


Model compounds : To investigate if the binding of the tran-
sition metals to the sugar-coated PPEs is cooperative[25] or if
the molecular-wire effect as investigated by Swager for a
PPE model system[26] plays a role, the model compounds9
(7b, 11b) quenching behavior towards mercury and lead
salts was investigated. Neither 7b nor 11b were quenched
when mercury chloride or mercury acetate were added to
them in DMF (Table 1). In the case of Hg(NO3)2 and
[Hg(tfa)2], both 7b and 11b were quenched modestly
(Table 1) with KSV values in the range of 0.2–1.1M103.


Quenching polymers and model compounds with 4-nitrophe-
nol and paraquat (1,1’-dimethyl-4,4’-bipyridinium) dichlo-
ride : To obtain a standard for the sensing abilities of the
model compounds and the polymers, a reliable nonbinding
quencher was investigated. Using 4-nitrophenol, KSV values
between 1–2M103 for polymers 1–3 were obtained. For the
model compounds, nitrophenol was not a viable quencher as
its absorption wavelength overlaps with the emission wave-
length of 7b and 11b. Instead, paraquat dichloride was a
chosen as the quencher. An alkoxy–PPE was quenched by
paraquat with a KSV value of 5–6M102.[26] We find similar
values for 1 (KSV=520) and 2 (KSV=260). The model com-
pounds 7b and 11b showed KSV values of 130 and 290, re-
spectively. However, polymer 3 displayed much more effi-
cient quenching (KSV=4.5M103) suggesting a ground-state
complex of 3 with paraquat dichloride.


Discussion


The literature claims that sugars form complexes that bind
tightly to Hg2+ in solution. We have made monomeric (7b,
11) and polymeric (2, 3) glucose derivatives of arylene ethy-
nylenes. All of the phenylene ethynylenes are highly fluores-
cent and are attached to the glucose residue through the


anomeric carbon. Mercury is a
heavy-metal ion and will
quench fluorescence of a dye
by enhanced spin–orbit cou-
pling when in close proximity.
As a quantitative measure of
quenching, the Stern–Volmer
equation [Eq. (1)] is a useful
tool. The quencher concentra-
tion is [Q], KSV is the Stern–
Volmer constant, F0 is the fluo-
rescence intensity measured
without additional quencher,
and F[Q] is the fluorescence in-
tensity with quencher at a given
[Q].[27]


ðF0=F ½Q�Þ ¼ 1þKSV½Q� or KSV ¼ fðF0=FÞ	1g=½Q� ð1Þ


The slope of the graph (F0/F[Q]) versus [Q] equals KSV.
The more sensitive a given system is to a specific quencher,
the steeper the Stern–Volmer plot and the higher the KSV


value. Quenching processes can be generalized as having
two mechanisms, namely, they can be static or dynamic in
nature.[27] In static quenching, the fluorophore and the
quencher form a complex in the ground state. Upon irradia-
tion, quenching of the excited fluorophore by the complexed
quencher occurs. In dynamic or collision quenching, the ex-
cited state of the fluorophore is quenched by collision with
the quencher. If either one of these mechanisms is predomi-
nant in a given system, a linear Stern–Volmer relationship
occurs. A linear relationship is observed in the herein inves-
tigated Stern–Volmer plots of the quenching of the PPEs 1–
3, as shown in Figure 2 for glucose–PPE 2. Un-aggregated
PPEs in solutions show a short fluorescence lifetime
(around 0.3–0.5 ns),[11] and their fluorescence lifetimes do
not change upon addition of quencher.[26] It can be assumed
that static quenching is the prevalent mechanism operating
in the cases investigated here.[26] In the case of static quench-
ing, the Stern–Volmer constant is equal to the binding con-


Table 1. The degree of quenching observed with Hg2+ and Pb2+ ions, in addition to some other quenchers, by
polymers 1–3 and model compound trimers 7b and 11b in DMF.


1 7b 2 11b 3
KSV KSV K1


SV/K
7b
SV KSV KSV K2


SV/K
11b
SV KSV


HgCl2 NQ[a] NQ – 11M103 NQ >1000 NQ
Hg(OAc)2 NQ NQ – 16M103 NQ >1000 <10
Hg(NO3)2 2.9M103 520 5.6 38M103 1.1M103 35 NQ
[Hg(tfa)2]


[b] 2.9M103 200 15 48M103 0.91M103 53 <10
Pb(OAc)2 15M103 NQ >1000 25M103 <10 >250 72M103


Pb(NO3)2 <10 NQ – <10 <10 – <10
NaOAc NQ nd[c] – <10 nd[c] – NQ
4-nitrophenol 1.2M103 nd[c] – 1.3M103 nd[c] – 2.1M103


paraquat 520 130 4 260 290 1 4.5M103


dichloride


[a] NQ=no quenching observed. [b] tfa: trifluoroacetate. [c] nd=not determined.


Figure 2. Spectra showing the fluorescence emitted during the quenching
of glucose–PPE 2 by [Hg(tfa)2] in DMF: quencher concentrations (m)
from the bottom upwards are 1M10	4, 6M10	5


, 4M10	5
, 2M10	5, and 1M


10	5; the top spectrum is without quencher. The inset shows the Stern–
Volmer plot. The extracted Stern–Volmer constant is KSV=48M103.
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stant of the quencher to the fluorophore;[28] KSV convenient-
ly delivers the binding constant of mercury and lead salts to
sugar derivatives.


Mercury : We observed linear Stern–Volmer plots and in
some cases large KSV values using mercury salts as quench-
ers. Quenching is most efficient if a sugar unit is present (2)
but a triethylene glycol linker also seems necessary. Poly-
mers 1 and 3 are lacking either one of these features. If only
the ethylene glycol group is present (1) quenching is ob-
served for dissociated mercury salts, but no quenching is re-
corded for the less-dissociated acetate and chloride. Howev-
er, polymer 2 is quenched by all of the tested mercury salts.
The model compounds 7b and 11b do not show any quench-
ing with mercury chloride or acetate. However, in the case
of the trifluoroacetate and the nitrate, moderately efficient
quenching is observed (Figure 3). According to Table 1, the


binding of the model compounds to Hg2+ range from KSV=


200–1100; 7b and 11b bind better to Hg(NO3)2 than to
[Hg(tfa)2].


The largest increases of quenching ability are found when
comparing the quenching of 11b with mercury acetate or
mercury chloride with the quenching of 2 to the same salts.
The increase of the binding constant values via KSV is larger
than 103. In the case of the nitrate and the trifluoroacetate,
the increase when going from model compound to polymer
is significantly smaller but still a factor of 35–53. When com-
paring 7b to 1, the increase in KSV is less pronounced (K1


SV/
K7b


SV=6–15).
When comparing the model compound and polymer we


have two independent effects that enhance quenching. The
first one is the molecular-wire effect, as described by
Swager.[26] In this scenario, amplified quenching is achieved
by the connection of the sensory elements to the conjugated
backbone. Complexing one quencher will therefore shut
down the fluorescence of the whole chain. Reported en-
hancements in KSV range from 17 for a nonfunctionalized
PPE versus a nonfunctionalized PE-trimer to a 60-fold en-


hancement in a specifically designed model/PPE system.
The 60-fold enhancement was the largest reported and
might represent the upper limit for the molecular-wire effect
in solution.[26]


In one group we see enhancements of quenching that
range from factors of 6 to 35. In a second group of experi-
ments we observed 2 to be quenched with Hg2+ salts by a
factor >1000 times better than model 11b. The enhanced
quenching can not be due only to the molecular-wire effect,
cooperative binding must also be present. In cooperative
binding (Figure 4),[25] two or more sugar substituents of one


chain partake in the complexation of a single mercury ion
or HgX2-molecule to give a significantly higher KSV value
for 2 than for 11b thus explaining the differences in quench-
ing of 2 versus 11b with mercury acetate or mercury chlo-
ride.


The polymers9 (1–3) fluorescence is efficiently quenched
by lead acetate, with a KSV range of 15–72M103. Lead nitrate
does not quench the polymers9 fluorescence at all. The larg-
est KSV value resulted when 3 was quenched by lead acetate,
but model compounds did not show any quenching. We can
speculate that 1–3 form a complex with lead ions in which
the acetate groups might act as (a) supporting and/or bridg-
ing ligand(s) and increase binding. The quenching enhance-
ment shown by lead acetate is large for 1–3 suggesting that
both the molecular-wire effect and cooperative binding are
important, that is, two or more sugar substituents are in-
volved in the binding event.[27] We suspect that the unusually
high acidities of Hg2+ and Pb2+ [29] led to a higher than ex-
pected binding constant to alcohol functionalities. With the


Figure 3. Spectra showing the fluorescence emitted during the quenching
of model compound 11b by [Hg(tfa)2] in DMF: quencher concentrations
(m) from the bottom upwards are 1M10	3, 8M10	4


, 6M10	4, and 4M10	4
;


the top spectrum is without quencher. The inset shows the Stern–Volmer
plot. The extracted Stern–Volmer constant is KSV=0.9M103. Figure 4. Schematic representation of the cooperative quenching of glu-


cose–PPE 2 by mercury trifluoroacetate. Two or more sugar substituents
(crossed arrows) of one chain partake in the complexation of a single
mercury ion (sphere).
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enhanced acidity of the OH groups in sugars (pKa=12.3–
12.4)[30] this binding should be somewhat more enhanced.
We can speculate that a hexacoordinated Hg2+ ion sur-
rounded by three glucose molecules, of which two are
mono-deprotonated, is involved in these complexes
(Figure 5). In this case, the trans-arranged 4- and 5- hydroxyl


groups could operate in a chelating fashion. Alternatively
the 6-CH2OH groups and the 5-hydroxyl group of the glu-
cose substituent could be involved in a trimeric heavy-metal
chelate.


Conclusion


In summary, novel and polar PPEs 1 and 2 were made by
using the Pd-catalyzed coupling reaction of the Heck–
Cassar–Sonogashira–Hagihara type.[11] Fluorescence quench-
ing of PPE 2 and its monomeric model compound 11b with
mercury and lead salts was investigated. For both metals we
found dramatic enhancements of the quenching when going
from 11b to the sugar-coated PPE 2. In some cases the en-
hancements are too large to be explained by the molecular-
wire effect alone. In these cases a cooperative binding effect
between two or more neighboring glucose units placed
along the conjugated backbone must play a significant role
in the quenching experiments. However, the large complexa-
tion constants for mercury ions with monomeric sugars re-
ported in the literature[18] are not borne out by our investi-
gation. In future experiments we will make PPEs that con-
tain additional auxiliary metal-sensing entities, such as thiol
and/or aza crown functionalities in addition to the sugar
substituents.


It is of importance that sugar-substituted polymers are ca-
pable of detecting mercury and lead salts with quite high
sensitivity, particularly because hydroxyl groups are not the
classic ligands for soft metals.


Experimental Section


Synthesis of 2,5-diiodo-4-methoxyphenol (8): 1,4-Dimethoxy-2,5-diiodo-
benzene (9.28 g, 23.8 mmol) was dissolved in dichloromethane (300 mL).
The reaction flask was cooled to 	78 8C in a dry ice/acetone bath. An 1m
solution of boron tribromide (23.8 mL, 23.8 mmol) in CH2Cl2 was slowly
added through the condenser. The reaction mixture was stirred under ni-
trogen at room temperature for 16 h. Then water (200 mL) was added to
the flask. The organic layers were dried over MgSO4 and evaporated to
dryness. The product was purified by column chromatography (ethyl ace-
tate/hexanes 1:2). The solid was obtained in a 68% yield (6.80 g). M.p.
115–116 8C; 1H NMR (400 MHz, CDCl3): d=7.37 (s, 1H; Ar	H), 7.00 (s,
1H; Ar	H), 5.01 (s, 1H; Ar	H), 3.78 ppm (s, 3H; C	H); 13C NMR
(100 MHz, CDCl3): d=152.96, 149.88, 124.98, 119.67, 86.74, 84.50,
57.22 ppm; IR (KBr): ñ=3258, 2043, 1487, 1393, 1199, 1056, 1024, 854,
770 cm	1; elemental analysis calcd (%) for C7H6I2O2: C 22.36, H 1.61;
found: C 22.24, H 1.66.


Synthesis of 9 : Compound 8 (3.01 g, 8.00 mmol) and 2-[2-(2-
iodoethoxy)ethoxy]ethanol (2.50 g, 9.60 mmol) were dissolved in acetone
(30 mL). Potassium carbonate (11.0 g, 80.0 mmol) was added to the so-
lution. The reaction mixture was stirred under nitrogen at the reflux tem-
perature for 48 h. After the solution was cooled, the solid was filtered off
and washed with acetone. The solvent was evaporated and the reaction
mixture was extracted three times with chloroform. The organic layers
were dried over MgSO4 and evaporated to dryness. The product was pu-
rified by column chromatography (ethyl acetate/hexanes 1:1). A colorless
solid was obtained (3.10 g, 76%). M.p. 55–56 8C; 1H NMR (500 MHz,
CDCl3): d=7.23 (s, 1H; Ar	H), 7.15 (s, 1H; Ar	H), 4.08 (t, J(H,H)=
4.6 Hz, 2H; C	H), 3.86 (t, J(H,H)=4.6 Hz, 2H; C	H, ), 3.79 (s, 3H; C	
H), 3.77 (t, J(H,H)=4.4 Hz, 2H; C	H), 3.71 (t, J(H,H)=4.6 Hz, 2H; C	
H), 3.68 (t, J(H,H)=4.6 Hz, 2H; C	H), 3.60 ppm (t, J(H,H)=4.55 Hz,
2H; C	H); 13C NMR (75 MHz, CDCl3): d=153.41, 152.55, 123.63,
121.17, 86.46, 85.32, 72.46, 71.14, 70.48, 70.29, 69.59, 61.78, 57.11 ppm; IR
(KBr): ñ=3421, 2887, 1486, 1435, 1352, 1216, 1124, 1062, 1022, 854,
777 cm	1; elemental analysis calcd (%) for C13H18I2O5: C 30.73, H 3.57;
found: C 30.86, H 3.59.


Synthesis of 10 : Compound 9 (1.02 g, 2.00 mmol) and (trimethylsilyl)-
ethyne (0.7 mL, 5.0 mmol) were reacted in diisopropylamine/THF (1:4
v/v; 20 mL) in the presence of CuI (4 mg, 0.02 mmol) and [PdCl2(PPh3)2]
(14 mg, 0.02 mmol). The solution was stirred overnight at room tempera-
ture. The mixture was filtered to remove the ammonium salts and the sol-
vent mixture was removed in vacuo. The solid residue was dissolved in
THF and a solution of tetrabutylammonium fluoride (1m) in THF was
added. The reaction mixture was stirred for 10 min at room temperature
and the solvent was removed in vacuo. The product was isolated after
chromatography on a silica-gel column (ethyl acetate/hexanes/MeOH
20:20:1) as a pale-yellow solid (275 mg, 45%). 1H NMR (500 MHz,
[D6]DMSO): d=7.10 (s, 1H; Ar	H), 7.06 (s, 1H; Ar	H), 4.57 (t,
J(H,H)=5.50 Hz, 1H; O	H), 4.39 (d, J(H,H)=5.15 Hz, 2H; C	H), 4.11
(t, J(H,H)=4.75 Hz, 2H; O	C	H), 3.78 (s, 3H; O	C	H), 3.73 (t,
J(H,H)=4.55 Hz, 2H; O	C	H), 3.62 (t, J(H,H)=4.3 Hz, 2H; O	C	H),
3.54 (t, J(H,H)=4.3 Hz, 2H; O	C	H), 3.50 (t, J(H,H)=5.25 Hz, 2H;
O	C	H), 3.43 ppm (t, J(H,H)=5.15 Hz, 2H; O	C	H); 13C NMR
(75 MHz, CDCl3): d=154.33, 153.37, 118.24, 115.64, 113.32, 112.32, 82.85,
82.77, 79.49, 79.37, 72.38, 70.89, 70.27, 69.42, 69.32, 61.56, 56.21 ppm; IR
(KBr): ñ=3433, 3276, 2869, 1630, 1499, 1456, 1393, 1276, 1221, 1055,
1014, 864 cm	1; elemental analysis calcd (%) for C17H20O5: C 67.09, H
6.62; found: C 66.00, H 7.14.


Synthesis of 11a : b-Glucosepentaacetate (1.52 g, 3.00 mmol) and diiodide
9 (1.17 g, 3.00 mmol) were dissolved in anhydrous CH2Cl2 (10 mL), then
BF3·OEt2 (0.3 mL, 2.4 mmol) was added slowly. The reaction mixture was
stirred at room temperature for 24 h and then poured into 5% aqueous
NaHCO3 (20 mL). The organic layer was separated, washed with 5%
aqueous NaHCO3 and water. The organic phase was dried over MgSO4


and evaporated to dryness. The product was isolated by column chroma-
tography (ethyl acetate/hexanes/methanol 20:20:1). The product was ob-
tained as oil (1.24 g, 76%). 1H NMR (500 MHz, CDCl3): d=7.15 (s, 1H;
Ar	H), 7.07 (s, 1H; Ar	H), 5.07 (t, J(H,H)=9.5 Hz, 1H; C	H), 4.96 (t,
J(H,H)=9.7 Hz, 1H; C	H), 4.87 (t, J(H,H)=9.6 Hz, 1H; C	H), 4.51 (d,
J(H,H)=8.0 Hz, 1H; C	H), 4.14 (q, 1H; C	H), 4.00 (m, 3H; C	H), 3.83


Figure 5. Speculative molecular model of a [Hg(glucose)3] complex. Note
that two of the three sugar moieties are deprotonated for charge neutrali-
zation.
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(m, 1H; C	H), 3.76 (t, J(H,H)=4.95 Hz, 2H; C	H, ), 3.71 (s, 3H; C	H),
3.66–3.52 (m, 8H; C	H), 1.97 (s, 3H), 1.93 (s, 3H), 1.91 (s, 3H),
1.89 ppm (s, 3H); 13C NMR (75 MHz, CDCl3): d=170.33, 169.92, 169.09,
169.05, 153.25, 152.49, 123.43, 121.05, 100.63, 86.34, 85.22, 77.66, 71.59,
71.10, 71.62, 70.70, 70.23, 70.20, 69.50, 69.01, 68.22, 61.81, 57.01, 20.76,
20.71, 20.62, 20.60 ppm; IR (KBr): ñ=2939, 2876, 1754, 1483, 1454, 1437,
1365, 1348, 1217, 1174, 1122, 1060, 1038, 762 cm	1; elemental analysis
calcd (%) for C27H36I2O14: C 38.68, H 4.33; found: C 38.29, H 4.37.


Synthesis of glucose–PPE 2 : Diyne 10 (111 mg, 0.365 mmol) and diiodide
11a (276 mg, 0.329 mmol) were dissolved in a mixture of piperidine
(0.5 mL), THF (0.5 mL), and methanol (0.5 mL) in a Schlenk flask with a
flow of nitrogen and with magnetic stirring. [PdCl2(PPh3)2] (8 mg,
0.011 mmol) and CuI (2 mg, 0.011 mmol) were added to the flask. The re-
action mixture was stirred under the nitrogen at 40 8C for 16 h. The so-
lution was slowly added to acetone (300 mL). The precipitate was
washed with water. An orange solid was obtained (220 mg, 93%). The
weight average molecular weight (Mw) was estimated to be 53320 with a
polydispersity (Mw/Mn) of 1.52 (eluent: DMF). 1H NMR (500 MHz,
[D6]DMSO): d=7.17, 7.13, 4.95, 4.89, 4.86, 4.54, 4.46, 4.20, 4.12, 4.11,
3.86, 3.81, 3.66, 3.53, 3.44, 3.39 ppm; 13C NMR (100 MHz, [D6]DMSO):
d=153.75, 152.90, 117.44, 115.40, 113.63, 112.99, 103.02, 91.46, 76.88,
76.76, 73.40, 72.40, 70.24, 70.02, 69.92, 69.77, 69.12, 67.86, 61.06, 60.24,
56.35 ppm; IR (KBr): ñ=3431, 2877, 2204, 1509, 1452, 1403, 1271, 1218,
1040, 856 cm	1; elemental analysis calcd (%) for C36H46O15: C 60.16, H
6.45; found: C 58.89, H 6.67.


Synthesis of 6 : 2,5-Diiodohydroquinone (5.05 g, 14.0 mmol) and 2-[2-(2-
chloroethoxy)ethoxy]ethanol (5) (9.44 g, 56.1 mmol) were dissolved in
DMF (30 mL). Potassium carbonate (55 g, 0.4 mol) was added to the so-
lution. The reaction mixture was stirred under the nitrogen at the reflux
temperature for 3 d. After the solution was cooled, the solid was filtered
off. The solvent was evaporated and the reaction mixture was extracted
with chloroform and washed with water. The organic layers were dried
over MgSO4 and evaporated to dryness. The solid was crystallized from
acetonitrile and further purified by column chromatography (ethyl ace-
tate/methanol 97:3). A colorless solid was obtained (2.93 g, 34%). M.p.
77–78 8C; 1H NMR (500 MHz, CDCl3): d=7.22 (s, 2H; Ar-H), 4.09 (t,
J(H,H)=4.55 Hz, 4H), 3.86 (t, J(H,H)=4.55 Hz, 4H), 3.77 (t, J(H,H)=
4.55 Hz, 4H), 3.71 (t, J(H,H)=4.55 Hz, 4H), 3.68 (t, J(H,H)=4.55 Hz,
4H), 3.60 ppm (t, J(H,H)=4.55 Hz, 4H); IR (KBr): ñ=3424, 2943, 2886,
1487, 1467, 1355, 1326, 1265, 1240, 1218, 1126, 1117, 1086, 1063, 1031,
884, 858, 835, 798 cm	1; 13C NMR (75 MHz, CDCl3): d=152.76, 123.18,
86.28, 72.43, 71.07, 70.38, 70.11, 69.49, 61.64 ppm.


Synthesis of 7a : Diiodide 6 (6.26 g, 10.0 mmol) and (trimethylsilyl)ethyne
(2.45 g, 25.0 mmol) were reacted in diisopropylamine/THF (1:4 v/v;
100 mL) in the presence of CuI (24 mg, 0.13 mmol), Pd(OAc)2 (22 mg,
0.10 mmol) and PPh3(131 mg, 0.499 mmol). The solution was stirred over-
night at room temperature. The mixture was filtered to remove the am-
monium salts and the solvent was evaporated in vacuo. The solid residue
was dissolved in THF (50 mL) and 1m solution of tetrabutylammonium
fluoride (in THF, 16 mL, 16 mmol) was added. The reaction mixture was
stirred for 10 min at room temperature. The solvent was removed in
vacuo and the product was isolated on a silica-gel column (ethyl acetate/
hexanes/methanol 20:20:1). A pale-yellow solid was obtained (1.30 g,
31%). 1H NMR (300 MHz, CDCl3): d=6.94 (s, 2H; Ar	H), 4.09 (t,
J(H,H)=4.8 Hz, 4H), 3.81 (t, J(H,H)=4.8 Hz, 4H), 3.71 (t, J(H,H)=
4.8 Hz, 4H), 3.62 (t, J(H,H)=4.8 Hz, 4H), 3.54 (t, J(H,H)=4.8 Hz, 4H),
3.32 ppm (s, 2H); 13C NMR (75 MHz, CDCl3): d=153.66, 117.98, 113.28,
82.85, 79.38, 72.40, 70.92, 70.28, 69.43, 69.27, 61.56 ppm; IR (KBr): ñ=
3405, 3241, 2944, 2861, 2103, 1716, 1501, 1494, 1455, 1401, 1350, 1273,
1223, 1197, 1134, 1059, 1032, 941, 862 cm	1; elemental analysis calcd (%)
for C22H30O8: C 62.55, H 7.16; found: C 62.15, H 6.85.


Synthesis of (triethylene glycol)–PPE 1: Diiodide 6 was dissolved in a
mixture of piperidine (0.5 mL), THF (0.5 mL), and methanol (0.5 mL) in
a 25 mL Schlenk flask with a flow of nitrogen and magnetic stirring.
[PdCl2(PPh3)2] was added to the flask and the contents were treated with
acetylene gas according to reference [22b]. The reaction mixture was stir-
red at room temperature for 16 h. The solution was slowly added to ace-
tone (300 mL). The precipitate was washed with water. The number aver-
age molecular weight (MN) was estimated to be 9500 with a polydispersi-
ty (Mw/Mn) of 1.85. 1H NMR (400 MHz, [D6]DMSO): d=7.16 (2H; Ar	
H), 4.54 (2H; O	H), 4.20 (4H; C	H), 3.81 (4H; C	H), 3.66 (4H; C	H),


3.52 (4H; C	H), 3.45 (4H; C	H), 3.39 ppm (4H; C	H); 13C NMR
(100 MHz, [D6]DMSO): d=153.00, 117.26, 113.64, 91.54, 72.36, 70.19,
69.86, 69.01, 60.18, 60.06 ppm; IR (KBr): ñ=3426, 2928, 2871, 2204, 1514,
1426, 1353, 1278, 1216, 1127, 1062, 947, 886, 860 cm	1.


Synthesis of model compound 7b : Compound 7 (312 mg, 0.500 mmol)
and p-methoxyphenylacetylene (145 mg, 1.10 mmol) were dissolved in a
mixture of piperidine (2 mL), THF (2 mL), and methanol (2 mL) in a
Schlenk flask with a flow of nitrogen and with magnetic stirring.
[PdCl2(PPh3)2] (7 mg, 10 mmol) and CuI (2 mg, 10 mmol) were added to
the flask. The reaction mixture was stirred under nitrogen at 40 8C for
16 h and the solvent was removed in vacuo. Water (20 mL) was added to
the flask. The precipitate was collected and washed with water and ethyl
acetate/hexanes mixture (1:4). A pale-yellow solid was obtained (170 mg,
54%). 1H NMR (400 MHz, CDCl3): d=7.44 (d, 4H; Ar	H), 7.00 (s, 2H;
Ar	H), 6.85 (d, 4H; Ar	H), 4.18 (t, 4H), 3.90 (t, 4H), 3.80 (m, 10H),
3.66–3.61 (m, 8H), 3.55 ppm (t, 4H); 13C NMR (100 MHz, CDCl3): d=
159.70, 153.39, 132.98, 117.36, 115.35, 114.20, 113.99, 95.02, 84.45, 72.42,
71.19, 70.50, 69.75, 69.63, 61.74, 55.29 ppm; IR (KBr): ñ=3431, 2931,
2872, 1603, 1515, 1409, 1247, 1217, 1121, 1060, 1028, 833 cm	1.


Synthesis of model compound 11b : Diiodide 11a (372 mg, 0.444 mmol)
and p-methoxyphenylacetylene (129 mg, 1.977 mmol) were placed in a
small Schlenk tube. Piperidine (2 mL), THF (2 mL), and methanol
(2 mL) were added under a flow of nitrogen. Magnetic stirring dissolved
the starting materials, upon which [PdCl2(PPh3)2] (7 mg, 10 mmol) and
CuI (2 mg, 10 mmol) were added to the flask. The reaction mixture was
stirred under nitrogen at 40 8C for 16 h and the solvent was removed in
vacuo. Water (20 mL) was added to the flask. The precipitate was collect-
ed and washed with water and ethyl acetate/hexanes mixture (1:3). A
pale-yellow solid was obtained (190 mg, 63%). 1H NMR (400 MHz,
CDCl3): d=7.44 (d, 4H; Ar	H), 6.99 (s, 1H; Ar	H), 6.93 (s, 1H; Ar	
H), 6.83 (d, 4H; Ar	H), 4.24 (d, 1H), 4.12 (m, 2H), 3.87–3.73, 3.62–3.42,
3.32 (t, 1H), 3.24 ppm (d, 1H); 13C NMR (100 MHz, CDCl3): d=159.68,
152.98, 133.14, 117.70, 114.09, 113.95, 113.31, 103.01, 95.02, 84.63, 76.33,
75.63, 73.28, 72.89, 70.89, 70.30, 70.14, 69.60, 69.49, 68.70, 61.51, 56.34,
55.30, 55.25 ppm; IR (KBr): ñ=3418, 2933, 1603, 1515, 1404, 1248, 1218,
1171, 1030, 832 cm	1.
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A Remarkable Ligand Orientational Effect in Osmium-Atom-Induced Blue
Phosphorescence


Jen-Kan Yu,[a] Ya-Hui Hu,[a] Yi-Ming Cheng,[a] Pi-Tai Chou,*[a] Shie-Ming Peng,[a]


Gene-Hsiang Lee,[a] Arthur J. Carty,*[b] Yung-Liang Tung,[c] Shin-Wun Lee,[c]


Yun Chi,*[c] and Chao-Shiuan Liu[c]


Introduction


Recently, strong phosphorescent organometallic compounds
have been intensively investigated because of their potential
applications in organic light-emitting devices (OLEDs),
solar energy conversion,[1] photoreduction[2] and oxygen
sensing.[3] These materials, such as square-planar d8 com-
plexes of PtII[4] and AuIII[5] and octahedral d6 complexes of
ReI,[6] OsII,[7] IrIII,[8] and PtIV[9] ions, commonly exhibit superi-
or long excited-state lifetimes and high luminescence effi-
ciencies. Spin–orbit coupling, which is enhanced by the pres-


ence of heavy-metal ions incorporated at the core of these
complexes, results in highly efficient intersystem crossing, as
well as the breakdown of the spin-forbidden nature of phos-
phorescence.[10] In addition, the stronger ligand field
strength expected for these third-row elements makes the
metal-centered d–d transitions relatively inaccessible from
the lowest emitting state, so that the competing radiationless
deactivation process may no longer play a crucial role in
quenching the emission.[11] As a result, much stronger room-
temperature phosphorescence is normally observed in both
the liquid and solid states.


In view of their potential applications in OLED devices,
efforts have been made to design and synthesize phosphor-
escent metal complexes that show all three primary colors in
the full-color display. On the one hand, the synthesis of a va-
riety of green-emitting complexes has been quite successful,
and many exquisite results have been documented.[12] On
the other hand, despite the intrinsic obstacle of rapid nonra-
diative deactivation due to the smaller energy gap,[13] red-
emitting phosphorescent complexes have recently become
accessible through the incorporation of more rigid polyaro-
matic chromophores into the ligands as well as phenyl or
other highly conjugated ancillary groups that extend the
triplet-state lifetime.[14] In an effort to achieve a full-color
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Abstract: A new series of OsII-based
carbonyl complexes cis(CO),trans-
(Npy,Npy),cis(Ntz,Ntz)-[Os(CO)2(bptz)2]
(1), cis(CO),cis(Npy,Npy),trans(Ntz,Ntz)-
[Os(bptz)2(CO)2] (2), and cis(CO),-
trans(Npy,Npy),cis(Ntz,Ntz)-[Os(CO)2-
(fptz)2] (3), where bptz and fptz denote
3-tert-butyl-5-(2-pyridyl)- and 3-tri-
fluoromethyl-5-(2-pyridyl)-1,2,4-triazo-
late, respectively, have been designed
and synthesized in an effort to achieve
high efficiency, room-temperature blue
phosphorescence. Although 1 and 2 are
geometric isomers, remarkably differ-
ent excited-state relaxation pathways


were observed. Complex 1 exhibits
strong phosphorescence in CH3CN
(Fp~0.47) and as a single crystal at
room temperature, whereas complex 2
is nearly nonemissive under similar
conditions. The associated relaxation
dynamics have been comprehensively
investigated by spectroscopic and re-
laxation dynamics as well as by theo-
retical approaches. Our results lead us


to the conclusion that for complex 2,
the “loose bolt” effect of metal–ligand
bonding interactions plays a crucial
role in the fast radiationless deactiva-
tion of this type of geometrical isomer.
Fine adjustment can also be achieved
by functionalizing the ligands so that
the electron-withdrawing nature of the
CF3 group in 3 stabilizes the HOMO of
the triazolate moiety, thus moving the
emission further into the pure “blue”
region; this results in highly efficient
phosphorescence and renders 3 particu-
larly attractive for application in blue
OLED devices.


Keywords: carbonyl ligands ·
osmium · phosphorescence ·
pyrazole · pyridine · triazole
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display, researchers have recently turned their attention to
the design of potentially blue-emitting metal complexes.[15]


This goal, however, has been even more difficult to achieve.
One major challenge lies in the selection of suitable chelate
ligands to produce complexes with sufficiently large intra-
ligand (IL) p–p* and metal–ligand charge transfer (MLCT)
energy gaps. Such an approach might be expected to lead to
a closer proximity between IL (or MLCT) and metal-cen-
tered dd states (or ligand field (LF) states), which would
induce an efficient radiationless decay pathway. A potential
strategy for circumventing this obstacle would be to ensure
the presence of a large crystal-field stabilization energy so
that the metal-centered dd states are well above the desig-
nated IL (or MLCT) emitting states.[11] Thus, subtlety in the
selection of the third-row metal element as well as the ancil-
lary ligands is necessary to ensure that the relative energy
levels of the various states (e.g. intra-ligand (IL) pp*,
MLCT and metal dd) can be fine-tuned to maximize the ef-
ficiency of the blue phosphorescence. To achieve this goal
attempts have been made to design polynuclear nitrogen
heterocycles with the appropriate electronic properties,[16]


and to employ third-row transition metals to strengthen the
metal–ligand bonding interactions.


Herein, we demonstrate the synthesis and characterization
of a series of new osmium carbonyl complexes 1–3, which
contain a specially tailored chelating ligand, (2-pyridyl)tri-
azole (Scheme 1), by reactions with [Os3(CO)12]. This syn-
thetic route is similar to the one we previously used for the
synthesis of pyrazole complexes.[17] In addition to the ad-
vantage of an even larger HOMO–LUMO (p–p*) energy
gap relative to that of (2-pyridyl)pyrazole, the (2-pyridyl)-
triazolate ligand is an asymmetric chelate ligand. The use of
such asymmetric ligands should, in the absence of structural
stereoselectivity, give two or even more isomers from a
single synthetic manipulation. Accordingly, geometric iso-
mers of 1 and 2 were obtained from the condensation of
[Os3(CO)12] and 3-tert-butyl-5-(2-pyridyl)-1,2,4-triazole
(bptz)H. Remarkably, these isomers exhibit drastically dif-
ferent photophysical properties. In contrast, the related
complex 3 was isolated as a single isomer from the respec-
tive reaction using the CF3-substituted triazole (fptz)H. This
molecule exhibits the best saturated blue phosphorescence
of all of these derivatives. A detailed relaxation mechanism
for this phosphorescence was probed in this study. These re-


sults, in combination with structural information determined
by X-ray diffraction analysis coupled with theoretical calcu-
lations, demonstrate the importance of the interplay be-
tween the various lower-lying excited states in optimizing
both the peak wavelength and the quantum efficiency of
these third-row transition-metal complexes.


Results


Preparation and spectroscopic characterization : Analogous-
ly to the previously reported reaction involving 3-trifluoro-
methyl-5-(2-pyridyl)pyrazole,[17] the corresponding triazole
ligand, (fptz)H, readily reacted with [Os3(CO)12] to afford
the highly emissive [Os(CO)2(fptz)2] (3) as the only isolable
product. Characterization of 3 was achieved by spectroscop-
ic methods (see the Experimental Section). It was assumed
that complex 3 is isostructural with the pyrazolate analogue
[Os(CO)2(pypz)2],


[17b] in which both the pyridyl nitrogen
atom (Npy) and the nearby nitrogen atom of the triazolate
fragment coordinate to the central metal atom to form the
expected five-membered C2N2Os ring system.


A similar synthetic route was applied to the related tert-
butyl-substituted triazole. In contrast to the previous results,
two complexes with identical stoichiometry were observed.
This is evident from the electron impact MS analysis, which
showed the molecular ion at m/z 651 and the daughter peak
due to the simultaneous loss of two carbonyl ligands at m/z
591. Separation of these osmium complexes was achieved by
using their marked differences of solubility in acetone, in
which the less soluble isomer [Os(CO)2(bptz)2] (1) can be
readily obtained as a crystalline solid, while the second
product [Os(bptz)2(CO)2] (2) was isolated by repeated ex-
traction and slow diffusion of hexane vapor into the saturat-
ed acetone solution at room temperature.


The isomerization of complexes 1 and 2 was slow even at
elevated temperatures. This was confirmed by heating crys-
talline samples of either 1 or 2 to 185 8C for a period of
three days. Complex 1 exhibited a much greater thermal sta-
bility under these extreme conditions, with about 75% of
the starting material being recovered. Conversely, complex 2
underwent severe decomposition, affording only about 30%
of recovered 2 together with a negligible amount of 1. When
analogous reactions were conducted in hexane solution in a


stainless steel autoclave (185 8C,
3 days), even greater amounts
of decomposition were ob-
served for 1 (�50%) and 2
(�80%). Nevertheless, the inter-
conversion between complexes
1 and 2 was again negligible in
both of these experiments.


Structural characterization :
Single-crystal X-ray diffraction
studies were carried out to re-
solve the exact molecular struc-
tures of complexes 1 and 2
(Table 1). Bond lengths andScheme 1. Schematic structural drawings of complexes 1, 2, and 3.
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angles of complex 2 are listed in Table 2. As depicted in
Figure 1, the structure of 1 has an octahedral coordination
around the osmium atom. The 2-pyridyltriazolate ligands
form five-membered chelate rings with the pyridyl nitrogen
atoms N1 and N5 located in the trans positions, while the cis
carbonyl ligands occupy the sites trans to the triazolate ni-
trogen atoms N2 and N6, which are arranged in a cis(N,N)
fashion. The pairs of donor ligands CO, and atoms Npy, and
Ntz define the observed cis-trans-cis conformation. In terms
of coordination geometry, the major deviation from a per-
fect octahedral coordination is caused by the smaller bite
angles observed for the 2-pyridyltriazolate chelates (aN1-
Os-N2 77.19(9) and aN5-Os-N6 77.13(9)8). Moreover, the
triazolate nitrogen atoms seem to possess a slightly stronger
donor interaction with the OsII center than the 2-pyridyl ni-
trogen atoms. This viewpoint is supported by the Os�N(tz)
distances (Os�N2 2.071(2) and Os�N6 2.072(2) O) being
significantly shorter than the Os�N(py) distances (Os�N1
2.108(2) and Os�N5 2.110(2) O]. Nevertheless, both sets of
distances are slightly longer than the Os�N distances of
2.036–2.076 O observed in related complexes, such as [Os-
(bpy)2(Cl)(NCMe)][PF6] and [Os(bpy)3][PF6]2.


[18]


An X-ray structural charac-
terization of 2 was conducted to
reveal the structural differences
between compounds 1 and 2.
An ORTEP diagram, together
with the atom-numbering
scheme, is illustrated in
Figure 2, and selected bond
lengths and angles are listed in
Table 3. The orientation of the
ligands around the osmium
atom in 2 is distinctively differ-
ent from that in 1. First of all,
the pyridyl-nitrogen atoms N1
and N5 are now located at the
positions trans to the cis-orient-
ed carbonyl ligands. Whereas
altering the ligand orientation
has a negligible effect on the
chelate bite angles (cf. aN1-
Os-N2 77.0(2) and aN5-Os-N6
76.9(2)8) the pyridine–osmium
dative bonding interaction ap-
pears to be substantially


weaker, as is evident from the Os�N(py) distances (Os�N1
2.152(5) and Os�N5 2.166(5) O), which are the longest ever
observed for closely related osmium complexes. Moreover,
the Os�N(triazolate) distances in 2 (Os�N2 2.046(4) and
Os�N6 2.067(4) O), in which the triazolate ligands are trans
to one another, are slightly shorter than those in 1 (Os�N2
2.071(2) and Os�N6 2.072(2) O), in which these ligands are
trans to CO. These differences can be rationalized in terms
of the relative donor–acceptor properties of the nitrogen li-
gands and their competition with CO, which is known to be
a strong p acceptor. The very long Os�N(pyridine) distances


Table 1. Crystal data and structure refinement parameters for complexes 1 and 2.


Complex 1 2


empirical formula C24H26N8O2Os C24H26N8O2Os·0.5C3H6O
formula weight 648.73 677.77
diffractometer Bruker Smart ApexCCD Nonius KappaCCD
temperature [K] 295(2) 150(1)
crystal system triclinic monoclinic
space group P1̄ P21/n
a [O] 9.9562(4) 9.2101(1)
b [O] 10.1502(4) 23.0476(3)
c [O] 14.5424(6) 13.3190(2)
a [8] 82.404(1)
b [8] 73.950(1) 107.9669(8)
g [8] 65.429(1)
volume [O3], Z 1284.19(9), 2 2689.36(6), 4
1calcd [Mgm�3] 1.678 1.674
absorption coefficient [mm�1] 5.001 4.782
F(000) 636 1336
crystal size [mm3] 0.40R0.30R0.30 0.33R0.25R0.25
2q [8] 2.21–27.50 1.77–27.50
reflections collected 20922 27283
independent reflections 5885 6168
R(int) 0.0306 0.0446
no. data/restraints/parameters 5885/0/344 6168/1/323
goodness-of-fit on F2 1.068 1.183
final R indices [I>2s(I)] R1=0.0203, wR2=0.0493 R1=0.0403, wR2=0.1075
R indices (all data) R1=0.0221, wR2=0.0502 R1=0.0589, wR2=0.1238
largest difference peak/hole [eO�3] 0.783/�0.908 1.829/�1.642


Table 2. Selected bond lengths [O] and angles [8] for complex 1.


Os�N1 2.108(2) Os�N2 2.071(2)
Os�N5 2.110(2) Os�N6 2.072(2)
Os�C1 1.878(3) Os�C2 1.894(3)
O1�C1 1.136(4) O2�C2 1.131(4)
N2�N3 1.362(3) N2�C8 1.322(3)
N3�C9 1.332(4) N4�C8 1.333(4)
N4�C9 1.345(4)
N1-Os-N2 77.19(9) N5-Os-N6 77.13(9)
N1-Os-N5 164.01(9) N2-Os-C2 172.12(11)
N6-Os-C1 172.27(12)


Figure 1. Molecular structure of complex 1 (ORTEP diagram with ther-
mal ellipsoids shown at the 30% probability level; the methyl groups of
the tert-butyl substituent on the triazolate fragments have been removed
for clarity).
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in 2 (trans to CO) suggest that the pyridine ligands are
poorer s donors and/or p acceptors than the triazolate li-
gands (trans to CO) in 1. This is also consistent with the
known higher p* energy level of the pyridyl fragment rela-
tive to the triazolate, which should render the pyridyl group
a poorer p acceptor. In addition, the triazolate ligand is neg-
atively charged whereas the pyridine group is a neutral
donor. This suggests that the triazolate should be a stronger
s donor than pyridine, which is again consistent with the
bond length data. Finally, we note that in the IR spectra of
both 1 and 2 there are two sharp n(CO) bands, the frequen-
cies of which are higher in the spectrum of 2 (2050 and
1982 cm�1) than in that of 1 (2041, 1970 cm�1), which con-
firms there is less p-backbonding to CO in 2. These stereo-
chemical and bonding differences between 1 and 2 are un-
doubtedly responsible for the remarkable photophysical and
photochemical properties of these compounds which are de-
scribed below.


Photophysical and photochemical properties : Figure 3 shows
the UV/Vis absorption and emission spectra of complexes 1,
2, and 3 in acetonitrile. In general, the dominant absorption
band in the spectral region of 225–280 nm, for which e


values at the absorption maxima were calculated to be
>104


m
�1 cm�1, is attributed to the local 1p–p* transition of


the pyridine and/or triazolate fragment. The broad, struc-
tureless band at ~310–340 nm for 1–3 can be assigned to a
triazolate-to-pyridine intra-ligand p–p* transition, a fact
which is firmly supported by theoretical calculations. Note
also that the 320–330 nm band spectrally resembles that of
the deprotonated free ligand, that is, bptz or fptz. Moreover,
the absorption profile for complexes 1–3 at l>340 nm is
mainly due to the metal–ligand charge transfer in the singlet
state (1MLCT), which is otherwise absent in the deprotonat-
ed ligand. Further insights into the subtle differences be-
tween 1 and 2 will be elaborated in the following sections.
Although an effective enhancement of the spin–orbit cou-
pling by the osmium atom is expected, absorption features
associated with the 3


MLCT and intra-ligand 3p–p* bands
could not be resolved from that of the singlet states. Finally,
the introduction of the electron-withdrawing CF3 group
onto the electron-rich triazolate moiety of compound 3 sta-
bilizes the ligandSs HOMO so that the intra-ligand p–p*
band undergoes a hypsochromic shift of ~3075 cm�1 relative
to that of 1 or 2.


The emission spectrum of compound 1 is depicted in
Figure 3. Despite the diffusive intra-ligand p–p* absorption
band, the corresponding emission spectrum exhibits a dis-


Figure 2. Molecular structure of complex 2 (ORTEP diagram with ther-
mal ellipsoids shown at the 30% probability level; the methyl groups of
the tert-butyl substituent on the triazolate fragments have been removed
for clarity).


Table 3. Selected bond lengths [O] and angles [8] for complex 2.


Os�N1 2.152(5) Os�N2 2.046(4)
Os�N5 2.166(5) Os�N6 2.067(4)
Os�C1 1.901(7) Os�C2 1.875(7)
O1�C1 1.122(8) O2�C2 1.129(8)
N2�N3 1.364(6) N2�C8 1.338(7)
N3�C9 1.339(6) N4�C8 1.335(7)
N4�C9 1.349(7)
N1-Os-N2 77.0(2) N5-Os-N6 76.9(2)
N2-Os-N6 161.6(2) N1-Os-C2 173.8(2)
N5-Os-C1 174.2(2)


Figure 3. UV/Vis absorption (-&-) and emission (-*-) spectra of a) com-
plex 1, b) 2, and c) 3 in CH3CN. The trace (-~-) denotes the emission
spectra obtained from the single crystals at room temperature.
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tinct vibronic feature, with peak maxima at ~455, 480, and
507 nm in CH3CN at 298 K. The luminescence intensity is
linearly proportional to the increase in concentration, ruling
out a possible association with any high-order aggregation.
That the entire emission band originates from a common
ground-state species is ascertained by the same fluorescence
excitation spectra throughout the monitored wavelengths of
450–600 nm. The excitation spectra, within experimental
error, are also effectively identical to the absorption spec-
trum, indicating that the entire emission results from a
common Franck–Condon excited state. Comparison of the
corresponding absorption and emission spectra of 1 elicits
several remarks. First of all, there is a significantly large
energy gap of about 4000 cm�1 for the 0–0 vibronic onsets
between the absorption of the singlet state and the emission
bands. In comparison, the deprotonated bptzH ligand exhib-
its a fluorescence band maximized at ~320 nm, in which the
0–0 onset overlaps well with that of the intra-ligand p–p*
absorption band. Secondly, the Stokes shift, defined as the
peak-to-peak frequency between absorption (singlet p–p*
transition) and emission, is as large as 8000 cm�1. The emis-
sion peak wavelength is nearly solvent-polarity independent,
with a slightly hypsochromic shift from 478 nm in cyclohex-
ane to 480 nm in CH3CN. Thus, the possibility of the emis-
sion being associated with a large solvent dipolar relaxation
can also be eliminated.[19]


The emission intensity, as well as the corresponding relax-
ation dynamics for complex 1, is strongly quenched by
oxygen. Under oxygen-free conditions, the quantum effi-
ciency of the 480 nm emission in CH3CN was measured to
be as high as 0.42, with a lifetime of 39.9 ns (Table 4). By
aerating the solution the quantum efficiency and lifetime
were drastically reduced to 2R10�3 and 218 ms, respectively.
The plot of relaxation dynamics versus O2 concentration re-
veals a straight line (not shown here). Accordingly, the O2


quenching rate constant was deduced to be 2.4R109
m


�1 s�1,
which is nearly 1/9 of the diffusion-controlled rate in
CH3CN, consistent with a quenching mechanism that incor-
porates collision-induced triplet–triplet energy transfer.[17b]


This result, in combination with the steady-state resolved
large 0–0 splitting and vibronic progression feature, leads us
to conclude that the emission from complex 1 mainly origi-
nates from a triplet p–p* transition in the cyclometalated
complexes.[20] No fluorescence that could be attributed to
either intra-ligand 1p–p* or 1MLCT fluorescence was re-
solved, which indicates an ultrafast rate for the osmium-en-
hanced intersystem-crossing process.


Remarkable differences in the emission properties were
observed for 2. In contrast to 1 with its highly efficient phos-
phorescence, complex 2 is nearly nonemissive at room tem-
perature in CH3CN. The emission quantum efficiency was
measured to be as low as 4.6R10�4 in degassed CH3CN at
298 K. Intriguingly, despite the drastic dissimilarity in the
emission intensity, the phosphorescence of 2 possesses simi-
lar vibronic spectral features to that of 1, with the peak
maxima being red-shifted by only about 3–5 nm (see
Figure 3). The weak phosphorescence intensity also corre-
lates well with the observed fast relaxation dynamics; the
lifetime of the phosphorescence for 2 was measured to be as
short as 26.3 ns in CH3CN. Quenching by O2 is thus negligi-
ble owing to the fast nonradiative decay rate, as indicated
by the nearly unchanged emission intensity and relaxation
dynamics before and after aeration. Note that although the
rate of intersystem crossing is very fast, as indicated by the
system-response-limited rising component of the phosphor-
escence (!200 ps), a small but non-negligible fluorescence
shoulder (lmax~420 nm, tf !200 ps) could be resolved in 2
(see Figure 3b).


Temperature-dependent studies were performed to gain
further insights into the deactivation mechanism for com-
plex 2. As shown in Figure 4, the phosphorescence was
strongly temperature dependent. The quantum yield in-
creased from 4.6R10�4 at 298 K to about 0.40 at 150 K and
remained constant at lower temperatures. The results ob-
tained under steady-state conditions were further compared


with the temperature-depend-
ent relaxation dynamics. The
lifetime of the phosphorescence
of complex 2 followed the
steady-state pattern, increasing
significantly from 26.3 ns at
298 K to as long as 34 ms at
150 K. By assuming a tempera-
ture-independent radiative
decay rate (kr) for the phos-


Table 4. The photophysical properties of the osmium complexes at room temperature.[a]


labs
max [nm] lem


max [nm] Faerated Fdegassed taerated tdegassed


1 250, 333 455, 480, 507 2.31R10�3 4.2R10�1 218 ns 39.9 ms
(456, 482, 512, 551) (42.4 ms)


2 240, 276, 340 460, 483, 515 2.93R10�4 4.6R10�4 21.7 ns 26.3 ns
(410, 445, 472, 503, 527, 570) (88.7 ns)


(6.9 ms)[b]


3 243, 307 420, 446, 468 9.56R10�2 2.33R10�1 860 ns 2.88 ms
(418, 443, 475, 500) (4.5 ms)


[a] Data for the single-crystal samples are listed in parentheses. [b] At 77 K.


Figure 4. The temperature dependent emission spectra of complex 2.
Insert: The linear graphical plot of lnk versus 1/T, where k=��


l
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phorescence, the observed temperature-dependent decay
rate kobs can be expressed by Equation (1), where knr(T) rep-
resents the temperature-dependent nonradiative deactiva-
tion rate, and knr denotes the temperature-independent radi-
ationless decay rate constant, possibly involving intersystem
crossing, and so on. Accordingly, the measured quantum
yield can be deduced by Equation (2).


kobs ¼ kr þ knr þ knrðTÞ ð1Þ


Fp ¼
kr


kr þ knr þ knrðTÞ
ð2Þ


The temperature-dependent radiationless decay rate con-
stant knr(T) can be expressed as an Arrhenius-type thermally
deactivated pathway by Equation (3), which can then be
substituted into Equation (2) to obtain Equation (4).


knrðTÞ ¼ Ae�Ea=RT ð3Þ


ln
��


l
Fp


�1� knr


kr


�
kr


�
¼ lnA� Ea


RT
ð4Þ


As indicated by steady-state and time-resolved measure-
ments, the lifetime and intensity of the emission at <150 K
are nearly temperature independent. Thus knr(T) is assumed
to be negligible, and Fp expressed in Equation (2) can be
simplified to Equation (5), which was measured to be about
0.40 at 150 K. On the other hand, kobs was determined to be
2.97R104 s�1 at 150 K. Accordingly kr and knr were deduced
to be 1.21R104 and 1.76R104 s�1, respectively. Having deter-
mined all the parameters, the plot of Equation (4) reveals a
straight line and Ea was deduced to be 7.64 kcalmol�1 with a
frequency factor A of 7.24R1012 s�1 (see insert of Figure 4).


Fp ¼
kr


knr þ kr
ð5Þ


Similar emission trends were observed for the single crys-
tals of complexes 1 and 2, with the intensity of the phos-
phorescence of 2 about 140-fold lower than that of 1. These
results indicate that the large amplitude motions[21] do not
trigger the radiationless deactivation in 2. Both the intensity
and the relaxation dynamics of the phosphorescence of 2
also revealed a strong temperature dependence; the lifetime
increased from 88.7 ns at 298 K to 6.9 ms at 77 K. Interest-
ingly, although the spectral features for 1 and 2 are similar
in solution, they are notably different in the single crystal;
the emission of 1 is broader and red-shifted compared with
that of 2 (see Figure 3 for comparison). The results imply
that 1 and 2 may be subject to different crystal-packing envi-
ronments, which perturbs both the ground and electronically
excited states to various degrees. This viewpoint is support-
ed by the fact that 1 and 2 crystallize in different space
groups, P1̄. and P21/n, respectively, in the solid state (see
Table 1).


In another approach, the possible deactivation through
photoinduced 2!1 isomerization was investigated by pho-
tolysis. When complex 2 was irradiated by using the third
harmonic (355 nm) of the Nd:YAG laser (~0.12 mJpulse�1,


0.6 cm beam diameter), certain photochemical reactions
took place, as indicated by the decrease in the intensity of
the 340 nm absorption band and the growth of a new
shoulder at lmax~420 nm (Figure 5). During the photolysis


of 2, we observed neither characteristic absorption bands
nor the time-dependent increase of the 480 nm phosphores-
cence ascribed to complex 1. Therefore, it seems very un-
likely that 2!1 isomerization occurs upon photolysis.
Knowing the time-dependent absorbance change of 2 at
355 nm, the photon flux of the laser and the irradiated
volume in the photolysis experiment, we estimated the yield
of the photoreaction of 2 to be ~5R10�4, which is negligible
in comparison to the >99% quenching efficiency of the
emission. Accordingly, photochemical reactions, especially
in steady-state conditions, should be a very minor channel
and thus cannot account for the dominant radiationless de-
activation in complex 2. In contrast, under identical photoly-
sis conditions, similar photochemical reactions did not take
place in complex 1, as indicated by the insignificant changes
in its absorbance and spectral features. Apparently, the
structural differences and the associated bonding play a cru-
cial role in determining the photochemical reactivity. We
thus suspect that one plausible reaction channel for the radi-
ationless deactivation in complex 2 may involve the weaken-
ing of either the metal–pyridine or the metal–CO interac-
tion; the latter is more likely as this would commonly lead
to decomposition after prolonged irradiation. As discussed
in the following section, the associated shallow metal–ligand
(CO or pyridine) potential energy surface plays a key role
in the dominant radiationless transition.


Discussion


To explain the above results, we propose that certain excited
states exist that, after being populated, are channeled into
radiationless deactivation pathways. One plausible candidate
should be the metal-centered d–d transition (i.e., ligand
field (LF) transition), which normally results in weakening
of the metal–ligand interaction as a result of its anti-bonding


Figure 5. The time-dependent absorption spectra of complex 2 upon pho-
tolysis with a 355 nm laser beam (10 Hz repetition rate, see text for de-
tails).
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character and may thus act as an activator for the overall ra-
diationless transition.[22] To gain more insight into the differ-
ences in the photophysical properties of 1 and 2, ab initio
calculations (DFT, see Experimental Section) on the corre-
sponding molecular orbitals involved in the transition were
carried out.


For complexes 1 and 2, the features of the two lowest un-
occupied (LUMO and LUMO+1) and the two highest oc-
cupied (HOMO and HOMO-1) frontier orbitals mainly in-
volved in the transition are depicted in Figure 6, while the
descriptions and the energy gap of each transition are listed
in Table 5 and Table 6. Apparently, the electron densities of
the singlet and triplet states for both the HOMO and
HOMO-1 are located largely on the triazolate moiety,
whereas those of the LUMO and LUMO+1, are largely
distributed on the pyridyl moiety, indicating that the lowest
transitions, in part, are p(triazolate)!p*(pyridine) in char-
acter. The lowest triplet states calculated for 1 (453 nm) and
2 (450 nm) are similar in energy, with a difference of as little
as about 0.5 kcalmol�1. In contrast, the calculated S0–S1


energy gap of 2 (374 nm) is red-shifted with respect to that
of 1 (367 nm) by 1.62 kcalmol�1. The results not only pre-
cisely predict the energy levels of the lower lying excited
states but are also consistent with a longer S0!S1 peak
wavelength in 2, whereas the phosphorescence exhibits simi-
lar peak wavelengths for 1 and 2 in solution. Therefore, the
theoretical level adopted here is suitable for studying the
photophysical properties of the complexes concerned.


To deduce the possible nonradiative relaxation pathway,
four lowest excited states, including two singlet and two trip-
let states (see Table 5 and Table 6), were examined. For
both complexes 1 and 2, none of these states possess d–d
transition character, which rules out the possibility that dd
excited states serve as a dominant radiationless deactivation
pathway. The strong ligand field strength of the bptz and
CO ligands should account for the inaccessibility of the dd
excited state (vide supra). Although the lowest triplet states
of 1 and 2 have similar energy properties, the associated
frontier orbitals are remarkably different; the HOMO-1 of 1
comprises only p orbitals, while that of 2, similar to the
HOMO, consists of a significant contribution from an OsII


dp orbital and to a lesser extent from CO ligands. Accord-
ingly, a T1 configuration in 2 could reasonably be attributed
to a 3p–p* transition, mixed to a great extent with the
3MLCT character.[23] Populating the T1 excited state causes a
shift of the electron density from the metal center, CO, and
the triazole to the pyridine moiety, which results in a further
reduction of the already weakened Os–CO and Os–pyridine
bonding interactions in 2 (vide supra). As a result, the po-Figure 6. Selected frontier orbitals of complexes 1 and 2.


Table 5. The calculated energy levels of the lowest four transitions of
complex 1.


Complex 1 l [nm] E [eV] f Assignments


T1 453.3 2.73 ~0 HOMO!LUMO+1 (+63%)
HOMO-1!LUMO+1 (+19%)
HOMO!LUMO (+13%)
HOMO!LUMO+3 (+7%)


T2 446.8 2.77 ~0 HOMO-1!LUMO (+57%)
HOMO!LUMO (24%)
HOMO-1!LUMO+1 (12%)
HOMO-1!LUMO+2 (+7%)


S1 367.3 3.38 0.025 HOMO!LUMO (+94%)
S2 361.4 3.43 0.0206 HOMO!LUMO+1 (+84%)


HOMO-1!LUMO+1 (6%)


Table 6. The calculated energy levels of the lowest four transitions in
complex 2.


Complex 2 l [nm] E [eV] f Assignments


T1 449.8 2.76 ~0 HOMO!LUMO+1 (+25%)
HOMO-1!LUMO (+25%)
HOMO!LUMO (+28%)
HOMO-1!LUMO+1 (+22%)


T2 375.3 3.3 ~0 HOMO-1!LUMO+1 (+30%)
HOMO!LUMO (18%)
HOMO-1!LUMO (26%)
HOMO!LUMO+1 (+26%)


S1 374.1 3.31 0.007 HOMO!LUMO (+85%)
HOMO-1!LUMO+1 (11%)


S2 372.6 3.33 0.0047 HOMO!LUMO+1 (+71%)
HOMO-1!LUMO (26%)
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tential energy surface (PES) of T1 in complex 2 might be so
shallow that, under extreme conditions, a surface crossing of
the PES between S0 and T1 is possible (see Figure 7). As


shown in Figure 7, and supported by the system-response-
limited fluorescence rising time, upon excitation, fast S1–Tn


intersystem crossing (ISC) must take place. It is plausible
that ISC proceeds from S1 to T2 as a result of their similar
energies (see Table 6), followed by a fast T2!T1 internal
conversion (�1 ps�1). After population equilibrium, 2 can
be thermally activated to certain vibrational levels close to
the section of surface crossing thus enabling radiationless
deactivation through facile metal–ligand bond stretching or
even CO elimination. The experimentally extracted activa-
tion energy of 7.6 kcalmol�1 provides a quantitative estimate
of the energy difference between the ground vibrational
level of T1 and the surface crossing section. Thus, upon ther-
mal activation, a dominant T1!S0 radiationless transition
caused by a “loose bolt” effect might take place.[24] Further-
more, owing to the shallow PES, a small but non-negligible
portion of this thermal activation might also initiate CO
elimination, as supported by the photolysis experiments.
Nevertheless, the actual PES involved in the nonradiative
process requires further advanced and time-consuming theo-
retical investigation.


Our discovery may allow a parallel to be drawn between
the behavior of tris-cyclometalated iridium complexes, for
which the isolation of two geometrical isomers has also been
documented in the literature.[25] Structural and spectroscopic
data suggest that the facial isomers have stronger and more
evenly distributed metal–ligand bond interactions, and are
highly emissive in both the fluid and solid states at room
temperature. In contrast, the meridional isomers have much
greater bond length alternations due to differences in the
trans influences of the anionic phenyl moiety and the neu-


tral nitrogen donors, such as pyridine or pyrazole, and are
significantly less emissive under identical conditions at room
temperature. Naturally, this greater bond strength alterna-
tion of the meridional isomers induces a similar “loose bolt”
effect upon electronic excitation, which is more likely to be
responsible for the rapid radiationless deactivation observed
in this IrIII system. Despite this similarity, facile meridional-
to-facial rearrangements were observed within these IrIII sys-
tems by both thermal and photochemical routes, which is in
sharp contrast to our OsII system. This result supports the
hypothesis that a much greater kinetic barrier has to be
overcome for ligand rearrangement to occur in the OsII


complexes.


Conclusions


In conclusion, the design of a highly efficient blue phosphor-
escence emitter based on a third-row transition metal is a
challenging issue of current interest. In this study, we have
demonstrated that pushing the emission gap towards the
blue requires not only ingenious ligand design but also
subtle consideration of the interference amongst various
low-lying electronic states. Of particular interest is the rela-
tive CO/ligand position in isomers 1 and 2. From both theo-
retical and experimental approaches, our results clearly indi-
cate that complexes 1 and 2, despite being geometric iso-
mers, have completely different relaxation dynamics. Fast
thermal activation from the ground vibration level of the T1


state to the T1–S0 crossing section trigger radiationless deac-
tivation via weakening of the metal–ligand bonding interac-
tion and hence drastically reduce the phosphorescent quan-
tum efficiency of 2. Moreover, fine adjustment can also be
achieved by functionalizing the ligands. For example, com-
plex 3 was synthesized by substituting the electron-donating
tert-butyl group with an electron-withdrawing CF3 group.
The electron-withdrawing nature of the CF3 group stabilizes
the HOMO of the triazolate moiety, and moves the 1pp*
level to a higher energy, as can be seen from the hypsochro-
mic shift in the absorption and corresponding 3p–p* phos-
phorescence spectra depicted in Figure 3c. Note that the
short radiative lifetime (2.88 ms) and the pure blue emission
(~450 nm) of complex 3 are promising physical properties
for application in blue OLEDs. Detailed OLED studies will
be published in a separate paper.


Experimental Section


General information and materials : Mass spectra were obtained on a
JEOL SX-102A instrument operating in electron impact (EI) or fast
atom bombardment (FAB) mode. 1H and 13C NMR spectra were record-
ed on a Varian Mercury-400 or INOVA-500 instrument; chemical shifts
are quoted with respect to the internal standard tetramethylsilane for
both 1H and 13C NMR data. IR spectra were recorded on a Perkin Elmer
2000 spectrometer. Elemental analyses were carried out at the NSC Re-
gional Instrumentation Center at National Chiao Tung University, Hsin-
chu, Taiwan. The chelating ligands, 3-trifluoromethyl-5-(2-pyridyl)-1,2,4-
triazole (fptz)H and 3-tert-butyl-5-(2-pyridyl)-1,2,4-triazole (bptz)H were
prepared according to the methods reported in the literature.[26] All reac-


Figure 7. Energy levels of the lower-lying excited states and the proposed
relaxation pathway for complex 2. ISC: intersystem crossing; IC: internal
conversion; SC: surface crossing. The efficiency of the radiationless relax-
ation and the possible CO elimination is shown according to experimen-
tal results. A barrier of DE~7.6 kcalmol�1 is deduced from the tempera-
ture-dependent study (see text).
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tions were performed under a nitrogen atmosphere using anhydrous sol-
vents or solvents treated with an appropriate drying reagent.


Synthesis of complexes 1 and 2 : A stainless steel autoclave (160 mL) was
charged with 3-tert-butyl-5-(2-pyridyl)-1,2,4-triazole (bptzH, 273 mg,
1.35 mmol), [Os3(CO)12] (200 mg, 0.22 mmol), and hexane (80 mL). The
autoclave was sealed and heated to 180–190 8C for three days. The sol-
vent was then removed, and the residue was dissolved in the minimum
amount of acetone. This acetone solution was passed through a short
silica gel column to remove any insoluble material and then concentrated
to about 15 mL. Colorless block-shaped crystals of [Os(CO)2(bptz)2] (1,
172 mg, 0.19 mmol, 28%) were obtained by cooling the solution to
�20 8C. In addition, the acetone supernatant was evaporated to dryness
and the resulting solid residue was purified by recrystallization using a
mixture of acetone and hexane (2:1). Small amounts of block-shaped
crystals of 1 were noted, together with some plate-shaped crystalline ma-
terials. The block-shaped crystalline solid of 1 was collected by filtration,
while the plate-shaped crystals were readily dissolved by a cold acetone
wash. This separation process was repeated twice until all of the block-
shaped crystals were collected, giving an additional 25 mg of 1
(0.028 mmol, 4%). Finally, all of the acetone soluble material was com-
bined and slowly recrystallized by diffusion of gaseous hexane into the
acetone solution to afford the desired plate-shaped material, [Os(bptz)2-
(CO)2] (2, 99 mg, 0.15 mmol, 23%).


Spectral data of 1: MS (EI, 192Os): m/z : 651 [M+], 591 [M+�2CO]; IR
(CH2Cl2): n=2041 (s), 1970 cm�1 (s) (CO); 1H NMR (400 MHz, [D6]ace-
tone, 298 K): d=9.16 (dd, JH,H=6.8, 1.2 Hz; Hpy), 8.25 (ddd, JH,H=7.4,
6.8, 1.2 Hz; Hpy), 8.10 (dd, JH,H=7.4, 1.2 Hz; Hpy), 7.55 (ddd, JH,H=6.8,
7.4, 1.2 Hz; Hpy), 1.12 ppm (s, 9H; tBu); elemental analysis calcd (%) for
C24H26N8O2Os: C 44.43, N 17.27, H 4.04; found: C 44.26, N 17.60, H 4.30.


Spectral data of 2 : MS (EI, 192Os): m/z : 651 [M+], 591 [M+�2CO]; IR
(CH2Cl2): n=2050 (s), 1982 cm�1 (s) (CO); 1H NMR (400 MHz, [D6]ace-
tone, 298 K): d=8.11 (ddd, JH,H=7.1, 6.4, 1.2 Hz; Hpy), 8.49 (d, JH,H=


7.1 Hz; Hpy), 7.38 (ddd, JH,H=6.4, 7.1, 1.2 Hz; Hpy), 7.21 (d, JH,H=6.4 Hz;
Hpy), 1.48 ppm (s, 9H; tBu); elemental analysis calcd (%) for
C24H26N8O2Os: C 44.43, N 17.27, H 4.04; found: C 44.49, N 17.40, H 4.28.


Synthesis of complex 3 : 3-Trifluoromethyl-5-(2-pyridyl)-1,2,4-triazole
(298 mg, 1.39 mmol) and finely pulverized [Os3(CO)12] (200 mg,
0.22 mmol) were loaded into a Carius tube (16 mL) and degassed. This
mixture was then sealed under vacuum and placed in an oven maintained
at about 185 8C for 3–4 days. The tube was then cooled and opened, and
the content was dissolved in acetone. The insoluble material was filtered
off, the filtrate evaporated to dryness under vacuum, and the residue sub-
limed under reduced pressure (300 mTorr/220 8C). The product was crys-
tallized from a mixture of CH2Cl2 and hexane, to give 3 as colorless
needle-like crystals (169 mg, 0.25 mmol, 38%).


Spectral data of 3 : MS (EI, 192Os): m/z : 674 [M+], 618 [M+�2CO]. IR
(CH2Cl2): n=2054 (s), 1986 cm�1 (s) (CO); 1H NMR (400 MHz, CDCl3,
298 K): d=9.01 (dd, JH,H=6.7, 0.8 Hz; Hpy), 8.32 (dd, JH,H=7.6, 0.8 Hz;
Hpy), 8.17 (ddd, JH,H=7.6, 6.7, 0.8 Hz; Hpy), 7.51 ppm (ddd, JH,H=6.7, 7.6,
0.8 Hz; Hpy); elemental analysis calcd (%) for C18H8F6N8O2Os: C 32.15,
N 16.66, H 1.20; found: C 32.02, N 16.87, H 1.53.


Measurements : Single-crystal X-ray diffraction data were measured on a
Nonius Kappa or a Bruker SMART CCD diffractometer using MoKa ra-
diation (l=0.71073 O). Data collection was performed by using the
SMART program. Cell refinement and data reduction were made with
the SAINT program. The structure was determined using the
SHELXTL/PC program and refined by using the full-matrix least-squares
method. All non-hydrogen atoms were refined anisotropically, whereas
hydrogen atoms were placed at the calculated positions and included in
the final stage of the refinements with fixed positional parameters. The
crystallographic refinement parameters of complexes 1 and 2 are sum-
marized in Table 1, and the selective bond lengths and angles of these
complexes are listed in Table 2 and Table 3, respectively.


CCDC-246508 (1) and CCDC-246509 (2) contain the supplementary crys-
tallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2
1EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


Steady-state absorption and emission spectra were recorded on a Hitachi
(U-3310) spectrophotometer and an Edinburgh (FS920) fluorimeter, re-


spectively. Quinine sulfate with an emission yield of F~0.57 in 0.1m
H2SO4 served as the standard to calculate the emission quantum yield.
Nanosecond lifetime studies were performed by using an Edinburgh FL
900 photon-counting system with a hydrogen-filled/or a nitrogen lamp as
the excitation source. Data were analyzed by using the nonlinear least-
squares procedure in combination with an iterative convolution method.
The emission decays were measured as the sum of the exponential func-
tions, which allows partial removal of the instrument time broadening
and consequently gives a temporal resolution of about 200 ps. The long-
lived (> 10 ms) phosphorescence spectra were measured by an ultrasensi-
tive detection system coupled with a laser excitation source. Briefly, an
Nd:YAG (355 nm, 8 ns, Continuum Surelite II) -pumped optical paramet-
ric oscillator coupled with a second harmonic device served as a tunable
excitation source. The resulting emission was detected with an intensified
charge-coupled detector (ICCD, Princeton Instrument, Model 576G/1).


Computational methodology : Calculations on the electronic ground
states of complexes 1 and 2 were carried out using B3LYP density func-
tional theory.[27,28] “Double-z“ quality basis sets were employed for the li-
gands (6-31G*) and the osmium atom (LANL2DZ). A relativistic effec-
tive core potential (ECP) on osmium[29] replaced the inner core electrons
leaving the outer core (5s25p6) electrons and the 5d6 valence electrons of
OsII. The ground-state geometry was adapted from the truncated X-ray
data without further optimization. For this geometry, a time-dependent
DFT (TDDFT) calculation[30] using the B3LYP functional was per-
formed. Typically, the lowest 10 triplet and 10 singlet roots of the nonher-
mitian eigenvalue equations were obtained to determine the vertical exci-
tation energies. Oscillator strengths were deduced from the dipole transi-
tion matrix elements (for singlet states only). The ground-state B3LYP
and excited-state TDDFT calculations were carried out using Gaussi-
an98.[31]
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Edge-Bridging and Face-Capping Coordination of Alkenyl Ligands in
Triruthenium Carbonyl Cluster Complexes Derived from Hydrazines:
Synthetic, Structural, Theoretical, and Kinetic Studies
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Santiago Garc-a-Granda,[b] Lorena Mart-nez-M.ndez,[a] and Enrique P.rez-CarreÇo[b]


Introduction


Alkenyl groups are important ligands in organometallic
chemistry because they are related to many metal-mediated
transformations of alkynes and alkenes. However, to date,


only a few triruthenium carbonyl cluster complexes contain-
ing alkenyl ligands are known,[1–4] despite the fact that some
of these clusters have been recognized as intermediates or
as catalyst precursors for alkyne–alkene codimerization[5]


and alkyne hydrogenation,[6] dimerization,[2b] polymeriza-
tion,[2b] and hydroformylation[2c] processes.


Most of these alkenyl complexes were prepared by treat-
ing hydrido carbonyl cluster complexes with alkynes (by in-
sertion of the alkyne into the M�H bond). When the start-
ing hydrido carbonyl cluster complexes contain a bridging
ancillary ligand (this is the most common situation), the
shape of this ligand may result in the existence of symme-
try-unrelated metal–metal edges, and when these clusters
react with alkynes, different isomeric edge-bridged alkenyl
derivatives may be formed as a result of the attachment of
the alkenyl ligand to metal atoms of different M�M edges.
Generally, these reactions are regioselective and only one of
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Abstract: The reactions of the triruthe-
nium cluster complex [Ru3(m-H)(m3-h


2-
HNNMe2)(CO)9] (1; H2NNMe2=1,1-
dimethylhydrazine) with alkynes
(PhC�CPh, HC�CH, MeO2CC�
CCO2Me, PhC�CH, MeO2CC�CH,
HOMe2CC�CH, 2-pyC�CH) give tri-
nuclear complexes containing edge-
bridging and/or face-capping alkenyl li-
gands. Whereas the edge-bridged prod-
ucts are closed triangular species (three
Ru�Ru bonds), the face-capped prod-
ucts are open derivatives (two Ru�Ru
bonds). For terminal alkynes, products
containing gem (RCCH2) and/or trans
(RHCCH) alkenyl ligands have been
identified in both edge-bridging and
face-capping positions, except for the
complex [Ru3(m3-h


2-HNNMe2)(m3-h
3-


HCCH-2-py)(m-CO)(CO)7], which has
the two alkenyl H atoms in a cis ar-


rangement. Under comparable reaction
conditions (1:1 molar ratio, THF at
reflux, time required for the consump-
tion of complex 1), some reactions
give a single product, but most give
mixtures of isomers (not all the
possible ones), which were separated.
To determine the effect of the hy-
drazido ligand, the reactions of
[Ru3(m-H)(m3-h


2-MeNNHMe)(CO)9] (2;
HMeNNHMe=1,2-dimethylhydrazine)
with PhC�CPh, PhC�CH, and HC�CH
were also studied. For edge-bridged al-
kenyl complexes, the Ru�Ru edge that
is spanned by the alkenyl ligand de-
pends on the position of the methyl


groups on the hydrazido ligand. For
face-capped alkenyl complexes, the rel-
ative orientation of the hydrazido and
alkenyl ligands also depends on the po-
sition of the methyl groups on the hy-
drazido ligand. A kinetic analysis of
the reaction of 1 with PhC�CPh re-
vealed that the reaction follows an as-
sociative mechanism, which implies
that incorporation of the alkyne in the
cluster is rate-limiting and precedes the
release of a CO ligand. X-ray diffrac-
tion, IR and NMR spectroscopy, and
calculations of minimum-energy struc-
tures by DFT methods were used to
characterize the products. A compari-
son of the absolute energies of isomeric
compounds (obtained by DFT calcula-
tions) helped rationalize the experi-
mental results.


Keywords: alkenyl ligands ·
alkynes · cluster compounds ·
N ligands · ruthenium
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the possible alkenyl derivatives is formed, but the factors
that govern this regioselectivity have not been studied. In
this context, while studying the reactivity of diphenylacety-
lene with hydrido triruthenium clusters that contain face-
capping 2-aminopyridine-derived ligands, namely, [Ru3(m-H)-
(m3-h


2-RNpy)(CO)9] (where HRNpy represents a 2-amino-
pyridine with R on the amino N atom),[1f, 2] we observed that
only derivatives with edge-bridging alkenyl ligands have
been reported and that the nature of the R group of the an-
cillary ligand directs the coordination of the alkenyl ligand
to the Ru atoms of a particular edge of the metal triangle.
Thus, for R=H, both the alkenyl and the amido groups
span the same Ru�Ru edge,[1f] whereas for R¼6 H, these
groups span different Ru�Ru edges[2] (e.g., the reactions
shown in Scheme 1).


About a decade ago, SPss-Fink et al. reported the synthe-
sis of hydrido triruthenium carbonyl cluster complexes con-


taining face-capping ligands derived from hydrazines,[7]


[Ru3(m-H)(m3-h
2-R1NNR2Me)(CO)9] (Scheme 2), and Han-


sert and Vahrenkamp studied their reactions with phenyl-
and diphenylacetylene.[4] The latter reported a similar be-
havior for both alkynes, each reaction giving a mixture of
three trinuclear alkenyl products (Scheme 2): a closed octa-
carbonyl complex in which the alkenyl group and the amido
fragment of the hydrazido ligand span different Ru�Ru
edges (A), an open octacarbonyl complex having a face-cap-
ping alkenyl ligand (B), and a poorly characterized nonacar-
bonyl derivative (C). Changes in the nature of the groups at-
tached to the hydrazine-derived fragment (cluster com-
pounds derived from methylhydrazine, 1,1-dimethylhydra-
zine, and 1,2-dimethylhydrazine were used) affected the
ratio of the product mixtures, but not to the extent of pre-
cluding formation of any of the three products.[4]


We found the results of Hansert and Vahrenkamp intrigu-
ing for several reasons. 1) For the edge-bridged compounds
A, the edge spanned by the alkenyl group is always different
from that spanned by the amido fragment, regardless of the
nature of the R1 group. However, this contrasts with our ob-
servation that, for 2-aminopyridine-derived clusters, differ-
ent R groups attached to the N atom of the amido fragment
direct the alkenyl ligand to different edges of the metal tri-
angle (Scheme 1). 2) The alkenyl ligands of all the products
derived from phenylacetylene have their H atoms in gem
positions, which implies that only a Markovnikov-type inser-
tion process takes place. However, trans-alkenyl ligands are
also known in carbonyl cluster chemistry.[8] 3) Trimetallic
clusters bearing face-capping alkenyl ligands are very rare,
not only for ruthenium, but also for other metals. This type
of coordination has been found in [Os3(m-H)(m3-h


2-
CF3CCHCF3)(CO)10],


[9] [WRu2(m-NPh)(m3-h
2-


CF3CCHCF3)(h
5-C5Me5)(CO)7],


[10] [Ru3{m3-NS(O)MePh}(m3-
h2-RCCHR)(m-CO)(CO)7],


[3a] and compounds B. 4) Ac-
cording to the EAN rules, saturated trinuclear compounds
with two M�M bonds should be 50-electron species.[11] How-
ever, compounds B are open (two Ru�Ru bonds) 48-elec-
tron species.


To shed some light on the questions arising from the
aforementioned observations, and being aware of the impor-
tance of alkenyl ligands in organometallic chemistry, we de-
cided to reinvestigate the reactivity of alkynes with the SPss-
Fink hydrido triruthenium carbonyl clusters derived from
hydrazines. We initially studied the reactions of [Ru3(m-
H)(m3-h


2-HNNMe2)(CO)9] (1) and [Ru3(m-H)(m3-h
2-


MeNNHMe)(CO)9] (2) with phenyl- and diphenylacetylene,
and while attempting to rationalize the obtained results,
which differ considerably from those reported by Hansert
and Vahrenkamp,[4] we carried out a deeper study that in-
volved the use of other alkynes. X-ray diffraction, IR and
NMR spectroscopy, and calculations of minimum-energy
structures by DFT methods were used to characterize the
products. A comparison of the absolute energies of isomeric
compounds (obtained by DFT calculations) helped rational-
ize the experimental results. A kinetic analysis of the reac-
tion of 1 with diphenylacetylene is also reported. It sheds
some light on the mechanism of these reactions.


Scheme 1. Reactivity of 2-aminopyridine-derived hydrido triruthenium
clusters with alkynes.


Scheme 2. Reactivity of phenyl- and diphenylacetylene with hydrazine-
derived hydrido triruthenium clusters (as reported by Hansert and Vah-
renkamp).
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Results and Discussion


Reactivity studies : All reactions were carried out in a sys-
tematic way with THF as solvent and a 1:1.1 cluster-to-alkyne
ratio, except for the reactions with acetylene, which were
carried out by bubbling the alkyne through the solution of
the corresponding complex. The reaction solutions were stir-
red at reflux temperature until the complete disappearance
of the starting complex (1 or 2) was observed by IR spectro-
scopy and/or spot TLC. All isolated products are collected
in Schemes 3 and 4. The results are summarized in Table 1,


in which the reactions are arranged by alphabetical order of
the alkyne used with each starting complex (as in the Exper-
imental Section). Except for the reactions of 1 with acety-
lene and diphenylacetylene, which gave single products, the
remaining reactions gave mixtures of several isomers that
were separated by chromatographic methods (mostly TLC).
Very weak chromatographic bands were not worked up.


To confirm or reject the possibility that some isomeric
products could be intermediates in the formation of other
isomers, some representative reactions were carried out.
Compounds 5, 10, and 11 (all arising from the reaction of 1
with methyl propiolate in refluxing THF, 30 min) were indi-
vidually heated in refluxing THF. While compounds 5 and
11 remained unaltered, complete transformation of the m3-
gem isomer 10 into the m3-trans isomer 11 was observed
after 2 h. However, this long reaction time contrasts with
the short reaction time (30 min) required for the reaction of
1 with methyl propiolate, which also gives a considerable
amount of 11.


Similarly, heating a 3:1 mixture of the m3-gem and m3-trans
isomers 9 and 13 (i.e., the crude reaction mixture obtained
from 1 and phenylacetylene in THF, reflux, 20 min) in tolu-
ene at reflux temperature for 10 min, allowed the prepara-
tion of pure complex 13. The latter transformation took 2 h
when it was carried out in refluxing THF.


As the trans products are formed together with the gem
products in the reactions of 1 with the appropriate terminal
alkynes after short reaction times (and/or at low tempera-
tures) and the observed gem to trans isomerization processes
require longer reaction times (and/or higher temperatures),
the trans products observed in the reactions of 1 with some
terminal alkynes should not arise, at least to a great extent,
from the gem products (by an isomerization process which
has a considerable kinetic barrier). On the contrary, it is rea-
sonable to propose that both the gem and trans isomers
formed from 1 after short reaction times arise from a
common early intermediate that evolves through different
pathways (Markovnikov and anti-Markovnikov insertion of
the alkyne into the Ru�H bond) to give the observed prod-
ucts.


X-ray diffraction studies : The structures of 3, 5, 10, 11, 12,
and 15 were determined by X-ray diffraction. For compari-


Scheme 3. Numbering scheme for the products isolated from 1.


Scheme 4. Numbering scheme for the products isolated from 2.


Table 1. Reagents and isolated products.


Reagents Products (color, yield)


1+HC�CH 7 (orange, 89%)
1+MeO2CC�CCO2Me 8 (orange, 47%)
1+PhC�CPh 3 (red, 79%)
1+2-pyC�CH 6 (orange, 17%), 12 (red, 12%)
1+HOMe2CC�CH 4 (orange, 12%), 14 (yellow, 39%)
1+MeO2CC�CH 5 (orange, 6%), 10 (orange, 43%),


11 (orange, 16%)
1+PhC�CH 9 (orange, 57%), 13 (orange, 20%)
2+HC�CH 17 (orange, 30%), 20 (orange, 10%),


22 (yellow, 34%)
2+PhC�CPh 15 (orange, 23%), 18 (red, 19%),


23 (yellow, 6%)
2+PhC�CH 16 (orange, 29%), 19 (red, 18%),


21 (yellow, 27%)
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son purposes, a common atom numbering scheme was used
as far as possible for all structures. Selected interatomic dis-
tances are given in Table 2.


The structures of 3 and 5 (Figure 1) correspond to com-
plexes containing edge-bridging alkenyl ligands derived
from reactions of 1 with diphenylacetylene (3) and methyl
propiolate (5), respectively. The latter is an example of a
trans arrangement of two H atoms on an edge-bridging al-


kenyl group. In both cases,
these ligands span the same
Ru�Ru edge as the amido frag-
ment of the hydrazido group
and are attached to Ru1
through C3, and to Ru2
through C3 and C4, in an anal-
ogous manner to that found
previously for other edge-bridg-
ing alkenyl ligands.[1–3] Both
compounds have eight CO li-
gands, six of which are terminal,
one is bridging (in a somewhat
asymmetric fashion, since the
C20�Ru2 and C20�Ru3 distan-
ces differ by ca. 0.2 U), and one
is semibridging (the C10�Ru1
distance is ca. 0.6 U shorter
than the C10�Ru3 distance).
Both compounds are closed tri-
angular species in which the
Ru1�Ru2 edge is 0.05–0.08 U


shorter than the other two edges. The Ru�Ru distances,
ranging from 2.71 to 2.78 U, confirm the presence of Ru�Ru
single bonds.[12]


The structures of 10 and 11 (Figure 2) correspond to com-
plexes containing face-capping alkenyl ligands derived from
methyl propiolate and 1. The two molecular structures are


Table 2. Selected interatomic distances [U] in 3, 5, 10, 11, 12, 13, and 15.


3[a] 5[a] 10[a] 11[a] 12[a] 13[b] 15[a]


Ru1�Ru2 2.7031(6) 2.714(1) 2.7714(7) 2.7807(4) 2.804(1) 2.789 2.686(1)
Ru1�Ru3 2.7510(6) 2.755(1) 3.7672(8) 3.7511(4) 3.828(1) 3.896 2.794(1)
Ru2�Ru3 2.7973(6) 2.793(1) 2.7941(7) 2.7818(5) 2.828(1) 2.875 2.781(1)
N1�Ru1 2.139(4) 2.132(8) 2.127(6) 2.134(4) 2.15(1) 2.198 2.155(8)
N1�Ru2 2.133(5) 2.125(8) 2.096(6) 2.099(4) 2.09(1) 2.145 2.115(8)
N2�Ru3 2.196(5) 2.195(8) 2.226(6) 2.202(4) 2.251(9) 2.319 2.147(8)
N3�Ru3 2.16(1)
C3�Ru1 2.104(5) 2.077(9) 2.223(7) 2.212(4) 2.30(1) 2.311 2.24(1)
C3�Ru2 2.235(5) 2.159(9) 2.223(7) 2.127(4) 2.33(1) 2.267
C3�Ru3 2.257(7) 2.274(4) 2.21(1) 2.325 2.13(1)
C4�Ru1 2.216(8) 2.225(4) 2.23(1) 2.539 2.29(1)
C4�Ru2 2.271(5) 2.265(9)
C4�Ru3 2.533(8) 2.512(4) 2.65(1) 2.539
C3�C4 1.406(8) 1.36(1) 1.44(1) 1.444(6) 1.48(2) 1.403 1.42(1)
C10�Ru1 2.007(6) 2.007(9)
C10�Ru3 2.558(6) 2.65(1)
C11�Ru1 1.93(1) 1.92(1) 1.98(1) 2.018 2.15(1)
C11�Ru2 2.96(1) 3.08(1) 2.85(1) 2.249 1.95(1)
C20�Ru2 2.249(6) 2.16(1) 2.066(7) 2.044(4) 1.98(1) 2.187 2.69(1)
C20�Ru3 1.977(7) 1.96(1) 2.048(7) 2.069(4) 2.05(1) 2.043 2.01(1)


[a] X-ray diffraction data. [b] Calculated by DFT methods (structure XV).


Figure 1. X-ray structures of a) 3 and b) 5. Figure 2. X-ray structures of a) 10 and b) 11.
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nearly identical, except for the arrangement of the substitu-
ents of the alkenyl groups. The alkenyl H atoms occupy gem
positions in 10, and trans positions in 11. In both cases, the
alkenyl ligand is attached to Ru2 through C3 and to Ru1
and Ru3 through C3 and C4, in such a way that the C4�Ru3
distance is about 0.3 U longer than the others. Both com-
pounds have seven terminal and one bridging CO ligands.
They are open triangular species because the lengths of the
Ru1�Ru3 edges (3.7672(8) U in 10 and 3.7511(4) U in 11)
are outside the bonding range for Ru�Ru bonds.[12] The re-
maining Ru�Ru distances are in the range 2.77–2.79 U.


The molecular structure of 12 is shown in Figure 3. This
complex, which is derived from the reaction of 1 with 2-
ethynylpyridine, contains a face-capping alkenyl ligand with


the H atoms in mutual cis positions. Such an arrangement
must be a consequence of the coordination of the pyridyl N
atom to Ru3, which also provokes a lengthening of the C4�
Ru3 distance to 2.65(1) U. All remaining structural features
of this compound are comparable with those of 10 and 11.


The structure of 15 (Figure 4) corresponds to an edge-
bridging alkenyl complex derived from the reaction of 2
with diphenylacetylene. In this case, the alkenyl ligand spans
the Ru�Ru edge that is close to the hydrogen atom of the
1,2-dimethylhydrazido group and is attached to Ru3 through


C3 and to Ru1 through C3 and C4. As in the edge-bridged
compounds 3 and 5, the bridging CO ligand that is trans to
the alkenyl C3�C4 fragment is slightly asymmetric (C11�
Ru1 and C11�Ru2 differ by ca. 0.2 U), whereas the CO
ligand that is trans to the s interaction between the alkenyl
ligand and the triruthenium framework, that is, the C3�Ru3
bond, is semibridging (difference between C20�Ru3 and
C20�Ru2 is 0.68 U). As in 3 and 5, the amido-bridged edge
of the metal triangle, Ru1�Ru2, is slightly shorter (by ca.
0.1 U) than the other two.


Hansert and Vahrenkamp[4] reported the X-ray structures
of 9 and 16. The structure of 9 is comparable to that of 10,
except for the R substituent of the alkenyl fragment. In 16
the alkenyl ligand has a gem arrangement of its H atoms
and it bridges the Ru�Ru edge adjacent to the NH fragment
of the 1,2-dimethylhydrazido ligand, as in 15.


Intriguingly, despite being 48-electron species, the face-
capped alkenyl complexes have only two metal–metal bonds
and thus disobey the EAN rules. As noted above, trimetallic
clusters bearing face-capping alkenyl ligands are very rare.
While [Os3(m-H)(m3-h


2-CF3CCHCF3)(CO)10]
[9] and [WRu2(m-


NPh)(m3-h
2-CF3CCHCF3)(h


5-C5Me5)(CO)7]
[10] are closed 48-


electron triangular clusters, SPss-FinkVs complexes [Ru3{m3-
NS(O)MePh}(m3-h


2-RCCHR)(m-CO)(CO)7]
[3a] are open (two


Ru�Ru bonds) 48-electron triangular clusters.
The alkenyl C3�C4 distances of the face-capped com-


plexes are similar to those of the edge-bridged clusters. This
implies that the bond order of the alkenyl C�C bond is simi-
lar for both types of complexes. This supports the proposal
that the alkenyl ligands behave as three-electron donors in
both edge-bridging and face-capping coordination modes.
Therefore, all the alkenyl clusters reported in this article are
48-electron species.


IR spectroscopy : Three types of absorption patterns were
observed in the carbonyl bond-stretching region of the IR
spectra of all these alkenyl complexes (Figure 5). This led us
to classify the compounds into three groups (Tables 3–5).
Once the structures of one or several members of each
group were ascertained by other structural techniques (e.g.,
NMR spectroscopy, X-ray diffraction, or minimum-energy


Figure 3. X-ray structure of 12.


Figure 4. X-ray structure of 15.


Figure 5. IR spectra of a) 15, b) 9, and c) 13 in the nCO region, as repre-
sentative examples of the band patterns observed for compounds having
an edge-bridging alkenyl ligand (left), a face-capping alkenyl ligand and
one bridging CO ligand (center), and a face-capping alkenyl ligand and
two bridging CO ligands (right).
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DFT calculations), the three groups were identified as being
composed of 1) complexes having an edge-bridging alkenyl
ligand (Table 3, left spectrum of Figure 5), 2) complexes
having a face-capping alkenyl and one bridging CO ligand
(Table 4, central spectrum of Figure 5), and 3) complexes


having a face-capping alkenyl and two bridging CO ligands
(Table 5, right spectrum of Figure 5). Within each group,
changes in the nature of the alkenyl ligand substituents
affect the position (wavenumber) of the nCO bands, but they
do not significantly alter the relative intensity (transmit-
tance) of the absorptions (the band pattern is maintained).
Curiously, all isolated compounds having an edge-bridging
alkenyl ligand show the same pattern of nCO absorptions, re-
gardless of the edge that is spanned by the alkenyl ligand
with respect to the face-capping hydrazido fragment. In ad-
dition, the nCO absorptions are also nearly unaffected by the
position of the methyl groups on the hydrazido fragment
and by the gem, cis, or trans stereochemistry of the alkenyl
ligand (maintaining the nature of the substituents).


NMR spectroscopy : Table 6 collects the 1H NMR data of 3–
23. All products contain at least one hydrogen atom on the
alkenyl ligand, that is, that arising from the original hydrido
ligand of starting complex 1 or 2. The resonance of this
proton, which is always cis to the Ru atom that is s-bonded
to the alkenyl ligand (except in 12), is observed in the range
d=2.1–4.5 ppm. An additional resonance is observed for al-
kenyl ligands derived from terminal alkynes (excluding acet-
ylene), whose chemical shift and coupling constant depend
upon the stereochemistry of the alkenyl ligand. Thus, for
gem-alkenyls (H atoms in gem positions, i.e. , 4, 6, 9, 10, 16,
19, and 21), this resonance always appears at a lower chemi-
cal shift (in the range d=2.8–1.7 ppm), with a small coupling
constant (J in the range 5.6–2.5 Hz), whereas for trans-al-
kenyls (H atoms in trans arrangement, i.e., 5, 11, 13, and
14), it is observed at a high chemical shift (in the range d=


10.9–6.4 ppm) with a larger coupling constant (J in the
range 14.8–11.9 Hz). The spectrum of 12, the only complex
having a cis arrangement of the two hydrogen atoms on the
alkenyl ligand, shows two doublets for these protons at d=
7.16 and 5.63 ppm, with J=7.9 Hz. The three coupling types
(gem, trans, and cis) are observed in the spectra of the prod-
ucts derived from acetylene (7, 17, 20, and 22).


Simple 1H NMR spectroscopy was useful for assigning the
stereochemistry of the alkenyl ligands in the complexes, but
it gave no hint to how the alkenyl ligands are attached to
the hydrazido–trimetal framework. Such information was
obtained from difference 1H NOE NMR spectra, which
helped determine the relative positions of the hydrazido and
alkenyl ligands on the clusters. Only two representative ex-
amples are presented and discussed here. Difference 1H
NOE NMR spectra for 4, 7, 15, 16, 17, 19, 20, 22, and 23 are
available as Supporting Information.


Figure 6 shows the 1H NMR spectra of 18 (for which IR
spectroscopy confirmed the presence of an edge-bridging al-
kenyl ligand) and the NOE enhancements produced after
presaturation at the frequencies of some of its signals. Inter-
estingly, presaturation of the alkenyl CH resonance pro-
duced a positive enhancement of the methyl resonance of
the bridgehead NMe fragment (trace b) and vice versa
(trace d), as expected for protons that are close to each
other.[13] Presaturation of the doublet corresponding to the
methyl protons of the MeNH group (trace e) or of the quar-
tet of the NH proton (trace c) produced no enhancement of


Table 3. IR data for the compounds having edge-bridging alkenyl li-
gands.


Compound Alkenyl ligand nCO (CH2Cl2, cm
�1)


3 PhC=CHPh 2062 (w), 2032 (s), 2011 (s),
1996 (m, sh), 1977 (m), 1949 (m),
1922 (w, sh), 1802 (w, br)


4 HOMe2CC=CH2 2062 (w), 2030 (s), 2009 (s),
1996 (m, sh), 1973 (m), 1947 (m),
1919 (w, sh), 1803 (m, br)


5 HC=CHCO2Me 2074 (w), 2043 (s), 2017 (s),
1994 (m, sh), 1977 (w, sh), 1956 (m),
1806 (w, br)


6 2-pyC=CH2 2064 (w), 2034 (s), 2009 (s),
1997 (m sh), 1983 (m), 1944 (m),
1798 (w, br)


15 PhC=CHPh 2068 (w), 2033 (s), 2006 (s),
1974 (m), 1942 (m), 1805 (w, br)


16 PhC=CH2 2069 (w), 2033 (s), 2006 (s),
1978 (m), 1944 (m), 1806 (w, br)


17 HC=CH2 2073 (w), 2035 (s), 2003 (s),
1977 (m), 1936 (m), 1804 (w, br)


18 PhC=CHPh 2064 (w), 2032 (s), 2008 (s),
1977 (m), 1950 (m), 1792 (w, br)


19 PhC=CH2 2064 (w), 2033 (s), 2007 (s),
1979 (m), 1949 (m), 1797 (w, br)


20 HC=CH2 2069 (w), 2035 (s), 2008 (s),
1979 (m), 1948 (m), 1793 (w, br)


Table 4. IR data for the compounds having one face-capping alkenyl
ligand and one bridging CO ligand.


Compound Alkenyl ligand nCO (CH2Cl2, cm
�1)


7 HC=CH2 2070 (w), 2030 (s), 2009 (s),
1986 (m, sh), 1959 (m), 1792 (w, br)


8 MeO2CC=CHCO2Me 2085 (w), 2047 (s), 2023 (s), 1999,
(w, sh), 1973 (m), 1802 (w, br)


9 PhC=CH2 2070 (w), 2032 (s), 2010 (s),
1984 (m, sh), 1960 (m), 1792 (w, br)


10 MeO2CC=CH2 2078 (w), 2040 (s), 2016 (s),
1988 (w, sh), 1966 (m), 1802 (w, br)


11 HC=CHCO2Me 2078 (w), 2040 (s), 2016 (s),
1987 (w, sh), 1968 (m), 1797 (w, br)


12 HC=CH-2-py 2058 (w), 2032 (s), 1999 (m),
1978 (m), 1929 (w), 1739 (w, br)


21 PhC=CH2 2067 (w), 2033 (s), 2011 (s),
1962 (m), 1792 (w, br)


22 HC=CH2 2067 (w), 2028 (s), 2009 (s),
1980 (m, sh), 1960 (m), 1804 (w, br)


Table 5. IR data for the compounds having one face-capping alkenyl
ligand and two bridging CO ligands.


Compound Alkenyl ligand nCO (CH2Cl2, cm
�1)


13 HC=CHPh 2060 (w), 2021 (vs), 1989 (m),
1959 (m), 1854 (w, br), 1826 (w, br)


14 HC=CHCMe2OH 2062 (w), 2026 (vs), 2008 (s, sh),
1992 (m, sh), 1957 (m), 1840 (w, br),
1821 (w, br)


23 PhC=CHPh 2060 (w), 2019 (vs), 1993 (m),
1958 (m), 1844 (w, br), 1799 (w, br)
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the alkenyl CH resonance; this confirms that the alkenyl
ligand is remote from all H atoms of the MeNH group. The
analogous situation observed in the spectra of 19 and 20
(Supporting Information) confirms that they have a similar
arrangement of ligands. However, for 15–17, the structures
of which have been determined by X-ray diffraction, a posi-
tive NOE is observed between the alkenyl CH and the NH
resonances (presaturation of one enhances the other), but
not between the resonances of any of the methyl groups and
the alkenyl CH group (Supporting Information). These data
strongly support the structures proposed for these com-
plexes in Scheme 4.


Figure 7 shows the 1H NMR spectrum of compound 21
(for which IR spectroscopy confirmed that it has a face-cap-
ping alkenyl ligand) and the NOE enhancements produced
after presaturation at the frequencies of some of its signals.
Traces (e) and (f) are of particular interest because they un-
equivocally indicate that the open Ru�Ru edge of the clus-


ter is adjacent to the methyl group of the MeNH moiety. As
expected for such a structure, presaturation of the MeNH
methyl resonance enhanced one of the alkenyl CH resonan-
ces (trace e) and vice versa (trace f). The analogous situa-
tion observed in the spectra of 22 and 23 (Supporting Infor-
mation), confirms that they have a similar ligand arrange-
ment.


Theoretical calculations : Minimum-energy structure calcula-
tions were carried out by using DFT methods. Calculations
were performed on selected real molecules (products that
were isolated in the present work) and on hypothetical ones
with the aim of not only comparing the thermodynamic sta-
bilities of real and hypothetical isomeric compounds (impor-
tant for rationalizing the experimental results), but also to
assign or confirm the structures of compounds for which no
X-ray diffraction data were available. No simplified model
compounds were used for the calculations.


Table 6. 1H NMR data of compounds 3–23.


Compound Hydrazido Alkenyl d (CDCl3, 20 8C)
Ligand Ligand


3 HNNMe2 PhC=CHPh 7.12 (m, 10H; 2Ph), 3.61 (s, 1H; CH), 3.28 (s, 1H; NH), 2.87 (s, 3H; CH3), 2.68 (s, 3H; CH3)
4 HNNMe2 HOMe2CC=CH2 3.68 (d, J=3.1 Hz; CHH), 2.82 (br s, 1H; NH), 2.76 (s, 3H; CH3), 2.61 (s, 3H; CH3), 1.74 (br s, 1H;


OH), 1.68 (s, 3H; CH3), 1.52 (d, J=3.1 Hz; CHH), 1.30 (s, 3H; CH3)
5 HNNMe2 HC=CHCO2Me 10.90 (d, J=11.9 Hz; 1H; CH), 3.75 (s, 3H; CH3), 2.97 (d, J=11.9 Hz; 1H; CH), 2.76 (s, 3H; CH3),


2.59 (s, 3H; CH3), 1.17 (br s, 1H; NH)
6 HNNMe2 2-pyC=CH2 8.48 (d, br, J=4.4 Hz; 1H; py), 7.64 (td, J=7.6, 1.5 Hz; 1H; py), 7.28 (d, J=7.6 Hz; 1H; py), 7.14


(dd, J=7.6, 4.4 Hz; 1H; py), 3.83 (d, J=2.5 Hz; 1H; CHH), 3.16 (br s, 1H; NH), 2.77 (s, 3H; CH3),
2.62 (s, 3H; CH3), 2.10 (d, J=2.5 Hz; 1H; CHH)


7 HNNMe2 HC=CH2 6.43 (dd, J=13.8, 9.8 Hz; 1H; CH), 3.39 (dd, J=9.8, 4.9 Hz; 1H; CHH), 2.64 (s, 3H; CH3), 2.13 (dd,
J=13.8, 4.9 Hz; 1H; CHH), 2.04 (s, 3H; CH3) 2.03 (s, 1H; NH)


8 HNNMe2 MeO2CC=CHCO2Me 3.82 (s, 3H; CH3), 3.56 (s, 3H; CH3), 2.70 (s, 3H; CH3), 2.16 (s, 1H; CH), 2.12 (s, 3H; CH3), 1.82 (s,
1H; NH)


9 HNNMe2 PhC=CH2 7.10 (m, 3H; Ph), 6.59 (m, 2H; Ph), 3.38 (d, J=5.4; 1H; CHH), 2.71 (s, 3H; CH3), 2.17 (s, 3H;
CH3), 2.16 (s, 1H; NH), 1.70 (d, J=5.4 Hz; 1H; CHH)


10 HNNMe2 MeO2CC=CH2 3.52 (s, 3H; CH3), 3.33 (d, J=5.6 Hz; 1H; CHH), 2.64 (s, 3H; CH3), 2.01 (s, 3H; CH3), 1.99 (br s,
1H; NH), 1.31 (d, J=5.6 Hz; 1H; CHH)


11 HNNMe2 HC=CHCO2Me 7.12 (d, J= 12.2 Hz; 1H; CH), 2.82 (d, J=12.2 Hz; 1H; CH), 2.69 (s, 3H; CH3), 2.36 (br s, 1H;
NH), 2.17 (s, 3H; CH3), 2.11 (s, 3H; CH3).


12 HNNMe2 HC=CH-2-py 8.05 (d, J=6.7 Hz; 1H; py), 7.81 (d, J=7.9 Hz; 1H; py), 7.67 (dd, J=7.9, 7.3; 1H; py), 7.16 (d,
J=9.8 Hz; 1H; CH), 7.03 (dd, J=7.3, 6.7 Hz; 1H; py), 5.63 (d, J=9.8 Hz; 1H; CH), 3.43 (s, 1H;
NH), 3.10 (s, 3H; CH3), 1.32 (s, 3H; CH3)


13 HNNMe2 HC=CHPh 755 (m, 2H; Ph), 7.31 (m, 3H; Ph), 6.41 (d, J=14.8 Hz; 1H; CH), 4.85 (d, J=14.8 Hz; 1H; CH),
2.71 (s, 3H; CH3), 2.32 (s, 3H; CH3), 1.97 (s, 1H; NH)


14 HNNMe2 HC=CHCMe2OH 6.60 (d, J=13.6 Hz; 1H; CH), 3.58 (d, J=13.6 Hz; 1H; CH), 2.65 (s, 3H; CH3), 2.13 (s, 3H; CH3),
1.94 (s, 1H; NH), 1.75 (s, 3H; CH3), 1.69 (s, 3H; CH3), 1.57 (s, 1H; OH)


15 MeNNHMe PhC=CHPh 7.1 (m, 10H; 2 Ph), 4.83 (s, 1H; CH), 3.16 (brq, J=5.5 Hz; 1H; NH), 2.82 (s, 3H; CH3), 2.73 (d,
J=5.5 Hz; 3H; CH3)


16 MeNNHMe PhC=CH2 7.29 (m, 5H; Ph) 4.41 (d, J=4.3 Hz; 1H; CHH), 3.40 (d, J=4.3 Hz; 1H; CHH), 2.83 (brq,
J=5.5 Hz; 1H; NH), 2.72 (s, 3H; CH3), 2.65 (d, J=5.5 Hz; 3H; CH3)


17 MeNNHMe HC=CH2 9.87 (dd, J=15.0, 9.9 Hz; 1H; CH), 4.53 (dd, J=9.9, 2.5 Hz; 1H; CHH), 3.33 (dd, J=15.0, 2.5 Hz;
1H; CHH), 2.86 (brq, J=5.9 Hz; 1H; NH); 2.68 (s, 3H; CH3), 2.57 (d, J=5.9; 3H; CH3)


18 MeNNHMe PhC=CHPh 7.0 (m, 10H; 2 Ph), 4.79 (s, 1H; CH), 3.95 (brq, J=5.5 Hz; 1H; NH), 2.90 (s, 3H; CH3), 2.76 (d,
J=5.5 Hz; 3H; CH3)


19 MeNNHMe PhC=CH2 7.31 (m, 5H; Ph), 3.90 (brq, J=5.9 Hz; 1H; NH), 3.48 (d, J=2.8 Hz; 1H; CHH), 3.11 (d, J=2.8 Hz;
1H; CHH), 2.73 (d, J=5.9 Hz; 3H; CH3), 2.67 (s, 3H; CH3)


20 MeNNHMe HC=CH2 10.55 (dd, J=13.8, 9.8 Hz; 1H; CH), 3.82 (brq, J=5.9 Hz; 1H; NH); 3.67 (dd, J=9.8, 2.4 Hz; 1H;
CHH), 3.27 (dd, J=13.8, 4.4 Hz; 1H; CHH), 2.93 (d, J=5.9 Hz; 3H; CH3), 2.59 (s, 3H; CH3)


21 MeNNHMe PhC=CH2 7.06 (m, 3H; Ph), 6.92 (m, 2H; Ph), 3.54 (brq, J=5.9 Hz; 1H; NH), 3.33 (d, J=5.1 Hz; 1H; CHH),
2.76 (s, 3H; CH3), 2.13 (d, J=5.9 Hz; 3H; CH3), 1.58 (d, J=5.1 Hz; 1H; CHH).


22 MeNNHMe HC=CH2 6.39 (dd, J=13.5, 9.6 Hz; 1H; CH), 3.43 (dd, J=9.6, 4.4 Hz; 1H; CHH), 3.19 (brq, J=5.9 Hz; 1H;
NH), 2.65 (s, 3H; CH3), 2.04 (d, J=5.9 Hz; 3H; CH3), 2.02 (dd, J=13.5, 4.4 Hz; 1H; CHH)


23 MeNNHMe PhC=CHPh 7.0 (m, 10H; 2Ph), 4.03 (s, 1H; CH), 3.65 (brq, J=5.9 Hz; 1H; NH), 2.78 (s, 3H; CH3), 2.73 (d,
J=5.9 Hz; 3H; CH3)
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Calculated structures are assigned Roman numbers, irre-
spectively of whether they correspond to real (designated by
Arabic numbers) or hypothetical compounds. Computer-
generated images of all these structures and lists of atomic
coordinates are given as Supporting Information.


For the cases in which both experimental (X-ray diffrac-
tion) and theoretical (DFT calculations) structural data
were obtained, the bond lengths and angles given by both
methods are practically identical. This fact validates the cal-
culations.


Scheme 5 shows the calculated energies of structures be-
longing to two families of isomeric compounds, formally de-
rived from reactions of diphenylacetylene and acetylene
with 1. For both alkynes, structure I, which corresponds to
species in which the amido and alkenyl fragments span the
same Ru�Ru edge, is much more stable (by >10 kcalmol�1)


than structure II, which corresponds to species in which the
amido and alkenyl fragments span different Ru�Ru edges.
This explains why all the isolated products derived from 1
that contain an edge-bridging alkenyl ligand have the ligand
arrangement of structure I. For face-capping derivatives of
both alkynes, asymmetric structure III is much more stable
than symmetric IV. This supports the fact that no symmetric
compounds containing face-capping alkenyl ligands have
been experimentally obtained. Whereas the acetylene-de-
rived structures Ib and IIIb have similar energies (they only
differ by 0.68 kcalmol�1), the diphenyl derivative Ia is
3.84 kcalmol�1 more stable than IIIa. Therefore, different al-
kynes may result in minimum-energy products with different
isomeric structures. In fact, compounds 3 and 7, which are
the only products of the reactions of 1 with diphenylacety-
lene and acetylene, respectively, have different structures.


When terminal alkynes are
used, their alkenyl products can
have a gem or a trans arrange-
ment of their two H atoms.
Scheme 6 shows the relative en-
ergies of DFT-optimized struc-
tures of four isomeric products
derived from methyl propiolate
and 1 (structures analogous to
II and IV were not calculated
because they were expected to
be less stable; see above).
These energies clearly indicate


Figure 6. 1H NMR spectrum (CD2Cl2, 20 8C, 400 MHz) of 18 (a) and dif-
ference 1H NOE NMR spectra after presaturation at the frequencies of
the CH (b), MeNH (c), NMe (d), and MeNH (e) resonances. The peak
marked with an asterisk is due to residual CH2Cl2 solvent.


Figure 7. 1H NMR spectrum (CD2Cl2, 20 8C, 400 MHz) of 21 (a) and dif-
ference 1H NOE NMR spectra after presaturation at the frequencies of
the MeNH (b), HCH (c), NMe (d), MeNH (e), and HCH (f) resonances.
The peak marked with an asterisk is due to residual CH2Cl2 solvent.


Scheme 5. Relative energies [kcalmol�1] of DFT-calculated minimum-energy structures of isomeric products
formally derived from reactions of diphenylacetylene and acetylene with 1. The energy of the most stable
structure of each family of isomers is assigned as 0.00 kcalmol�1.
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that trans-alkenyl products are thermodynamically more
stable than gem-alkenyl derivatives, both for edge-bridging
and face-capping situations.


The asymmetry of the bridging hydrazido ligand of com-
pound 2 increases the number of possible isomeric alkenyl
derivatives. Scheme 7 shows the calculated minimum-energy
structures of edge-bridging and face-capping isomers formal-


ly derived from reactions of phenylacetylene and acetylene
with 2. For both alkynes, structures IX, XI, and XIV are the
most stable and correspond to the three isomeric products
experimentally obtained from the reactions of 2 with phe-
nylacetylene (16, 19, and 21) and acetylene (17, 20, and 22).
The energies of the phenylacetylene-derived structures IXa,
XIa, and XIVa are very close to each other (the least stable,
IXa, is only 0.51 kcalmol�1 above the most stable, XIa).
However, for the acetylene-derived compounds, structure
XIb is 2.89 kcalmol�1 less stable than XIVb. Therefore,
changes in the R substituents of the alkenyl fragments may
induce important changes in the relative stability of their
isomeric products.


From these calculations, it can be concluded that, for
edge-bridged alkenyl derivatives, the least stable structures


are those in which a methyl
group of the MeNMe or MeNH
fragment is adjacent to the al-
kenyl-bridged Ru�Ru edge (II
and X). In fact, such com-
pounds have not been experi-
mentally observed. In this con-
text, it is curious that, for the
face-capped alkenyl derivatives
of 2, the most stable structures
are those in which the methyl
group of the MeNH fragment is


adjacent to the open Ru�Ru edge (XIV). Thus, on going
from structures XIV to XIII, which implies an exchange of
the H and Me groups of the MeNH fragment, the energy in-
creases by 3.31 (R=Ph, XIIIa) and 3.17 kcalmol�1 (R=H,
XIIIb).


As mentioned above, within the family of face-capped al-
kenyl products, the IR spectra of complexes 13, 14, and 23


are appreciably different
(Table 5, Figure 5) from those
of the majority of the members
of this family (Table 4,
Figure 5), the major difference
being that the former contain
two absorptions due to bridging
carbonyls, whereas the latter
contain only one. X-ray diffrac-
tion (10–12) and DFT calcula-
tions (7, 10, 11, 21, and 22) con-
firmed the presence of only one
bridging CO ligand in the com-
pounds of the major group. As
no X-ray diffraction data could
be obtained for 13, 14, and 23,
their structure was elucidated
by DFT calculations. As a rep-
resentative example, the mini-
mum-energy structure of
[Ru3(m3-h


2-HNNMe2)(m3-h
2-


HCCHPh)(m-CO)2(CO)6] (13,
structure XV) is shown in
Figure 8. A selection of inter-
atomic distances is given in


Table 2. This structure is the output of a calculation for
which the input was the optimized structure of 11 (VII),
which contains only one bridging CO ligand, appropriately
modified by substituting a phenyl group for the original
CO2Me group. Overall, the calculated structure of 13 is very
similar to that of 11, the major differences between them
being that the Ru1�Ru3 and C4�Ru1 distances are 0.14 and
0.22 U, respectively, longer in 13 than in 11, and that the
C11O11 carbonyl ligand asymmetrically spans the Ru1�Ru2
edge of 13 (C11�Ru1 2.018, C11�Ru2 2.249 U), whereas it
is terminal in 11. Therefore, within the family of face-
capped alkenyl complexes, noticeable structural changes in
the attachment of the CO ligands to the metal atoms can be
provoked by subtle changes in the nature of the alkenyl li-
gands, such as the gem to trans arrangement of the alkenyl


Scheme 6. Relative energies [kcalmol�1] of DFT-optimized structures of isomeric products formally derived
from methyl propiolate and 1. The energy of the most stable structure is assigned as 0.00 kcalmol�1.


Scheme 7. Relative energies [kcalmol�1] of DFT-optimized structures of isomeric products formally derived
from reactions of phenylacetylene and acetylene with 2. The energy of the most stable structure of each family
of isomers is assigned as 0.00 kcalmol�1.
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hydrogen atoms, for example, 9 (gem, one bridging CO
ligand) and 13 (trans, two bridging CO ligands), or different
R substituents on the alkenyl fragment while maintaining
the positions of the hydrogen atoms, for example, 11 (trans,
R=CO2Me, one bridging CO ligand) and 13 (trans, R=Ph,
two bridging CO ligands).


Kinetic studies : To shed light on the mechanistic aspects of
these reactions, the kinetics of the reaction of 1 with diphe-
nylacetylene were studied as a representative example.


Kinetic data were obtained under pseudo-first-order con-
ditions ([Ph2C2]@ [1]), by measuring the disappearance of
the IR absorption at 2081 cm�1 of 1 as a function of time
(details are given in the Experimental Section). The results
indicate that the reaction is first-order in the concentration
of trinuclear complex and first-order in alkyne concentra-
tion, with a rate law of the type v=k2[Ph2C2][1]. Second-
order rate constants k2 and activation parameters (DH� and
DS�) are given in Table 7.


Second-order kinetics, small DH�, and negative DS� are
consistent with an associative mechanism.[14] Although a re-
action pathway in which the addition of the alkyne is pre-
ceded by a pre-equilibrium that involves cleavage of a bond
(Ru�Ru or Ru�N) to create a vacant site in the cluster
would also follow second-order kinetics, the experimental
DH� is too low for such a process, for which DH� would be
sum of the bond energy of the broken bond and the activa-
tion barrier for attack of the alkyne on the coordinatively
unsaturated metal atom.[15]


Only one previous mechanistic study on reactions of tri-
nuclear carbonyl clusters containing face-capping N-donor


ligands has been reported.[15] It deals with reactions of phos-
phane ligands with anionic complexes of the type [PPN]
[Ru3(m3-h


2-Xpy)(m-CO)3(CO)6] (X=S, NMe, NPh). These
reactions also follow second-order kinetics, and it was pro-
posed that they take place by an associative mechanism in
which attack of the phosphane on the metal atom is accom-
panied by cleavage of an Ru�X bond. A subsequent CO
loss would reform the Ru�X bond and yield the monosub-
stituted product.[15]


Although a mechanism of this type could also be pro-
posed for the first step of the reactions described here, an
alternative proposal in which the attack of the entering
ligand is concomitant with a lengthening of several bonds of
the cluster, and not with cleavage of a localized Ru�X
bond, would also be possible.[16] Such a proposal is substanti-
ated by a few reports that describe closed, trinuclear, ligand-
bridged, 50-electron, carbonyl clusters of ruthenium[17] and
osmium[18] in which the three M�M distances are longer
than expected for normal single bonds but shorter than
open M···M edges.


Unfortunately, the fact that the rate-limiting step is the
first step of the reaction pathway (the remaining steps are
faster and occur later) prevented the isolation and/or char-
acterization of reaction intermediates that could shed more
light on how the final alkenyl products are formed.


Discrepancies with the results of Hansert and Vahrenkamp :
A comparison of our results and those reported by Hansert
and Vahrenkamp[4] (summarized in Scheme 2 and in the In-
troduction) reveals many discrepancies.


For certain reagents, the number of products obtained by
the two groups is different. This may be due to the use of
different reaction and/or separation conditions. But it is cu-
rious that in no case did they obtain any trans alkenyl prod-
uct derived from phenylacetylene, as we have done.


The most important discrepancies correspond to structural
assignments. Hansert and Vahrenkamp had the problem of
having three different products from their reactions, of
which one was clearly face-capped (IR) but the other two
had very similar IR spectra (as stated above, the IR spectra
of all the edge-bridged alkenyl products are very similar in
the carbonyl stretching region). They also had the X-ray
structure of 16 (structure A in Scheme 2). On the basis of
these data, they divided their edge-bridged alkenyl products
into two groups, one for the products of structure A, and
the other for products of unknown structure (compounds C
in Scheme 2, which Hansert and Vahrenkamp said had nine
CO ligands). As a consequence of the lack of a clear differ-
entiating criterion to make such a classification, they as-
signed structure A to compounds that in fact do not have
that structure, for example, 3, 18, and 19, in which the alken-
yl ligand and the amido fragment span the same edge of the
metal triangle, and included complex 15, which has structure
A, in group C.


We encountered an additional problem when we tried to
elucidate the true structures of the compounds described by
Hansert and Vahrenkamp. When comparing IR and NMR
data, we found that the data for some of their compounds
did not match those of any of our compounds. Furthermore,


Figure 8. DFT-optimized molecular structure of 13 (structure XV).


Table 7. Second-order rate constants and activation parameters for the
reaction of 1 with Ph2C2.


T [K] 104 k2 DH� DS�


[s�1 mol�1 L] [kcalmol�1] [calK�1mol�1]


318 6.4 14�2 �32�1
328 9.6
338 19.2
348 49.6
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they reported the X-ray structure of 16 but, curiously, the
reported spectroscopic data of this compound matched our
data for 19. In addition, our data for 16 matched their data
for a compound they tentatively formulated as [Ru3(m2-h


2-
MeNNHMe)(m-h2-PhCCH2)(CO)9] and assigned to group C
(Scheme 2). To further clarify the situation, we determined
the X-ray structure of the compound with those spectro-
scopic data, and the structure of 16 resulted, confirming that
our spectroscopic data were correct.


Conclusion


Very few reactions of alkynes with face-capped hydrido tri-
ruthenium clusters had been previously reported. Diphenyl-
acetylene was the most widely used alkyne by us[1] and
Lavigne et al.[2] in reactions with clusters derived from
2-aminopyridines. Curiously, these reactions are regioselec-
tive in the sense that they give only one product, an edge-
bridged alkenyl derivative. Other internal and terminal al-
kynes were used by SPss-Fink et al. in reactions with [Ru3-
(m-H){m3-NS(O)MePh}(CO)9]. They observed mixtures of
various isomeric edge-bridged and face-capped alkenyl
products, partly as a consequence of the asymmetry of the
bridging sulphoximido ligand.[3a] In none of these previous
studies were the results rationalized in terms of the kinetic
and/or thermodynamic stability of the possible isomeric
products.


The results reported here represent a rather broad picture
of the reactivity of alkynes with hydrazido-bridged hydrido-
triruthenium carbonyl clusters and complement previous
data on the reactivity of alkynes with triruthenium carbonyl
clusters containing other face-capping ligands. We have
shown that the selectivity of the reactions is influenced by
the nature of both the face-capping ligand and the alkyne
reagent. Density functional calculations helped us to deduce
that the products of the reactions that give a single product
(those of 1 with diphenylacetylene and acetylene) are the
most stable ones among the possible isomeric products
(Scheme 5), and that the products of the reactions that give
mixtures of isomers have similar thermodynamic stabilities
and include the most stable product of the possible isomeric
products (Schemes 6 and 7). Therefore, the kinetic aspects
of the migratory insertion processes (formation of the alken-
yl ligands) have little influence on the selectivity of the reac-
tions. This implies that, at short reaction times and/or at low
temperatures, when different alkenyl products are formed,
none of them is an intermediate in the formation of any of
the others; in other words, they are all formed, through
pathways that have similar activation energies, from a
common unstable hydrido alkyne intermediate that arises
from coordination of the alkyne to 1 or 2. A kinetic study
demonstrated that the formation of this intermediate follows
an associative pathway and that this process is the rate-limit-
ing step of the overall reaction. We also showed that gem-al-
kenyl products can be converted into trans-alkenyl products,
but this transformation has a higher activation energy than
the formation of the trans or gem products directly from the
hydrido alkyne intermediate.


Despite the great deal of information contained in this ar-
ticle on the reactivity of hydrazido-capped hydrido triruthe-
nium carbonyl clusters with alkynes, some questions are still
open. Why, among the possible isomeric products of a reac-
tion, is one more stable than the others? Why are the com-
plexes that contain face-capping alkenyl ligands open clus-
ters (two Ru�Ru bonds), contrary to the predictions of the
EAN rules for trinuclear 48-electron species? The answers
to these questions will require in-depth theoretical calcula-
tions that we leave for forthcoming research.


Experimental Section


General : Solvents were dried over Na[Ph2CO] (THF, diethyl ether, hy-
drocarbons), or CaH2 (dichloromethane, 1,2-dichloroethane) and distilled
under nitrogen prior to use. The reactions were carried out under nitro-
gen by using Schlenk/vacuum line techniques and were routinely moni-
tored by solution IR spectroscopy and by spot TLC on silica gel. Com-
pounds 1 and 2 were prepared as described elsewhere.[4,7] IR: Perkin-
Elmer FT Paragon 1000X. NMR: Bruker AV-400 and DPX-300, room
temperature, TMS as internal standard (d=0). Microanalyses: Perkin-
Elmer 2400. MS: VG Autospec double-focusing mass spectrometer oper-
ating in the FAB+ mode; ions were produced with a standard Cs+ gun
at ca. 30 kV; 3-nitrobenzyl alcohol (NBA) was used as matrix. All isolat-
ed products gave satisfactory C, H, N, microanalyses (Supporting Infor-
mation). All their FAB+ mass spectra showed the corresponding molec-
ular ion (Supporting Information).


The following description of the reactions of compounds 1 and 2 with al-
kynes is arranged in alphabetical order of the alkyne name.


Reaction of 1 with acetylene: synthesis of [Ru3(m3-h
2-HNNMe2)(m3-h


2-
HCCH2)(m-CO)(CO)7] (7): Acetylene was gently bubbled through a so-
lution of 1 (50 mg, 0.081 mmol) in THF (30 mL) at reflux for 20 min. The
color changed from yellow to orange. The solvent was removed under re-
duced pressure and the residue was crystallized from dichloromethane/
hexane to give 7 as an brownish orange solid (44 mg, 89%).


Reaction of 1 with dimethyl acetylenedicarboxylate: synthesis of [Ru3(m3-
h2-HNNMe2)(m3-h


2-MeO2CCCHCO2Me)(m-CO)(CO)7] (8): A solution of
1 (50 mg, 0.081 mmol) and dimethyl acetylenedicarboxylate (10 mL,
0.089 mmol) in THF (20 mL) was stirred under reflux for 20 min. The
color changed from yellow to dark orange. The solvent was removed
under reduced pressure and the residue was separated by TLC (silica
gel) with hexane/THF (4/1) as eluant. Extraction of the major band
(third, orange) allowed the isolation of 8 as an orange solid (28 mg,
47%).


Reaction of 1 with diphenylacetylene: synthesis of [Ru3(m3-h
2-


HNNMe2)(m-h
2-PhCCHPh)(m-CO)2(CO)6] (3): A solution of 1 (50 mg,


0.081 mmol) and diphenylacetylene (17 mg, 0.089 mmol) in THF (30 mL)
was stirred under reflux for 85 min. The color changed from yellow to
red. The solvent was removed under reduced pressure and the residue
was crystallized from dichloromethane/hexane to give 3 as a red solid
(49 mg, 79%).


Reaction of 1 with 2-ethynylpyridine: synthesis of [Ru3(m3-h
2-


HNNMe2)(m-h
2-pyCCH2)(m-CO)2(CO)6] (6) and [Ru3(m3-h


2-
HNNMe2)(m3-h


3-HCCHpy)(m-CO)(CO)7] (12): A solution of 1 (100 mg,
0.162 mmol) and 2-ethynylpyridine (18 mL, 0.178 mmol) in THF (40 mL)
was stirred under reflux for 12 min. The color changed from yellow to
orange. The solvent was removed under reduced pressure, the residue
was dissolved in dichloromethane (2 mL), and the resulting solution was
supported on a silica gel chromatographic column (3Y20 cm) packed in
hexane. Hexane/dichloromethane (1/1) eluted four bands. The first three
were very weak and were not collected. The fourth band contained 12,
which was isolated as a red solid after solvent removal (13 mg, 12%).
Further elution of the column with dichloromethane afforded an orange
band, which contained a mixture of compounds. This mixture was sepa-
rated by TLC (silica gel). Repeated elution with hexane/dichloromethane
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(1/1) allowed the separation of the major band, which, after workup, af-
forded 6 as an orange solid (19 mg, 17%).


Reaction of 1 with 2-methylbut-3-yn-2-ol: synthesis of [Ru3(m3-h
2-


HNNMe2)(m-h
2-HOMe2CCCH2)(m-CO)2(CO)6] (4) and [Ru3(m3-h


2-
HNNMe2)(m3-h


2-HCCHCMe2OH)(m-CO)2(CO)6] (14): A solution of 1
(50 mg, 0.081 mmol) and 2-methylbut-3-yn-2-ol (9 mL, 0.089 mmol) in
THF (20 mL) was stirred under reflux for 15 min. The color changed
from yellow to orange. The solvent was removed under reduced pressure
and the residue was separated by TLC (silica gel). Hexane/dichlorome-
thane (1/1) eluted two bands. Compound 4 was extracted from the first
band and was isolated as an orange solid (8 mg, 12%). Compound 14
was extracted from the second band and was isolated as dark yellow
solid (21 mg, 39%). A dark residue remained uneluted in the base line.


Reaction of 1 with methyl propiolate: synthesis of [Ru3(m3-h
2-


HNNMe2)(m-h
2-HCCHCO2Me)(m-CO)2(CO)6] (5), [Ru3(m3-h


2-
HNNMe2)(m3-h


2-MeO2CCCH2)(m-CO)(CO)7] (10), and [Ru3(m3-h
2-


HNNMe2)(m3-h
2-HCCHCO2Me)(m-CO)(CO)7] (11): A solution of 1


(100 mg, 0.162 mmol) and methyl propiolate (16 mL, 0.179 mmol) in THF
(30 mL) was stirred under reflux for 30 min. The color changed from
yellow to orange. The solvent was removed under reduced pressure, the
residue was dissolved in dichloromethane (2 mL), and the resulting so-
lution was supported on a silica gel chromatographic column (3Y20 cm)
packed in hexane. Hexane/dichloromethane (3/2) eluted 10, which was
isolated as an orange solid after solvent removal (47 mg, 43%). Hexane/
dichloromethane (2/3) eluted 11, which was isolated as an orange solid
after solvent removal (18 mg, 16%). Hexane/dichloromethane (1/4)
eluted 5, which was isolated as an orange solid after solvent removal
(7 mg, 6%).


Reaction of 1 with phenylacetylene: synthesis of [Ru3(m3-h
2-


HNNMe2)(m3-h
2-PhCCH2)(m-CO)(CO)7] (9) and [Ru3(m3-h


2-
HNNMe2)(m3-h


2-HCCHPh)(m-CO)2(CO)6] (13): A solution of 1 (50 mg,
0.081 mmol) and phenylacetylene (10 mL, 0.089 mmol) in THF (20 mL)


was stirred under reflux for 20 min. The color changed from yellow to
red. The solvent was removed under reduced pressure. A 1H NMR spec-
trum of the residue indicated the presence of 9 and 13 in a 3/1 ratio. The
solid residue was recrystallized twice from dichloromethane/hexane to
give 9 as an orange solid (32 mg, 57%). Compound 13 was best prepared
by heating under reflux a solution of a 3/1 mixture of 9 and 13 (50 mg,
0.072 mmol) in toluene (10 mL) for 10 min. The solvent was removed
under reduced pressure and the solid residue was recrystallized twice
from dichloromethane/hexane to give the product as an orange solid
(36 mg, 65%).


Reaction of 2 with acetylene: synthesis of [Ru3(m3-h
2-MeNNHMe)(m-h2-


HCCH2)(m-CO)2(CO)6] (isomers 17 and 20) and [Ru3(m3-h
2-MeNNH-


Me)(m3-h
2-HCCH2)(m-CO)(CO)7] (22): Acetylene was gently bubbled


through a solution of 2 (50 mg, 0.081 mmol) in THF (30 mL) under
reflux for 20 min. The color changed from yellow to orange. The solvent
was removed under reduced pressure and the residue was separated by
TLC (silica gel) with hexane/dichloromethane (2/1) as eluant. The bands
were extracted to give, in order of elution, 17 (orange solid, 15 mg,
30%), 20 (orange solid, 5 mg, 10%), and 22 (yellow solid, 17 mg, 34%).


Reaction of 2 with diphenylacetylene: synthesis of [Ru3(m3-h
2-MeNNH-


Me)(m-h2-PhCCHPh)(m-CO)2(CO)6] (isomers 15 and 18) and [Ru3(m3-h
2-


MeNNHMe)(m3-h
2-PhCCHPh)(m-CO)2(CO)6] (23): A solution of 2


(50 mg, 0.081 mmol) and diphenylacetylene (17 mg, 0.089 mmol) in THF
(30 mL) was stirred under reflux for 35 min. The color changed from
yellow to dark orange. The solvent was removed under reduced pressure
and the residue was separated by TLC (silica gel) with hexane/dichloro-
methane (5/1) as eluant. Three bands were eluted and extracted to give,
in order of elution, 23 (yellow solid, 6 mg, 10%), 18 (red solid, 12 mg,
19%), and 15 (orange solid, 14 mg, 23%).


Reaction of 2 with phenylacetylene: synthesis of [Ru3(m3-h
2-MeNNH-


Me)(m-h2-PhCCH2)(m-CO)2(CO)6] (isomers 16 and 19) and [Ru3(m3-h
2-


MeNNHMe)(m3-h
2-PhCCH2)(m-CO)(CO)7] (21): A solution of 2 (50 mg,


Table 8. Crystal, measurement, and refinement data for the compounds studied by X-ray diffraction.


3 5 10 11 12 15


formula C24H18N2O8Ru3 C14H12N2O10Ru3 C14H12N2O10Ru3 C14H12N2O10Ru3 C17H13N3O8Ru3 C24H18N2O8Ru3


formula weight 765.61 671.47 671.47 671.47 690.51 765.61
crystal system triclinic triclinic triclinic monoclinic orthorhombic monoclinic
space group P1̄ P1̄ P1̄ P21/c P212121 P21/c
a [U] 7.6934(3) 7.6473(4) 9.0089(5) 8.7734(3) 8.9655(4) 10.5421(3)
b [U] 11.6631(4) 10.4687(5) 9.7582(6) 14.2762(4) 12.1096(4) 14.9160(5)
c [U] 15.7483(7) 12.8350(7) 13.1095(8) 15.9178(6) 18.8958(6) 16.8300(6)
a [8] 77.942(2) 88.160(3) 104.617(4) 90 90 90
b [8] 88.696(3) 73.622(4) 93.472(3) 95.045(2) 90 96.412(2)
g [8] 71.927(3) 82.343(3) 116.430(3) 90 90 90
V [U3] 1312.38(9) 977.03(9) 978.53(9) 1986.0(1) 2051.5(1) 2629.8(2)
Z 2 2 2 4 4 4
F(000) 744 644 644 1288 1328 1488
1calcd [gcm


�3] 1.937 2.282 2.279 2.246 2.236 1.934
radiation (l [U]) CuKa (1.54180) CuKa (1.54180) CuKa (1.54180) CuKa (1.54180) CuKa (1.54180) CuKa (1.54180)
m [mm�1] 14.241 19.068 19.039 18.762 18.131 14.213
crystal size [mm] 0.13Y0.10Y0.05 0.20Y0.10Y0.08 0.15Y0.15Y0.03 0.15Y0.10Y0.08 0.15Y0.10Y0.08 0.33Y0.08Y0.05
T [K] 120(2) 120(2) 200(2) 120(2) 120(2) 150(2)
q limits [8] 2.87–68.69 3.59–68.34 3.56–68.75 4.17–68.50 4.34–68.28 4.22–68.24
min./max. h, k, l 0/9, �12/14, �18/


18
0/9, �12/12, �14/
15


�10/10, �11/11, �15/
15


�10/10, �15/17, �19/
19


�9/10, �14/14, �22/
22


�12/12, �17/17, �20/
20


collected reflns 17416 7017 6015 16839 18796 9158
unique reflns 4803 3530 3582 3654 3617 4786
reflns with I>2s(I) 4474 3189 3101 3192 3392 3827
absorption correc-
tion


XABS2 XABS2 XABS2 XABS2 SORTAV XABS2


max./min. transmis-
sion


0.491/0.228 0.236/0.155 0.625/0.135 0.223/0.105 0.655/0.499 0.490/0.294


parameters/re-
straints


340/1 265/0 271/3 273/0 274/0 334/1


GOF on F2 1.177 1.171 1.029 1.089 1.003 1.118
R1 (on F, I>2s(I)) 0.0491 0.0567 0.0594 0.0297 0.0473 0.0666
wR2 (on F2, all data) 0.1869 0.240 0.1636 0.0852 0.1643 0.2670
max./min. D1 [eU�3] 1.602/�1.477 1.867/�2.180 1.911/�2.144 1.131/�0.826 1.243/�1.704 1.346/2.283
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0.081 mmol) and phenylacetylene (10 mL, 0.089 mmol) in THF (30 mL)
was stirred under reflux for 15 min. The color changed from yellow to
bright orange. The solvent was removed under reduced pressure and the
residue was separated by TLC (silica gel) with hexane/dichloromethane
(5/1) as eluant. Three bands were eluted and extracted to give, in order
of elution, 21 (yellow solid, 15 mg, 27%), 19 (red solid, 10 mg, 18%), and
16 (orange solid, 16 mg, 29%).


X-ray structures of 3, 5, 10, 11, 12, and 15 : Diffraction data were collect-
ed on a Nonius Kappa-CCD diffractometer using graphite-monochromat-
ed CuKa radiation. Data were reduced to F2


o values. Absorption correc-
tions were applied using XABS2[19] for 3, 5, 10, 11, and 15, and
SORTAV[20] for 12. Structures were solved by Patterson interpretation
using the program DIRDIF-96.[21] Isotropic and full-matrix anisotropic
least-squares refinements were carried out using SHELXL-97.[22] The C1,
C20, and C42 carbon atoms of 12 and the H atoms of all structures were
refined with isotropic thermal parameters. All remaining non-H atoms
were refined anisotropically. The molecular plots were made with the
EUCLID program package.[23] The WINGX program system[24] was used
throughout the structure determinations. Crystal, measurement, and re-
finement data for the compounds studied by X-ray diffraction are listed
in Table 8.


CCDC-238358 (3), CCDC-238359 (5), CCDC-238360 (10), CCDC-238361
(11), CCDC-238362 (12), and CCDC-238363 (15) contain the supplemen-
tary crystallographic data for this paper. These data can be obtained free
of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.uk).


Kinetic measurements : All kinetic experiments were run under pseudo-
first-order conditions at a [Ph2C2]/[1] ratio of at least 15. Data were ob-
tained by measuring the disappearance of the IR absorption of 1 at
2081 cm�1. The spectra were recorded in absorbance mode on a Perkin-
Elmer FT Paragon 1000 spectrophotometer using a Specac P/N 21525
variable-temperature cell with 0.5 mm-spaced NaCl windows. In each ex-
periment, 1 (10 mg, 0.016 mmol) and the appropriate amount of dipheny-
lacetylene were dissolved in cold (0 8C), dry, and deoxygenated toluene
(total volume 10 mL). A portion of this solution was transferred with a
syringe to the IR cell, which was previously preheated to the appropriate
temperature. After an equilibration time of 2 min, the absorbance of the
IR absorption at 2081 cm�1 was recorded every 2 min for 20 min. Plots of
lnAt (At is the absorbance at time t) vs time were linear for all reactions
(r2>0.99). The slopes of these lines yielded the observed rate constants
kobs. Plots of kobs vs [Ph2C2] at each temperature were also linear (r2>
0.95). Second-order rate constants k2 were calculated from the slopes of
these lines (kobs=k2[Ph2C2] when [Ph2C2]@ [1]). Activation parameters
were derived from the Eyring equation.


Theoretical calculations : All the minimum-energy structures reported
herein were optimized by hybrid DFT within the Gaussian98 program
suite[25] by using BeckeVs three-parameter hybrid exchange-correlation
functional[26] containing the nonlocal gradient correction of Lee, Yang,
and Parr (B3LYP).[27] The Hay–Wadt Los Alamos National Laboratory
two-shell double-z (LANL2DZ) basis set, with relativistic effective core
potentials, was used for the Ru atoms.[28] The basis set used for the re-
maining atoms was 6-31G with addition of (d,p) polarization for all
atoms. All optimized structures were confirmed as minima by calculation
of analytical frequencies. For each calculation, the input model molecule
was based on one of the X-ray structures reported in this article, conven-
iently modified by changing the appropriate R groups.
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Molybdenum Phosphide as an o-Propylaniline Hydrodenitrogenation
Catalyst: A First Principles Study


Victor Milman,*[a] Bjçrn Winkler,[b] and Roberto Gomperts[c]


Transition-metal phosphides have a wide range of inter-
esting chemical and physical properties: they are hard, wear
resistant, stable at elevated temperatures, and have relative-
ly high thermal and electrical conductivities.[1] Molybdenum
phosphide, MoP, is a promising catalyst in both unsupported
and supported form for such processes as hydrodenitrogena-
tion (HDN) and hydrodesulfurization (HDS).[1–6] MoP ex-
hibits the highest intrinsic activity in the HDN process of o-
propylaniline out of a number of related transition-metal
phosphides, with product selectivities similar to those of sul-
fidic catalysts.[2] Furthermore, it has been predicted recently
that MoP should have a higher potential as a catalyst than
Mo, MoC, or MoN.[5]


The microscopic information on the mechanism of the
MoP catalytic action cannot be inferred from the available
experimental studies. Thus quantum-mechanical modeling
offers the most reliable route to understanding the catalytic
activity of the MoP surface. The crystal chemistry and the
nature of bonding in bulk molybdenum phosphides has been
studied recently by using quantum-mechanical calculations
based on density functional theory (DFT), a plane wave
basis set, and pseudopotentials.[7] The results of that work


show that the structure of the bulk MoP is accurately repro-
duced in the simulations, with the errors of �0.2% and
�0.5% for the a and c lattice parameters, respectively. MoP
crystallizes in the tungsten carbide type structure, space
group P6̄2m, so that each molybdenum atom is trigonal-pris-
matically surrounded by six phosphorus atoms, and vice
versa. The high value of the calculated bulk modulus of
MoP, 218 GPa,[7] is consistent with the experimentally ob-
served high hardness of MoP. The Mulliken bond population
for the Mo�P bond in MoP is not exceptionally high when
compared to that of other molybdenum phosphides, so the
low compressibility of MoP was ascribed to the spatial ar-
rangement of Mo�P bonds rather than to extreme bond
strength.[7]


Recently the bulk and surface structure of MoP have
been investigated theoretically in connection with the chem-
ical activity toward CO and sulfur adsorption.[5] These par-
ticular adsorbates were chosen as model probe systems, with
the expectation that the qualitative trends obtained for a
family of Mo-terminated surfaces would be applicable to
more complex adsorbates. The present study is aimed at elu-
cidating the catalytic processes on the MoP(001) surface for
realistic HDN reactions: namely, for one of the important
branches of the HDN reaction network for o-propylaniline.
o-Propylaniline is a relatively simple test molecule that has
sufficient structural complexity to be a representative N-
containing aromatic compound.[2]


Computational Details


The quantum-mechanical calculations described here are based on densi-
ty functional theory and the PBE version of the generalized gradient ap-
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Abstract: MoP has been shown experi-
mentally to be an active catalyst in the
hydrodenitrogenation of o-propylani-
line. We investigate the structure and
the energetics of the o-propylaniline
adsorption on the Mo-terminated
MoP(001) surface. Detailed informa-
tion on the structure of the free


MoP(001) surface and on the structure
and adsorption energy of o-propylani-
line on MoP(001) is obtained by using


density functional theory. The transi-
tion state, reaction path, and the
energy barrier are reported for one of
the branches of the HDN reaction net-
work that leads to the formation of
propylbenzene by hydrogenolysis of
the C�N bond.
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proximation.[8] Ultrasoft pseudopotentials were used with a maximum
cutoff energy of the plane waves of 320 eV. The pseudopotentials were
generated by using the PBE exchange-correlation functional in the
atomic calculations. The Monkhorst–Pack sampling of the Brillouin zone
was used with the distances between the grid points of about 0.05 I�1.[9]


This spacing corresponds to 48 k-points in the irreducible part of the Bril-
louin zone for bulk MoP calculations, and to 2 k-points for the MoP sur-
face studies.


The Mo-terminated MoP(001) surface was studied in the slab geometry
using the supercell approach. A (4J4) surface cell with 16 atoms in each
atomic layer was used. This cell size is sufficiently big to eliminate spuri-
ous interactions between periodic images of the adsorbates. Six atomic
layers were included in the calculations, with the bottom two layers being
fixed at the theoretical bulk lattice positions. The width of the vacuum
layer was about 11 I, so that the overall thickness of the supercell was
19 I.


Geometry optimization with the fixed lattice parameters was performed
until the remaining forces on the atoms were less than 0.01 eVI�1. Tran-
sition-state calculations for the HDN reaction of o-propylaniline on
MoP(001) and in the gas phase were carried out by using a generalized
synchronous transit method.[10] Starting from reactants and products, the
synchronous transit methods interpolate a reaction pathway to find a
transition state. The transition state search comprises the definition of
the reaction pathway based on the structures of the reactants and prod-
ucts, the linear maximization procedure (LST) along this pathway which
brackets the transition state, the energy minimization of the LST struc-
ture in directions conjugate to the reaction pathway, quadratic interpola-
tion (QST) based on the reactants, products, and the minimized LST
structure, amd conjugate gradient minimization of the QST structure.
The QST cycle can be repeated until convergence is achieved. The modi-
fication of the conventional LST/QST procedures for the periodic boun-
dary conditions includes the summation over all periodic images of the
atoms, and thus requires a modification in the object function that de-
fines the reaction pathway.[10]


Mulliken population analysis was performed to evaluate atomic charges
and bond populations and thus to examine the nature of chemical bond-
ing in the systems studied. We used a population analysis scheme imple-
mented for a plane wave basis set by Segall et al. ,[11] which is based on a
formalism suggested by Sanchez-Portal et al.[12] All calculations were car-
ried out using the CASTEP[13] program, versions 4.2[14] and 3.0.[15]


Results and Discussion


Bulk MoP and clean MoP(001) surface: In this section we
present the calculated structural properties of the bulk MoP
and of the ideal Mo-terminated MoP(001) surface, and com-
pare them to the available experimental and theoretical
data.


The calculated geometry of the bulk MoP is described in
Table 1. The present results are in marginally better agree-


ment with experiment than the previous CASTEP calcula-
tions performed with similar settings.[7] The differences with
respect to the DMol3 calculations[5] are due to 1) different
exchange-correlation functional (we use PBE, whereas Liu
and Rodriguez[5] used RPBE), and 2) different DFT imple-
mentation (numerical basis set in DMol3, plane wave basis
in CASTEP). The results presented in Table 1 confirm that
the DFT accuracy for this system is sufficient for reliable
structural investigations: regardless of the actual DFT im-
plementation, the cell parameters agree with experiment to
better than 2%, and the calculated MoP bond length is
within 0.5% of the experimental value.


The ionic component of the chemical bonding is small in
bulk MoP, in contrast with other Mo compounds (MoC,
MoN, MoS2) in which charge transfer is significant.[5,6] The
Mulliken charges on Mo and P atoms have been quoted as
0.09 e and �0.09 e, respectively,[6] and the creation of the
Mo-terminated surface reduces these charges to 0.045 and
�0.077 e.[5] The present calculation gives �0.20 e and 0.20 e
for Mo and P, respectively. These values are higher than the
previously reported ones and also of the opposite sign. We
have also calculated Mulliken charges for bulk d-MoN, one
of the compounds studied by Liu and Rodriguez,[5] and ob-
tained 0.63 e on Mo and �0.63 e on N, confirming the donor
nature of Mo in MoN in agreement with the earlier results.
Thus our results for MoP imply that this compound is quali-
tatively different from molybdenum carbide and nitride in
that the direction of the charge transfer becomes reversed,
not just that the amplitude of the transfer diminishes. Ac-
cording to our results, phosphorus in MoP is a weak donor
rather than a weak acceptor. This qualitative difference is
clearly important for the understanding of the surface
chemistry and catalytic activity of MoP.


The Mulliken bond population in bulk MoP was previous-
ly reported as 0.38 e,[7] whereas the present results give
0.32 e. The differences of this order of magnitude are indica-
tive of the qualitative nature of the Mulliken population
analysis, and given that LDA-based pseudopotentials were
used in the earlier study, the agreement is actually very rea-
sonable.


The structure of the Mo-terminated MoP(001) surface is
illustrated in Figure 1. The two layers of Mo and P atoms
were kept fixed during geometry optimization to imitate the
bulk-like geometry at the bottom of the slab, while the
other four layers were allowed to relax. The quantitative
characteristics of the relaxed structure are given in Table 2.
The main feature is a very strong inward relaxation of the
top layer, the interlayer distance becomes 1.39 I compared
to the ideal bulk distance of 1.59 I. The relaxation pattern
is oscillatory, which suggests that a large number of layers
might be required to model the MoP(001) surface. The pre-
vious theoretical study of this surface employed four atomic
layers[5] compared to six layers used here. The Mo�P bond
length between the surface and subsurface layers was then
found to be 2.8% shorter than the bulk bond length, where-
as the present results predict a twice stronger effect, a 5.2%
bond shortening (Table 2). It is likely that the difference is
due to the insufficient number of layers used in the earlier
work, furthermore, Liu and Rodriguez[5] fixed only one


Table 1. Structural parameters of MoP. The space group is P6̄2m and
there is Z=1 formula unit per unit cell. Mo atom is at the origin (000), P
atom is at (2=3


1=3
1=2). Deviations from experimental values are given in


parentheses.


a [I] c [I] c/a Mo�P [I]


exp. [17] 3.223 3.191 0.9901 2.451
DMol3 [5] 3.235


(0.4%)
3.165
(�0.8%)


0.9784
(�1.2%)


2.448
(�0.1%)


CASTEP [6] 3.286
(1.9%)


3.146
(�1.4%)


0.9574
(�3.3%)


2.464
(0.5%)


CASTEP [7] 3.218
(�0.2%)


3.176
(�0.5%)


0.9869
(�0.3%)


2.444
(�0.3%)


CASTEP (present) 3.229
(0.2%)


3.184
(�0.2%)


0.9859
(�0.4%)


2.452
(0%)
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bottom layer so that the slab did not have bulk-like geome-
try in any of its layers.


The charge transfer between Mo and P atoms is clearly af-
fected by the presence of free surfaces. However, the effect


is stronger on the P-terminated surface that does not present
any interest for the present study. The Mulliken charges on
P atoms in the bottom layer of the slab are two times small-
er than those observed in the bulk. This change is accompa-
nied by the strengthening of the Mo�P bonds between the
two bottom layers as witnessed by the increase in bond pop-
ulations relative to the bulk value of 0.38 e (see Table 2).
Mulliken charges on the atoms in the surface and subsurface
layers of the Mo-terminated surface are close to their bulk
values. Previous study showed stronger relative changes,
with the Mulliken charge on Mo atoms decreasing from
0.09 e in the bulk to 0.045 e on the surface.[5] This change is,
however, small on the absolute scale and is of the same
order of magnitude as found here.


We carried out convergence tests to verify that the
number of MoP layers we used is sufficient: the MoP(001)
relaxation has been repeated for a slab with only four
atomic layers, the bottom layer of P atoms being fixed. This
geometry is the same as has been used by Liu and Rodri-
guez.[5] Table 2 shows that the bond lengths change by no
more than 0.02 I when going from four to six layer slab, so
the structure we used is converged with respect to the
number of atomic layers. The main differences in the local
electronic structure between the six-layer and four-layer cal-
culations are in the subsurface Mo layer. It is safe to assume
that the details of the structure and charge distribution at
that depth are unimportant for the description of adsorption
of atoms and small molecules on MoP(001), and thus the
four-layer slab is sufficient for the study of CO and S ad-
sorption.[5] The interactions with big organic molecules stud-
ied here do cause long-range changes in the geometry and
in the local electronic structure, thus we believe that the six-
layer slab is necessary to investigate HDN reactions.


o-Propylaniline on MoP(001) surface: The bonding of o-
propylaniline to MoP was investigated by using the same ap-
proach as in the study of the clean MoP(001) surface. The


two bottom layers of the slab
were kept fixed at their bulk
positions, while the rest of the
slab and the molecule were al-
lowed to relax. The 4J4 surface
mesh (96 substrate atoms) was
used to provide supercells that
were sufficiently big to elimi-
nate unphysical interactions be-
tween the periodic images of
the adsorbates. The resultant
structure is shown in Figure 2.
The aromatic ring of the adsor-
bate is oriented so as to match
the hexagonal lattice of the sub-
strate. The center of the ring is
positioned on top of the subsur-
face P atom (hollow site). This


configuration allows three strong Mo�C bonds between the
carbon atoms of the aromatic ring and the top substrate
layer to be formed. The C�N bond of o-propylaniline is ori-
ented along the Mo�P bond in the top view, so that nitrogen


Figure 1. The structure of the Mo-terminated MoP(001) surface: top view
(a) and side view (b) of the simulation supercell. Mo: light gray spheres;
P: dark gray spheres.


Table 2. The structure and Mulliken populations of the clean MoP(001) surface.[a]


Layer Dd/d0 [%] Mo�P [I] Db/b0 [%] BP [e] q [e]


Mo (top) �0.18 (�0.18)
�12.8 (�11.3) 2.325 (2.337) �5.2 (�4.7) 0.37 (0.38)


P 0.23 (0.24)
5.1 (6.6) 2.504 (2.522) 2.1 (2.9) 0.31 (0.28)


Mo �0.12 (�0.19)
�1.5 (�1.4) 2.436 (2.438) �0.6 (�0.6) 0.39 (0.52)


P 0.15
2.9 2.481 1.2 0.29


Mo �0.18
0 2.452 0 0.51


P (bottom) 0.11


[a] Dd/d0 is the relative change of the interlayer spacing, Db/b0 is the relative change of the Mo�P bond length
with respect to the bulk value, BP is the Mulliken population for the Mo�P bond, q is the Mulliken charge.
Values in parentheses refer to the calculation with four atomic layers (the bottom layer fixed).
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atom is in perfect registry to create another bond to a Mo
atom of the substrate.


The Mo�C bonds formed during adsorption are 2.24(1) I
long, which is very similar to the geometry found in molyb-
denum carbides. The typical Mo�C bond lengths in a variety
of MoC and Mo2C modifications are 2.1–2.2 I, the tungsten
carbide type modification of MoC which is isostructural to
MoP has a Mo�C bond length of 2.19 I.[16] The Mo�N
bond length is 2.26 I, again in good agreement with the
values observed in bulk MoN compounds, from 2.08 to
2.25 I. The main change in the structure of the molecule
due to the molecule–surface interaction is the bending of
the hydrocarbon chain: o-propylaniline is not flat in its ad-
sorbed configuration, while all carbon atoms lie exactly in a
plane in the gas phase geometry. The hydrocarbon chain
points away from the surface at an angle of nearly 308 after
adsorption (Figure 2). Other structural changes are less pro-
nounced: the bonds in the aromatic ring are lengthened by
about 2%, from 1.40–1.42 to 1.43–1.46 I, so as to allow for
the optimal Mo�C bond lengths. Similarly the C�N bond
becomes 1.45 I instead of 1.40 I. All other bond lengths in
o-propylaniline are essentially the same as in the gas phase.


The substrate structure changes locally around the adsorp-
tion site, the Mo�P bonds between the top two layers
change by 2–3% relative to the structure observed for the
clean surface. The effect of the adsorbate is relatively long-


ranged: the bonds between the second and the third layer
are modified by about 1%, and between the third and the
fourth layer by about 0.5%. The fourth layer already pre-
serves the geometry of the clean surface, which shows that
the width of the slab we use is sufficient to describe adsorp-
tion on the MoP(001) surface. The geometry and electronic
structure of the substrate is practically unaffected two coor-
dination spheres away from the adsorbate. Mo atoms in the
corners of the cell shown in the top view of Figure 2 have
the same local coordination and the same Mulliken charges
as on the clean surface. Mo atoms involved in the newly cre-
ated bonds to carbon and nitrogen atoms act as donors, so
that their Mulliken charges change from �0.18 e to 0.06 e
(Mo�N bond) and to 0.28–0.32 e (three Mo�C bonds). The
C�C aromatic bonds as well as the C�N bond in the mole-
cule are weakened during adsorption, since they are extend-
ed relative to the gas phase structure in order to create
strong bonds with the substrate. However, all other bonds:
C�H, N�H and C�C bonds in the hydrocarbon tail - are
strengthened after adsorption even though their length is
unchanged. This conclusion is based on the Mulliken bond
population increase by about 0.1 e.


The energy of adsorption is determined as the difference
between the total energy of the adsorbed complex and the
sum of the energies of the clean surface and of o-propylani-
line in the gas phase. The energy of o-propylaniline was ob-
tained from the calculation with exactly the same simulation
supercell and the same settings as in the calculations for the
MoP surface. The calculated adsorption energy of �3.32 eV
corresponds to fairly strong adsorption.[5]


Propylbenzene on MoP(001) surface: The HDN reaction
network of o-propylaniline results in a number of different
products.[2] One of the products, propylbenzene, forms
through C�N bond hydrogenolysis. There is a more complex
reaction pathway that involves hydrogenation of the aromat-
ic ring system. The final products of this multistage reaction
are butylcyclopentane, propylcyclohexane, and propylcyclo-
hexene. The goal of this work is to show the feasibility of
the DFT investigations of complex reactions on catalytic sur-
faces rather than to carry out a full study of the HDN reac-
tion network. Thus we concentrate on just one branch of the
network, the single-step reaction that produces propylbenzene.


Geometry and energetics of the propylbenzene adsorption
are relevant to the understanding of the reaction mechanism
and of the details of the MoP catalytic activity. The adsorp-
tion geometry for propylbenzene on the MoP(001) surface
is very similar to that of o-propylaniline (Figure 3). The aro-
matic ring is positioned on the hollow site, with three strong
Mo�C bonds. The adsorption energy is found to be
�2.68 eV. It seems likely that the adsorption energy of o-
propylaniline is higher because of one extra bond (Mo�N)
between the molecule and the substrate. This implies that
propylbenzene will desorb easier than o-propylaniline, so
that the reaction products can be efficiently removed from
the catalytic surface.


C�N bond hydrogenolysis: o-propylaniline to propylben-
zene: The energy barrier for the hydrogenolysis reaction


Figure 2. The structure of o-propylaniline adsorbed on the Mo-terminat-
ed MoP(001) surface: top view (a) and perspective view (b). Mo: light
gray spheres; P: dark gray speheres; N: black sphere; C: large gray
spheres; H: small white spheres. Only the two top layers of the MoP sur-
face are shown in ball-and-stick mode, the rest of the slab is shown in the
line mode.
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was evaluated for both gas phase o-propylaniline and for
the molecule adsorbed on the MoP(001) surface. The algo-
rithm we used combines linear and quadratic synchronous
transit method with conjugate gradient refinements.[10] The
first step of the calculation is to define the reactants and
products. In both cases the reactants included o-propylani-
line, either in its gas phase or as an adsorbate, and an H2


molecule at about 3 I from the nitrogen atom. The products
of the reaction include propylbenzene and ammonia mole-
cules at a separation of 2–3 I. These are either free mole-
cules for the gas-phase calculations, or two adsorbed mole-
cules for the reaction on the MoP surface.


The reaction on the MoP surface is exothermic with an
energy release of 1.18 eV. The transition state corresponds
to the broken C�N bond with the NH2 group attached to
the surface Mo atom. The Mo�N bond in this configuration
is 2.14 I long, shorter than for either o-propylaniline
(2.26 I) or ammonia (2.29 I) adsorption. The H2 molecule
in the transition state configuration is located roughly half-
way between the carbon and nitrogen atoms of the already
broken C�N bond, and the H�H bond length is about 4%
longer than in the reactant configuration. The energy barrier
for the reaction is 0.97 eV from the reactants and 2.16 eV
from the products.


The energy effect of the reaction is 50% smaller in the
gas phase, only 0.61 eV. The structure of the transition state
is qualitatively the same as on the MoP surface, except that
the H�H bond in the H2 molecule is already broken. The


H�H distance in the transition-state geometry is 1.0 I as
opposed to 0.8 I in the presence of MoP surface. The main
difference though can be seen from the comparison of the
energy barriers. The energy barrier from reactants in the gas
phase is 5.61 eV (6.26 eV from products), significantly
higher than in the presence of the MoP catalyst. The special
feature of the reaction on the MoP surface seems to be that
the Mo�N bond does not get broken during the reaction,
the NH2 group pivots around this bond to tilt away from o-
propylaniline molecule and to acquire an additional H atom
from the incoming H2 molecule. The full analysis of the re-
action process should further include the calculation of the
surface diffusion properties for ammonia on the MoP sur-
face which would be required to fully separate the products
of the reaction, this is however beyond the scope of the
present study.


The large reduction of the reaction barrier on MoP sur-
face is thus assigned to the C�N bond weakening as a result
of the creation of new bonds to the substrate, especially of
the Mo�N bond. The discovery that the reaction can take
place with the Mo�N bond intact implies that the weaken-
ing of the C�N bond affects not only the equilibrium struc-
ture of adsorbed o-propylaniline, but also the complete
pathway for C�N bond hydrogenolysis.


Summary and Discussion


The results of the DFT study presented herein provide an
atomistic picture of the adsorption of o-propylaniline on the
Mo-terminated MoP(001) surface as well as the insight into
the catalytic activity of MoP for the HDN reaction. The en-
ergetics of the C�N bond hydrogenolysis which results in
the propylbenzene formation is obtained, and the insight
into the likely reaction pathway is provided. The comparison
of the reaction in gas phase and on the MoP surface ex-
plains the catalytic effect of MoP as being due to the C�N
bond weakening. The charge transfer from the substrate to
o-propylaniline is important in the reorganization of the
bond strengths of the adsorbate. The high activity of MoP
compared to other Mo compounds[5] is related to the fact
that Mo atoms in the top layer of the clean MoP(001) sur-
face act as weak acceptors and have excessive charge. The
top layer of MoC(001) or MoN(001) surfaces is depleted of
electron charge, since Mo acts as a donor in those com-
pounds.


The C�C aromatic bonds are also weakened in the adsor-
bed state, which should explain catalytic activity of MoP for
the branches of the HDN reaction that involve hydrogena-
tion of the aromatic ring as the first step.[2] We are hopeful
that the suggested approach can be further used to investi-
gate the full HDN reaction network for o-propylaniline on
MoP.


Acknowledgements


B. W. would like to thank the Deutsche Forschungsgemeinschaft for
funding through grant Wi1232/12.


Figure 3. The structure of propylbenzene adsorbed on the Mo-terminated
MoP(001) surface: top view (a) and perspective view (b).
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Synthesis, Spectroscopy, and Electrochemistry of Tetra-tert-butylated
Tetraazaporphyrins, Phthalocyanines, Naphthalocyanines, and
Anthracocyanines, together with Molecular Orbital Calculations


Nagao Kobayashi,*[a] Shin-ichiro Nakajima,[b] Hiroshi Ogata,[a] and Takamitsu Fukuda[a]


Introduction


Phthalocyanines (Pcs) and porphyrins attracted the atten-
tion of many researchers during the twentieth century and
are still being actively studied into this century. As a result,
many monograph series on these compounds have been


published,[1,2] and the International Society of Porphyrins
and Phthalocyanines was established in 2000.[3] Of these
compounds, Pcs are of enormous technological importance
for the manufacture of blue and green pigments and as cata-
lysts for removal of sulfur from crude oil.[2b, c,4] Other areas
of interest in a variety of high technology fields[5]—such as
for use in semiconductor devices, photovoltaic and other
types of solar cell, electrophotography, rectifying devices,
molecular electronics, electrochromic display devices, low-
dimensional metals, gas sensors, liquid crystals, nonlinear
optics, and photosensitizers and deodorants[4]—have stimu-
lated research into Pc congeners such as TAPs and Ncs, par-
ticularly over the last decade. Pcs are often more suitable
than porphyrins for several purposes. For example, they can
be mass-produced from more economical materials, often in
only a few steps in moderate to high yields, and are more
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Department of Chemistry, Graduate School of Science
Tohoku University, Sendai 980–8578 (Japan)
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Abstract: Tetraazaporphyrins (TAPs),
phthalocyanines (Pcs), naphthalocya-
nines (Ncs), and anthracocyanines
(Acs) with four tert-butyl groups at-
tached at similar positions have been
synthesized, and their electronic ab-
sorption, magnetic circular dichroism
(MCD), IR, and voltammetric proper-
ties were studied and interpreted with
the help of quantum-mechanical calcu-
lations. Through the preparation of a
series of compounds with the same
number of the same substituent, the ef-
fects of the increase in the size of the
ring system were clearly derived. The
main results may be summarized as fol-
lows. 1) The Q band shifts to longer
wavelength and its intensity increases,
but with decreasing degree of change
with increasing molecular size. If the
size of the effect of benzene directly
fused to the TAP skeleton is set at
unity, the effects of the second and


third benzene units are roughly 0.8 and
0.5, respectively. 2) The splitting of the
Q bands in metal-free compounds de-
creases with increasing molecular size,
so that the Q bands of H2Nc and H2Ac
appear as single bands. 3) The magni-
tude of the orbital angular momentum
of the excited state of the ligand de-
creases with increasing molecular size.
4) Interestingly, the ring current, as
judged from the positions of pyrrole
proton signals in the 1H NMR spec-
trum, appears to decrease with increas-
ing molecular size. 5) The first reduc-
tion potential becomes less negative,
but only slightly, whereas the first oxi-
dation potential shows a marked shift
to less positive values with increasing


molecular size, indicating that the
HOMO destabilizes significantly as the
molecule becomes larger. 6) In 5), the
extent of the HOMO destabilization
with molecular size differs depending
on the central metal, so metals produc-
ing smaller destabilization effects can
allow larger macrocycles. Of the metals
studied, the most effective is cobalt,
and the practical size limit is represent-
ed by the Acs. 7) The IR spectra
become simpler the larger the mole-
cule, and the main bands were assigned
by DFT calculations. 8) The trend in
experimentally determined redox po-
tentials and electronic absorption and
MCD spectra were reasonably repro-
duced by MO calculations using the
ZINDO/S Hamiltonian. 9) EPR data
for several metallocomplexes are also
reported.


Keywords: density functional
calculations · electrochemistry ·
IR spectroscopy · phthalocyanines ·
UV/Vis spectroscopy
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versatile and robust than porphyrins. In addition, adjustment
of the color, which is important for recent applications, is
not difficult, since many substituents that affect electronic
structure can generally be introduced onto the periphery of
the ligand fairly readily, and this is reflected in the Q band
position and intensity in the visible region.[6–8] However, the
effect of increasing the size of the ring system has not been
explicitly and quantitatively reported, because of the lack of
a series of compounds possessing corresponding numbers of
the same substituents. To extract properties intrinsic to the
enlargement of the ring system as quantitatively as possible,
we have prepared tetraazaporphyrins (TAPs), phthalocya-
nines (Pcs), naphthalocyanines (Ncs), and anthracocyanines
(Acs), each with four tert-butyl groups at similar positions
(Scheme 1), reducing ambiguities in analysis, which makes
our compounds ideal for the purpose of the present study.
Their spectroscopic and electrochemical properties have


been compared, and some of the results were interpreted on
the basis of quantum-mechanical calculations. Since these
compounds have commercial applications, the data collected
in this paper should be useful in the design of Pc (or in
more general TAP) derivatives for various practical purpos-
es.


Results and Discussion


Synthesis and stability : The yield of 6-tert-butyl-2,3-dicya-
noanthracene was not high because of the low yield in the
last step (Scheme 2). If another dicyanoanthracene such as
2,3-dicyano-9,10-diphenylanthracene could be used, it might
be possible to prepare the compound from 2,3-dicyano-7–
oxabicyclo[2.2.1]hept-5-ene and 1,3-diphenylisobenzofur-
an.[9] However, since similar compounds with the same


number of the same substitu-
ents at similar positions were
desired for spectroscopic stud-
ies, in order to keep the effect
of substituent groups as uni-
form as possible, it was necessa-
ry to choose 6-tert-butyl-2,3-di-
cyanoanthracene, although the
route (Scheme 2) is not short
(as a substituent, the tert-butyl
group gives the weakest ef-
fects).[10] This route is similar to
that used to obtain 6-tert-butyl-
2,3-dicyanonaphthalene from o-
xylene.[11]


The metal-free anthracocya-
nine was very unstable, so spec-
troscopic data (NMR, absorp-
tion, and MCD) were collected
as quickly as possible after
chromatography, or metal inser-
tion reactions using copper or
zinc salts in DMF or V2O5 in
urea[12] were immediately car-
ried out in the dark under a ni-
trogen atmosphere. Attempts
were also made to synthesize
CuAc, VOAc, and CoAc by the
so-called nitrile method,[2b,4] but
only CoAc was obtained, since
CuAc and VOAc decomposed
during chromatography. Silica
gel or neutral and basic alumina
were tested with toluene and
toluene/pyridine mixtures as
eluents. The use of chloroform,
dichloromethane, THF, or their
mixtures with methanol or eth-
anol as eluents was particularly
unfavorable, since CuAc and
VOAc decomposed in a short
time during chromatography.


Scheme 1. Structures of and abbreviations for the compounds in this study, and the directions of the x and y
axes. H2TAP denotes the positions of pyrrole protons as representative of metal-free derivatives.
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Al1though CoAc could be stored in the dark for years, solid
H2Ac decomposed within a few days even if stored in the
dark under nitrogen. As is discussed later, in the voltamme-
try section, the stabilities of the compounds appeared to de-
crease with increasing molecular size, with anthracocyanines
being particularly unstable.


Electronic absorption and MCD spectroscopy: The electron-
ic absorption and MCD data of the compounds in pyridine
are summarized in Table 1, Table 2, and Table 3. Pyridine
was chosen because this was the only solvent to give mono-
meric spectra for all species. To obtain as quantitative data
as possible, analysis was mainly of the Q band. In Table 1,
dipole strengths and dipole lengths were estimated by the
method of Sauer et al.,[13] whereas the magnetic moments
and MCD parameters in Table 2 were obtained by the
method of Briat et al.[14] There are of course some experi-
mental errors, but the following results may be extracted
from these data.


1) The strength of the Q band—that is, dipole strength,
dipole length—generally increases with enlargement of
the p system.


2) For each ligand, the Q band
intensity of the Cu com-
plexes is always larger than
that of the VO complexes
(the intensity of Co com-
plexes is not easily com-
pared, since the solvent
molecule coordinates at the
fifth position), while the
Q band of the Cu complexes
always lies at shorter wave-
length than that of the cor-
responding VO complexes.
The intensity and positional
dependence of the Q band
on the central metal type
has not yet been elucidated.
However, this strongly sug-


gests that the central metal dependence of the Q band
intensity and position in the Pc series can be maintained
even in other ligands. Thus, if the change in intensity and
position of the Q band due to the metal type are eluci-
dated with the relatively easily accessible metal Pcs,
those in TAPs and Ncs should be deducible from the
data for standard TAP and Nc derivatives.


3) MCD intensity per unit absorption (that is, A/D value),
a parameter for the magnitude of the orbital angular
momentum of the excited state of the ligand, and the ab-
solute value of magnetic moment decrease with increas-
ing size of the p systems. With respect to A/D value and
Q band intensity, anthracocyanines showed smaller
values, which may be due to their instability, or to the
result of saturation in the series, since the rate of change
with increasing molecular size decreases or saturates for
larger compounds. It is known that the angular momen-
tum of the metal phthalocyanine ring is always less than
the angular momentum of the pure phthalocyanine orbi-
tal, and that this is due to the delocalization of a central
metal d-electron onto a surrounding ligand through the
empty eg(p*) orbital.[15] Taking this into account, the
energy difference between the eg (dp) orbital and empty


eg (p*) orbital of the ligand
may decrease with annula-
tion of benzene rings to the
TAP ligand.


4) The Q band shifts to longer
wavelength, but with an
extent diminishing with in-
creasing size of the ligand.
This can be clearly seen in
the data for the cobalt de-
rivatives, in which the
Q bands occur at 570, 660,
752, and 832 nm in the
order CoTAP, CoPc, CoNc,
and CoAc, respectively. If
we set the energy difference
of the Q band between
CoTAP and CoPc at unity,


Scheme 2. A synthetic scheme leading to 6-tert-butyl-2,3-dicyanoanthracene and CoAc and H2Ac.


Table 1. Dipole strength and dipole length in the Qx(0–0) or Q0–0 bands.


Compound lmax [nm] e (loge) Half band width Dipole Dipole
(kcm�1) at 1/e height [cm�1] strength [Debye2] length [K]


H2TAP 619.0 (16.15) 61800 (4.79) 282.1 17.59 0.875
CoTAP 570.0 (17.54) 40600 (4.61) 580.0 21.87 0.975
CuTAP 583.4 (17.14) 73700 (4.87) 360.0 25.25 1.048
VOTAP 594.0 (16.84) 48400 (4.68) 330.0 15.45 0.820
MgTAP 592.0 (16.89) 45300 (4.66) 390.2 17.06 0.861
H2Pc 698.0 (14.33) 141200 (5.15) 250.0 40.16 1.321
CoPc 660.0 (15.15) 109600 (5.04) 421.5 49.72 1.470
CuPc 676.0 (14.79) 146600 (5.17) 291.3 47.09 1.431
VOPc 698.0 (14.33) 102300 (5.01) 357.5 41.62 1.345
H2Nc 783.6 (12.76) 202800 (5.31) 260.0 68.38 1.724
CoNc 752.0 (13.30) 152800 (5.18) 293.7 55.02 1.547
CuNc 771.2 (12.97) 225400 (5.35) 299.4 84.85 1.921
VONc 809.6 (12.35) 125900 (5.10) 268.0 44.55 1.392
H2Ac 858.3 (11.65) 89100 (4.95) 257.5 32.11 1.182
CoAc 831.5 (12.03) 71100 (4.85) 299.3 28.84 1.120
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the differences between CoPc and CoNc and between
CoNc and CoAc were 0.78 and 0.53, respectively. Al-
though CuAc and VOAc were not obtainable, if the
Q band energy between TAP and Pc in each complex
was set at unity, the differences between the Pc and Nc
ligands fall at 0.80�0.02, together with the results for
metal-free derivatives described below.


Figure 1 shows the electronic absorption and MCD spec-
tra of the metal-free species, from which several of the char-
acteristics mentioned above can be recognized. For example,
the absorption coefficient increases in the order TAP, Pc,
and Nc, although that of Ac was slightly smaller than that of
Nc. In addition, the Q band shifts to longer wavelength with
annulation of benzene rings, but with decreasing extent with


Table 2. Experimental determination of the MCD parameters in the Qx(0–0) or Q0–0 bands.


Compound l [nm] Band width at A/D Magnetic [q1]m [q2]m (dif) S B/Dx 104 emax


(kcm�1) 1=2 height t [cm�1] moment (m)


H2TAP 619.0(16.15) 369.9 �29.89 +24.763 61800
CoTAP 570.0(17.54) 1221.5 +2.387 �4.774 �30.15 10.12 �40.27 �20.03 +17.119 40600
CuTAP 583.4(17.14) 561.6 +2.945 �5.890 �108.22 87.93 �196.15 �20.29 +9.533 73700
VOTAP 594.0(16.84) 592.7 +3.278 �6.556 �74.79 61.08 �135.87 �13.71 +9.829 48400
MgTAP 592.0(16.89) 563.3 +3.349 �6.698 �72.11 64.60 �136.71 �7.51 +5.753 45300
H2Pc 698.0(14.33) 372.8 �146.21 +53.017 141200
CoPc 660.0(15.15) 915.0 +1.691 �3.382 �65.33 37.49 �102.82 �27.84 +8.814 109600
CuPc 676.0(14.79) 455.0 +2.539 �5.708 �230.56 184.66 �415.22 �45.90 +10.864 146600
VOPc 698.0(14.33) 589.9 +2.270 �4.540 �119.34 80.53 �199.87 �38.81 +13.164 102300
H2Nc 783.6(12.76) 470.8 +1.401 �2.802 �187.55 118.70 �306.25 �68.85 +11.781 202800
CoNc 752.0(13.30) 461.8 +1.443 �2.886 �141.00 101.42 �242.42 �39.58 +8.988 152800
CuNc 771.2(12.97) 482.6 +1.493 �2.986 �195.58 158.33 �353.91 �37.25 +5.735 225400
VONc 809.6(12.35) 506.3 +1.446 �2.892 �116.62 65.92 �182.54 �50.70 +13.974 125900
H2Ac 858.3(11.65) 411.9 +0.372 �0.744 �23.23 17.62 �40.85 �5.61 +2.185 89100
CoAc 831.5(12.03) 433.6 +0.606 �1.212 �23.00 27.41 �50.41 +4.41 �2.152 71100


Table 3. Absorption and MCD of the tetraazaporphyrin derivatives.


Compound Absorption MCD
l [nm (loge)] l [nm] (10�4[q]M degmol�1 cm�1T�1)


H2TAP 619.0 (4.79), 592.0 (3.84), 550.5 (4.59), 618.0 (�29.89), 590.0 (�4.45), 563.0 (0), 552.0 (26.63),
520.0 (4.02), 334.0 (4.79), 521.0 (7.63), 343.5 (�8.90), 330.0 (0), 317.0 (4.36)


CoTAP 570.0 (4.61), 530.0 (4.16), 313.0 (4.52) 579.8 (�30.15), 569.0 (0), 527.0 (14.00), 561.0 (10.12),
350.0 (�1.41), 321.0 (�2.14), 304.0 (0)


CuTAP 583.4 (4.87), 535.5 (4.09), 337.0 (4.63) 588.0 (�108.22), 583.5 (0), 579.0 (87.93), 535.5 (17.59),
342.5 (�6.12), 332.0 (0), 318.0 (2.67)


VOTAP 594.0 (4.68), 542.0 (3.96), 343.0 (4.57) 670 (�1.20), 599.0 (�74.79), 593.0 (0), 589.0 (61.33),
544.5 (11.84), 352.0 (�5.16), 339.0 (0), 326.0 (2.24)


MgTAP 592.0 (4.66), 543.0 (3.82), 335.0 (4.41) 599.0 (�72.11), 593.0 (0), 588.0 (64.29), 545.0 (11.12),
390.0 (�0.99), 363.0 (�0.32), 341.5 (�2.85), 329.0 (0), 316.0 (1.44)


H2Pc 698.0 (5.15), 664.3 (5.11), 640.1 (4.61), 696.0 (�145.45), 680.5 (0), 661.5 (76.51), 630.5 (42.42),
602.0 (4.44), 344.0 (4.84), 603.0 (22.35), 360.0 (�6.70), 342.5 (0), 328.0 (5.98)


CoPc 660.0 (5.04), 599.0 (4.49), 332.0 (4.73) 669.0 (�65.33), 657.0 (0), 648.0 (37.21), 597.5 (28.40),
351.5 (�7.67), 335.0 (0), 326.5 (4.26)


CuPc 676.0 (5.17), 609.0 (4.37), 345.0 (4.59) 683.5 (�230.56), 677.0 (0), 671.0 (184.13), 611.0 (32.02),
360.0 (�5.31), 345.5 (0), 327.0 (3.47)


VOPc 698.0 (5.01), 630.0 (4.32), 350.0 (4.70) 704.5 (�119.63), 697.0 (0), 688.5 (80.53), 630.5 (24.04)
372.0 (�5.21), 351.0 (0), 338.0 (3.74)


H2Nc 783.6 (5.31), 697.5 (4.53), 746.7 (4.72), 763.0 (�185.96), 784.5 (0), 777.5 (117.12), 699.5 (41.15),
606.5 (3.70), 362.0 (4.52), 505.6 (3.36), 368.0 (�4.85), 333.0 (0), 318.5 (3.60)
327.3 (4.90)


CoNc 752.0 (5.18), 672.5 (4.47), 340.0 (4.89) 757.5 (�140.58), 749.0 (0), 742.0 (101.01), 668.0 (25.46),
369.0 (�6.70), 333.5 (0), 320.5 (3.52)


CuNc 771.2 (5.35), 684.5 (4.62), 336.0 (4.78) 782.0 (�195.58), 773.0 (0), 766.0 (158.75), 689.0 (43.18),
389.0 (�5.52), 340.0 (0), 324.5 (6.86)


VONc 809.6 (5.10), 719.0 (4.35), 365.0 (4.79) 816.0 (�115.77), 807.5 (0), 799.0 (65.49), 719.0 (20.70)
380.0 (�4.23), 351.0 (0), 334.5 (3.38)


H2Ac 858.3 (4.95), 810.0 (4.38), 764.5 (4.28), 870.5 (�23.15), 862.0 (0), 855.0 (17.54), 765.0 (9.26),
567.0 (3.89), 492.0 (4.14), 352.5 (4.90) 512.0 (1.64), 489.0 (0), 409.0 (�2.60), 399.0 (0),


393.0 (1.59), 360.5 (�0.65), 352.5 (0), 345.0 (0.32)
CoAc 831.5 (4.85), 790.0 (4.19), 739.3 (4.11), 848.0 (�23.06), 837.0 (0), 825.5 (27.29), 741.0 (0.58),


565.0 (3.91), 448.0 (4.26), 363.8 (4.67) 485.0 (1.42), 464.5 (0), 436.0 (�1.06), 401.0 (0),
388.0 (1.05), 377.5 (0), 358.0 (�3.11), 339.0 (0)
336.0 (0.48),
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increasing molecular size. If the Q band energy difference
between H2TAP and H2Pc is set at unity, the differences be-
tween H2Pc and H2Nc and between H2Nc and H2Ac were
0.78 and 0.45, respectively (the Q band position in H2TAP
and H2Pc was defined as the center of the split peaks). Thus,
as an average of metal-free and cobalt derivatives, the effect
of increasing the size of the ring system from Nc to Ac was
approximately 0.5�0.03 of that from the TAP to Pc ligand.
Furthermore, this value illustrates an invaluable fact: the
Q bands of H2Nc and of H2Ac do not show the split Q band
characteristics of metal-free Pcs and porphyrins. We recently
reported a linear relationship between the splitting of the
Q bands of metal-free Pcs and the wavelengths of the
Q bands, for which the splitting was found to decrease for
metal-free Pcs with the Q bands at longer wavelengths.[16]


Even the observation of splitting for H2TAP and the ab-
sence of splitting for H2Ac meet this relationship perfectly.
Although the reason is not yet elucidated, this effect may
happen if the splitting of the LUMO is small, and this is sug-
gested from the results of molecular orbital calculations de-
scribed later.


The MCD spectra in Figure 1b give additional informa-
tion. These spectra are essentially composed of Faraday B
terms, which show MCD peaks or troughs associated with
each absorption maximum.[7] The dispersion-type curves
seen for the Q bands of H2Nc and H2Ac are pseudo-Fara-
day A terms produced by superimposition of close-lying Far-
aday B terms of opposite sign.[17] The minus-to-plus MCD
pattern viewing from the lower energy in both the Q and


the Soret(B) band regions furthermore indicates experimen-
tally that the splitting of the LUMO is smaller than the
splitting between the HOMO and HOMO�1.[18]


Interpretation outside the Q band region is not easy, since
many small absorption peaks are observed, while pseudo-
Faraday A terms are usually seen even in the spectra of
normal D2h-type porphyrins and Pcs.[7] From Figure 1, at
least two transitions at wavelengths shorter than ca. 470 nm
can be recognized for H2TAP and H2Pc, while four transi-
tions are discernible in the 300–550 nm region for H2Nc and
in the 300–600 nm region for H2Ac. H2TAP appears to have
a small absorption at ca. 400 nm. In the case of D4h-type
TAPs, the presence of this band had been anticipated al-
ready in 1963,[19] and suggested to be attributable to a transi-
tion from the lower p orbitals to the doubly degenerate
LUMO.[20a] In accordance with this prediction, a Faraday A
term was detected for tert-butylated and phenylated magne-
sium TAPs.[21a] H2Pc appears to have a weak absorption at
about 400–450 nm, which in the case of metalloPcs can be
assigned as the B1 band.[7] However, this band is not clear
even in the MCD spectrum. H2Nc shows absorptions at
about 500, 400–470, 362, and 327 nm, and the corresponding
MCD spectra are all of the pseudo-Faraday A-term type,
suggesting that these are all transitions to degenerate or
nearly degenerate orbitals. H2Ac displays three absorption
peaks at 567, 492, 353 nm, together with a shoulder at about
400 nm. The strongest MCD signal in this region was found
to correspond to this shoulder at ca. 400 nm, and not to the
strongest peak at 353 nm. One notable point in the MCD


Figure 1. Electronic absorption (a) and MCD spectra (b) of metal-free derivatives in pyridine.
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spectra of H2Nc and H2Ac is the presence of negative Fara-
day A term-like curves at 426 nm (H2Nc) and 489 nm
(H2Ac).


Voltammetry : Figure 2 shows differential pulse voltammo-
grams for VO, Cu, and Co complexes. In the cases of VO
and Cu complexes, all couples are ligand-centered, whereas
Co derivatives also show couples due to cobalt (for Co de-
rivatives, the assignments are shown in the figure).[22] In all
cases at least two oxidation and two reduction couples were
observed. With increasing molecular size, the first ligand re-
duction potential is essentially invariant except in the case
of CoPc, but the first ligand oxidation potential shifts to
negative, indicating that the LUMO changes only slightly
while the HOMO destabilizes significantly. The second
ligand oxidation and reduction potentials shift negatively
and positively, respectively, with increasing molecular size.
For all Co complexes, the CoI/CoII and CoII/CoIII redox cou-
ples were detected at about �0.5 and +1.0 V versus Ag/
AgCl, respectively, and the first ligand-reduction potential
appeared shifted to more negative potentials than other
metal derivatives, since the cobalt is reduced before the
ligand and part of the negative charge on cobalt disperses
into the ligands. In addition, in contrast to the Cu and VO
complexes, the first ligand reduction becomes slightly easier
for larger molecules.


Figure 3 summarizes how the “ligand” redox potentials in
Figure 2 change depending on the size of the molecule. As
can be explicitly seen, the first reduction potential remains
almost constant, whereas the first oxidation potential shifts
negatively with increasing molecular size, the extent of the
shift in the oxidation potential differing from species to spe-
cies. This suggests that the interaction between the ligand
and the central metal differs depending on the metal. In this
regard, the shift of the Cu complexes is the largest, and de-
creases on going to VO and further to Co complexes. One
of the most significant points is the molecular size at which


the first ligand-oxidation potential becomes zero. For Cu
complexes this occurs when about ten benzene units are
fused to the TAP skeleton, which corresponds to a com-
pound intermediate between Nc and Ac. In the case of VO
complexes, the number is twelve, which corresponds to Ac.
Phthalocyanines are known to be robust—normal CuPc and
VOPc without substituents can be recrystallized from con-
centrated sulfuric acid as solvent—but are decomposed into
phthalimide by the action of weak oxidants such as dilute
nitric acid.[23] The first oxidation potential of zero volt
means that oxidation occurs spontaneously, so this appears
to be the reason why the larger TAPs are generally unstable
and decompose easily. In the case of Co complexes, this
shift toward negative potential is not steep and is still posi-
tive for CoAc, so this species can exist stably for years. The
data in Figure 3 strongly suggest that the practical size limit
for ring-expanded metalloTAPs is anthracocyanine (this
statement applies for TAP derivatives expanded radially as
viewed from the center of the TAP skeleton, and so not for
TAP derivatives synthesized from, for example, 1,2-dicyano-


Figure 2. Differential pulse voltammograms of VO (A), Cu (B), and Co (C) complexes in o-DCB containing 0.3 molL�1 TBAP. Shoulders appearing at
less positive potentials of the first oxidation of the monomeric Cu complexes are due to aggregated species (Cu complexes are prone to aggregation; see,
for example, reference [55]).


Figure 3. Dependence of “ligand” redox potentials on p-size of macrocy-
cles. The abscissa indicates numbers of benzene units fused to the TAP
skeleton. Solid lines: first oxidation and reduction. Broken lines: second
oxidation and reduction.
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naphthalene and 1,2-dicyanoanthracene). If tetracenocya-
nines (Tcs) can exist, it may be as cobalt complexes, or tran-
sition metal complexes in which the metal shows redox cou-
ples within the potential window.[24] With respect to the pos-
sibility of the existence of metallotetracenocyanines
(MtTcs), attempts to synthesize copper and vanadyl com-
plexes by the use of 6,12-di(4-tert-butylphenyl)-2,3-dicyano-
5,11-diphenylnaphthacene under various conditions were
made more than 30 years ago. However, the resulting com-
pounds showed the Q band maxima at 780 and 815 nm (sol-
vent not reported), characteristic of naphthalocyanines.[25] In
interpretation of this phenomenon, the isomerization of the
dinitrile into 2,3-dicyanoisorubrene under the reaction con-
ditions was pointed out.


Spectroelectrochemistry : Spectroelectrochemistry was per-
formed for the Co complexes to determine the redox site
and out of spectroscopic interest. Figure 4 shows the spectra
of neutral species and those of the first reduction products.
Although the spectra of reduced Ncs and Acs have not been
reported to date, those of Pcs have been relatively well stud-
ied.[7b, c] In the cases of normal CoPcs, it is known that, on re-
duction of CoIIPcs to form CoIPcs, the Q band shifts to
longer wavelengths with concomitant decrease in intensity
and that a new absorption band develops between the Q
and Soret(B) bands in the 400–500 nm region, associated
with metal-to-ligand charge transfer (MLCT) from cobalt(i)
to the Pc ligand.[22,26] Similar behavior has been observed on
reduction across the first reduction couple of all Co species
in this study, thus indicating that the first reduction couples


can be assigned to the CoI/II couple (Figure 2C). Further-
more, analysis of the spectra of these CoI species affords in-
formation on the orbital energy. The MLCT band has been
assigned as transitions from eg(dp) to the ligand b1u and
b2u orbitals using representations under D4h symmetry.[26a]


From the energy differences of two peaks in each species
(422 and 467 nm for CoPc, 510 and 580 nm for CoNc, and
570 and 674 nm for CoAc), it is suggested that this energy
(the difference between the ligand b1u and b2u orbitals) in-
creases with molecular size on going from CoPc (2280 cm�1)
to CoNc (2370), and further to CoAc (2710), although that
of CoTAP is off this line and is the largest (3460 cm�1). On
the other hand, if we tentatively assume that the energy of
the eg(dp) orbital is invariant, irrespective of the size of the
ligand, then the longer wavelength shift of the MLCT bands
with increasing molecular size indicates that the energy dif-
ference between the cobalt eg(dp) and ligand b1u and b2u or-
bitals becomes smaller the larger the ligand size, although
CoTAP does not follow this trend. In addition, interestingly,
the Q band energy corresponding to the ligand HOMO to
LUMO transition does not change with size as much as the
neutral CoII species: if the energy difference between
CoTAP and CoPc is set at unity, those between CoPc and
CoNc and between CoNc and CoAc are 0.86 and 0.77, re-
spectively (in the neutral species, these numbers are 0.74
and 0.54, respectively). Thus, these data suggest that the ac-
quisition of an electron by the central metal does not affect
ligand orbitals of different size uniformly. Some of the spec-
troscopic properties of CoI species can be reproduced in the
MO calculations.


Fluorescence and excitation spectra : Fluorescence and exci-
tation spectra with approximate mirror-image relationships
in the metal-free species are shown in Figure 5, together
with quantum yields (those of H2Ac are not shown, because
it was decomposed by the exciting irradiation). The Stokes
shift is generally small, but the values decrease the larger


Figure 4. Electronic absorption spectra of CoII (solid lines) and electro-
chemically reduced CoI species (dotted lines) in o-DCB.


Figure 5. Fluorescence (solid lines) and excitation (dotted lines) spectra
of metal-free species in pyridine.
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the molecule (156, 114, and 93 cm�1 in the order H2TAP,
H2Pc, and H2Nc), indicating experimentally that the vibra-
tional level spacing indeed becomes smaller as the size of
the p system increases. However, there was no systematic
change in the values of FF with size. The value for H2TAP is
similar to that of metal-free tetraphenylporphyrin, having an
S1 emission peak at a similar wavelength, while the value for
H2Nc (FF = 0.13) is much smaller than that of H2Pc (FF =


0.54). It was recently reported[16] that, among Pcs possessing
various substituent groups, Pcs showing emission peaks at
shorter wavelengths have higher quantum yields (an almost
linear relationship exists) and that Pcs showing S1 emission
maxima at wavelengths longer than about 740 nm generally
have quantum yields of less than about 0.1. The FF value of
H2Pc in this study fits this relationship, while the FF value
of H2Nc is also close. In contrast, the FF value for H2TAP is
much smaller and outside this relationship, the reason for
which is unclear.


Nuclear magnetic resonance : In cases of porphyrinic com-
pounds, NMR spectroscopy gives information on the ring
current.[27] In this study, the NMR spectra of metal-free spe-
cies were compared. Interestingly, the pyrrole proton signals
appeared at d=�2.47, �2.17, �1.64, and �0.73 ppm, while
tert-butyl protons were detected at 2.18–2.26, 1.88–1.92,
1.78–1.86, and 1.75–1.81 ppm on going from TAP to Pc and
Nc, and further to Ac, respectively, indicating that the ring
current decreases the larger the macrocycle. This in turn fur-
ther suggests that the ring current can be explained by a
five-orbital model, taking the central TAP core and the sur-
rounding four aromatic moieties into account, rather than a
single-orbital model considering a whole molecule as a
single loop.


Electron paramagnetic reso-
nance : Although many papers
on EPR of paramagnetic por-
phyrinic compounds have been
published, no-one has as yet
compared the EPR spectra of
p-conjugated compounds of
varying size and with the same
symmetry. To examine the
effect of the p-size, EPR spec-
tra were collected for Co, VO,
and Cu complexes, mostly in
toluene at 77 K. Figure 6 dis-
plays representative spectra,
with the data summarized in
Table 4. The spectra of non-ag-
gregated CoNc and CoAc could
not be obtained, since these
showed a marked tendency to
aggregate. In particular, it was
not possible to disaggregate
CoAc even by addition of pyri-
dine, which coordinates to the
cobalt.[28]


All cobalt Pcs reported to date adopt a d7 low-spin,
square-planar configuration, with the unpaired electron lo-
cated in a dz2 orbital.[29] CoTAP and CoPc produced spectra
classifiable into this group, as typically shown by the spec-
trum of CoTAP. For the CoII atom, since S = 1=2, I = 7=2,
and the nuclear-spin quantum number MI = � 1=2, � 3=2,
� 5=2, and � 7=2, the appearance of two sets of eight lines is
to be expected. One set of lines in the low-field region is com-
posed of eight peaks varying in intensity with a separation
of 186–268 cm�1 (the spacing between the hyperfine (hf)
lines is seen to increase with magnetic field). The high-field
set consists of six visible weak peaks with a separation of
116–215 cm�1 (note that the resonance lines corresponding


Figure 6. EPR spectra of some metal complexes in toluene at 77 K.
A) CoTAP, B) CoTAP+pyridine, C) VONc, and D) CuNc.


Table 4. EPR parameters in toluene at 77 K.


Compound gk g? 104AMt
k 104AMt


? 104AN
k 104AN


?
[cm�1]


CoTAP 2.0259 2.8659 167.63[a] 235.81[a]


min. 117.99 min. 192.00[b]


max. 215.31 max. 267.86
CoPc 2.0244 2.8051 156.69[a] 217.94[a]


min. 116.14 min. 186.00[b]


max. 197.96 max. 251.06
CoNc[c]


CoAc[c]


CoTAP(py) 1.9980 2.26[b] 99.31 17.10
CoPc(py) 2.0036 2.34[b] 93.88 17.19
CoNc(py) 2.0067 2.26[b] 91.24 17.03
VOTAP 1.9659 1.9889 157.33[a] 53.80[a]


min. 155.03 min. 38.43
max. 160.28 max. 67.02


VOPc 1.9652 1.9876 157.60[a] 55.08[a]


min. 154.33 min. 40.61
max. 159.10 max. 69.82


VONc 1.9667 1.9878 158.74[a] 54.55[a]


min. 156.78 min. 41.03
max. 161.35 max. 68.18


CuTAP 2.1511 2.0472 218.33 15.58 17.11
CuPc 2.1582 2.0479 214.89 15.03 16.43
CuNc 2.1621 2.0485 213.09 15.42 15.73


[a] Average value. [b] Approximate value. [c] Parameters could not be obtained because of aggregation.
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to the nuclear transitions MI =
7=2 and 5=2 are overlapped by


the strong transitions MI = �7=2 and �5=2 of the low-field
multiplet). Although the difference of the g? value of
planar low-spin d7 from 2 is related, to first order, to the
gap between the dz2 and dxz,dyz orbitals,[29a,30] the two close
values for CoTAP and CoPc (Table 4) may reflect that the
energy difference between these two orbitals is close in the
two systems.


The addition of pyridine to Co systems yielded another
type of signal. The hf lines in the parallel (high-field) region
split into three lines because of the coordination of pyridyl
nitrogen with I = 1. As previously predicted theoretically,[31]


the g? value approached 2.0, indicating that the energy dif-
ference between the dz2 and dxz,dyz orbitals had become
larger. In the CoTAP, CoPc, and CoNc systems, however, no
significant difference in this value is observed, again suggest-
ing that the EPR parameters are similar, in spite of the dif-
ferent ligand size.


The spectrum of VONc is shown as curve C (Figure 6).
Similarly to the Co systems, eight hf lines are to be expected
due to the magnetic interaction between the V4+ unpaired
electron (S = 1=2) residing in the dxy orbital and the vanadi-
um nucleus of spin I = 7=2. The central portion of the spec-
trum (perpendicular components) is composed of eight
closely spaced narrow lines, but with unequal separation
(154–161 cm�1). This group of lines is bisected by a strong
resonance line due to absorbed oxygen.[32] A second group
of lines (parallel components) is composed of five visible
peaks, considerably broader and weaker, with unequal sepa-
ration (38–70 cm�1). As can be seen in the figure, two of
these lie at low field and three at high field. The remaining
resonance lines belonging to the latter group are completely
overlapped by the strong central group (perpendicular com-
ponents). For all VO complexes, the obtained g values were
less than 2 (Table 4), consistently with the theoretical pre-
diction[31a] that the g values of vanadyl complexes possessing
an unpaired electron in non-degenerate orbitals are less
than 2. Since the unpaired electron in VOPc has been as-
signed to the dxy orbital,[32] the absence of nitrogen superhy-
perfine (shf) structure suggests that the electron may be lo-
calized on the metal core, and there is little in-plane p bond-
ing. As summarized in Table 4, there is essentially no differ-
ence in the EPR parameters of VO complexes of different p
size.


Curve D in Figure 6 is the spectrum of CuNc. CuTAP and
CuPc also show similar spectra, resembling those reported
for copper Pcs reported previously.[33] Since, for the CuII


atom, S = 1=2, I = 3=2, and the nuclear-spin quantum
number MI = � 1=2 and � 3=2, the appearance of two sets of
four lines is to be expected. Of the four Cu parallel features,
the two at low field show well resolved additional splitting
into nine lines, with an intensity ratio of
1:4:10:16:19:16:10:4:1 associated with interaction of the
electron with four equivalent nitrogen atoms (I = 1). The
Cu perpendicular features appearing at high field are also
each split into nine lines, which overlap considerably. The
shf spacings estimated from the perpendicular components
are always larger than those obtained from the parallel com-
ponents. This difference becomes smaller with increasing


molecular size, however, suggesting that there is a trend for
magnetic interaction between CuII and unpaired electrons to
become isotropic. The fact that gk >g?>2.0 for all systems
indicates that the unpaired electron is located in the
dx2�y2 orbital.[31a,33c,34] There is little change found in the
values of gk and g? even when the p-size of the ligand is al-
tered.


Infrared spectroscopy and frequency calculations : IR spectra
of metal-free and MtPc complexes without peripheral sub-
stituents have been studied by several groups.[35] In the case
of MtPcs, in-plane vibrations have been classified, by group
theory, as C (in-plane = 14A1g+13A2g+14B1g+14B2g+


28Eu, of which the A1g, B1g, and B2g modes are Raman-
active modes, and the Eu mode alone is an IR-active mode.
On the other hand, of the out-of-plane modes, C (out-of-
plane) = 6A1u+8A2u+7B1u+7B2u+13Eg, of which only
the A2u mode is IR-active. In the case of metal-free Pcs, the
IR-active Eu mode in the D4h molecule splits into B2u and
B3u modes, due to lowering of the molecular symmetry to
D2h. For MtPcs containing the first transition elements, sev-
eral vibrations are known to shift from high to low frequen-
cies in the order Ni>Co>Fe>Cu>Zn.[35d] However, the
assignments of the fingerprint region have not necessarily
been well performed, except for a recent publication em-
ploying the DFT method.[36] Of course, only a few reports
on the IR of TAPs[37] and Ncs are known.[38] Our compounds
in this study are expected to give representative IR data,
since they are a series of compounds with similar symmetry
but different size.


Experimental data : IR spectra of the compounds used in this
study are shown in Figure 7, Figure 8, and Figure 9, together
with some calculated spectra. Although the metal-free deriv-
atives gave slightly different spectra, characteristic spectra
were obtained in each series. Absorptions originating from


Figure 7. Experimentally measured IR spectrum (KBr, solid line) and cal-
culated frequencies (bars, top: C4h symmetric, and bottom: Cs asymmetric
positional isomers) of MgTAP. The skeletal structures are also depicted.
Refer to Figure 10 for the selected atomic movements indicated by the
letters in the figure.
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the tert-butyl groups were observed in common for all spe-
cies—at 2956–2950 (strong, nasCH), 2904–2910 (medium),
2864–2870 (medium, nsCH), 1247–1260 (skeleton), and
1200—1208 cm�1 (medium)—while NH stretching vibrations
emerged at 3292–3298 cm�1 for metal-free species. These vi-
brations due to tert-butyl groups were confirmed by compar-
ison with the IR data for octaphenylated TAPs[39] and sub-
stituent-free MtPcs.[35] If we remove the above frequencies
attributable to tert-butyl groups, the spectra of MtTAPs all
contain the following absorptions: 772–777, 843–850, 999–
1013, 1064–1078, 1360–1362, 1390–1392, and 1459–
1483 cm�1. Of these, those at 999–1013 cm�1 were the stron-
gest, and those at 1064–1078 and 1459–1483 cm�1 were dou-
blets. Although H2TAP showed two absorptions at 736 and
940 cm�1, which were not seen for MtTAPs, the above ab-
sorptions were also included so that most of these vibrations
appeared to originate from the TAP skeletal vibrations.


The spectra of Ncs appear at a glance to be simpler than
those of TAPs and Pcs. The absorptions common to all Ncs
(except for the aforementioned bands due to tert-butyl
groups) were seen at 470–472, 724–725, 742–749, 808–812,
888–901, 946–947, 1082–1088, 1100–1104, 1142–1144, and
1343–1359 cm�1. Of these, those at 888–901 and 1343–
1359 cm�1 were doublet and multiplet, respectively, and
those at 1082–1088, 1100–1104, and 1343–1359 cm�1 were
particularly strong. The bands at 470–472 cm�1 were consid-
ered to be characteristic of naphthalene,[40] but others may
be due to skeletal vibrations. Although the spectra are very


similar in shape between CuNc and CoNc, the relative in-
tensities of some VONc bands differed from those displayed
by CuNc and CoNc. In addition, the band at 1529 cm�1 is of
particular note in that it has exceptional strength. The V=O
stretching mode[32a,41] observed at 1005 cm�1 was weak in
VONc, but strong in VOPc. H2Nc showed a characteristic
and strongest band at 1015 cm�1, and its band at 1392 cm�1


is more intense than the corresponding band of MtNcs.
The IR spectrum of CoAc, shown in Figure 9, is apparent-


ly simpler than those of TAPs and Pcs. Other than vibra-
tions due to tert-butyl groups, intense signals were detected
at 1717–1703, 1635–1629, 1589, 1480–1460, 1345, 1130–1150,
1091, 909, and 466 cm�1.


Frequency calculations : Although the above IR spectra are
somewhat complicated, the recently developed DFT calcula-
tion methods satisfactorily succeeded in reproducing the ex-
perimentally obtained IR spectra,[36] so that detailed struc-
tural analyses are now possible. Therefore, we have extend-
ed the analysis to our compounds in order to elucidate the
effects of the increase in the size of the ring system. Initially,
however, account must be taken of the influence of the exis-
tence of the positional isomers on the IR spectra, since the
experimentally obtained spectra were recorded on mixtures


Figure 8. Experimentally measured IR spectra (KBr, solid lines) and cal-
culated harmonic vibrational frequencies (bars) of symmetrically tert-
butyl-substituted H2TAP, H2Pc, and H2Nc (from top to bottom, respec-
tively). Refer to Figure 10 for the selected atomic movements indicated
by the letters.


Figure 9. Experimentally measured IR spectra (KBr) of metallo-TAPs,
Pcs, Ncs, and Ac (from top to bottom, respectively). Copper, vanadyl,
and cobalt (from top to bottom, respectively) derivatives are shown for
the first series, whereas only the cobalt complex is given for Ac because
of accessibility of the compound.
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of the statistically possible positional isomers. Figure 7
shows the results of frequency calculations of the two posi-
tional isomers (top: symmetric C4h and bottom: asymmetric
Cs) of MgTAP (bars) together with the experimentally mea-
sured spectrum (solid line). Although the symmetric C4h


MgTAP shows simpler frequency distributions than the
asymmetric species, the two calculated results are, on the
whole, similar, indicating that the spectral envelopes are at-
tributable mainly to local structures of the molecule, and
that the positional isomers do not significantly affect the
shape of the whole spectra. In addition, the resolution of the
experimentally obtained spectra is not high enough for the
positional isomers to be distinguished, so calculations for
the symmetric isomers were undertaken, as shown in
Figure 8. The calculated modes were assigned to experimen-
tally observed bands on the basis of both the frequency and
the intensity data. In Figure 7, the intense band seen at
1016 cm�1, which is calculated at about 994 cm�1, originates
from in-plane motion of the pyrrole nitrogens and pyrrole
b-protons (Figure 10 (d), (e)). The moderately intense bands
at 1078 cm�1 (calculated at ca. 1054 cm�1) have a similar
origin ((f), (g)). The band observed at 779 cm�1 contains
both in-plane (a) and out-of-plane (b) motions over the
whole skeleton. On the other hand, the band at 856 cm�1


originates exclusively from out-of-plane motion of the pyr-
role b-protons (c). A majority of the calculated bands be-
tween ca. 1100 and 1600 cm�1 are contributed by the tert-
butyl groups, with the exception of the bands calculated at
ca 1446 cm�1, in which the in-plane motion of the skeleton
dominates the intensity ((h), (i)).


Figure 8 compares the effects of increasing the size of the
ring on a series of metal-free derivatives. In comparison
with that of MgTAP, the IR spectrum of H2TAP has rather
complicated spectral envelopes due to the low symmetry of
the metal-free derivative. The most intense band, calculated
at 945.6 cm�1 (n), for H2TAP originates from the in-plane
motion of the central protons, and has of course disappeared
in MgTAP. Figure 10 (p) also represents this type of motion.
On the other hand, the bands estimated at 842.6 (m) and
971.9 cm�1 (o) correspond to the atomic motions depicted in
Figure 10 (c) and ((d) (e)), respectively. Similar motions of
the pyrrole nitrogens are predicted for H2Pc (1041.4 cm�1


(s)) and H2Nc (1041.7 cm�1 (x)). Out-of-plane motion of the
central protons is also characteristic of the metal-free deriv-
atives, as calculated, for example, at 763.4 cm�1 (l) for
H2TAP. In the case of H2Pc, the association between in-
plane motion of the central protons and fused benzo protons
amplifies the band intensity ((q), (r), (t), and (u)). The in-
plane motion at 727.9 (j) and 749.3 cm�1 (k) for H2TAP
shifts slightly to 693.6 cm�1 (v) for H2Nc. Most of the other
less intense bands calculated for H2Nc in the energy region
between ca. 700 and 900 cm�1 originate from the out-of-
plane motion of the skeleton, with the exception of the
band at 794.6 cm�1 (w), which arises from out-of-plane
motion of the central protons. H2Pc has a relatively intense
and complicated band distribution in the energy region be-
tween about 1100 and 1600 cm�1 compared with H2TAP.
This is probably due to the involvement of the fused benzo
protons, whereas the association of in-plane motion of the


fused naphtho-ring produces an intense characteristic band
at 1340.9 (z) and 1382.6 cm�1.


Molecular orbital calculations: Predicted absorption spectra :
To enhance our understanding of the above spectroscopic
and electrochemical data, MO calculations were performed
for the metal-free and zinc species since other metals are
paramagnetic, for CoI structures by the ZINDO Hamiltoni-
an, and for the metal-free species also by the PPP Hamilto-
nian.[20,42–44] Figure 11 displays the calculated spectra, while
Table 5, Table 6, and Table 7 summarize details of the calcu-
lation results, including the orientations of transition dipoles
and configurations. The main results may be summarized as
follows:


1) The Q band shifts to longer wavelength with concomi-
tant increase in intensity. However, both the extent of
the shift and the increase in the intensity becomes small-
er the larger the molecule. If the shift from TAP to Pc is
set at unity, the shifts from Pc to Nc and from Nc to Ac
were estimated as 0.63�0.05 and 0.49�0.02, respective-
ly, and the calculated relative intensity of the Q band for
TAP:Pc:Nc:Ac = 1:1.65�0.04:2.09�0.06:2.33�0.17,
approximately reproducing the experimental trends.


2) Although the splitting of the Q band of H2Ac is not nec-
essarily small by the ZINDO/S calculations, if we also
judge the results including those by the PPP method
(dotted lines in Figure 11A), the splitting of the Q band
decreases on going from TAP to Pc and further to Nc.
The splitting in H2Ac might be slightly larger than that
of H2Nc, since the Q band MCD trough at the longest
wavelength is obviously broad (Figure 1b).


3) Large molecules such as Ncs and Acs have absorptions
between the Q and B band arising from transitions from
the HOMO to higher empty orbitals. In metal-free com-
pounds, these are found at 506 and 567 nm in H2Nc and
H2Ac, respectively, whreas for small TAP derivatives,
the next highest transition after the Q band is the transi-
tion from the low-lying occupied orbital to the LUMO
and LUMO+1. Experimentally, H2TAP showed split
transitions at about 420 and 381 nm.[45]


4) The relative intensities of the two MLCT bands in each
CoI species and the relative positions of the MLCT
bands among the four CoI species observed experimen-
tally were reproduced in the calculation. As shown in
Figure 4, the longer-wavelength MLCT band shifts to
still longer wavelength on going from CoIPc to CoIAc,
but that of CoITAP appeared at a relatively even longer
wavelength. This is indeed reproduced. In addition, the
larger splitting of the two MLCT transitions of CoITAP
in relation to other species was also reproduced.


Molecular orbital energy level : Figure 12 shows the calcu-
lated energies of some frontier orbitals. The main results
may be summarized as follows:


1) The HOMOs of all compounds destabilize with increas-
ing molecular size, but to a decreasing extent, while the
LUMOs of the metal-free and zinc derivatives remain
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almost constant in spite of difference in molecular size,
reproducing the experimentally found trends in Figure 3.


2) In the case of the cobalt complexes, the destabilization
of the HOMO is not as steep as for the metal-free and


zinc complexes, while the LUMO stabilizes to some
extent with increasing molecular size. As a result, as
shown in Figure 3, the first oxidation potential of CoAc
is still positive, and the first reduction potential shifts


Figure 10. Atomic movements at the selected predicted frequencies.
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positively with enlargement of the macrocycles, in con-
trast to the metal-free and zinc complexes. Thus, these
results are completely consistent with the redox data in
Figure 3.


3) In the cases of Ncs and Acs, there are many naphthalene
or anthracene-centered orbitals in the frontier orbitals
(these are denoted by asterisks in Figure 12).


4) For cobalt complexes, eg (dp) orbitals lie as the
HOMO�1 and HOMO�2 orbitals and may stabilize
slightly for larger molecules (however, in reality, with
CoITAP these dp orbitals appear to be the HOMO,
since the first reduction product gave a spectrum typical
of a CoI complex (Figure 4).


5) A b1u orbital (the LUMO+2 orbital or essentially
LUMO+1 orbital, since the LUMO is doubly degener-
ate) in MtTAP and MtPc (Mt = Zn and Co) stabilizes
slightly, while a b2u orbital (the LUMO+3) in the same
complexes stabilizes markedly on going from the smaller
TAP to the larger Ac, so the order of the b1u and b2u or-
bitals is inverted in MtNc and MtAc. This explains much
of the MLCT band behavior of the cobalt complexes in
Figure 4. First, the energy difference between the b1u


and b2u orbitals explains the difference of the two peaks
in the MLCT band. As seen experimentally (Figure 4),
the splitting increases in the order Pc, Nc, Ac, and TAP,
and the energy difference between the b1u and b2u orbi-
tals in Figure 12 increases in this order. Second, as can
be seen in Figure 12, the fact that the MLCT band shifts
to longer wavelength on going from Pc to Nc and further
to Ac can be explained by the decrease in the HOMO–
LUMO gap due to the marked lowering of the b2u or-
bital.


6) Concerning point 5, the b1g LUMO and b2g LUMO+1
orbitals in H2TAP and H2Pc approach each other in
energy on going from H2TAP to H2Pc, and in H2Nc they
are almost the same, while their energy is inverted in the
larger H2Ac in both the PPP and ZINDO/S calculations.
As a result, the splitting of the two orbitals in H2Ac be-
comes larger than that in H2Nc, which explains the large
negative Q MCD envelope at the lowest energy of H2Ac
(Figure 1b).


Conclusion


Through the preparation of a series of TAP derivatives dif-
fering only in size, properties that cannot be revealed when
treating only one size of compounds emerged. The main re-
sults may be summarized as follows.


1) If the shift of the Q band on increasing the size of the
ring system from TAP to Pc is set at unity, those from Pc
to Nc and from Nc to Ac are about 0.8 and 0.5, respec-
tively. This ratio, however, changes when the oxidation
state of the central metal is changed, as seen for CoII


and CoI species.
2) The splittings of the Q bands of metal-free species de-


crease with increasing molecular size, so that the
Q bands of H2Nc and H2Ac appear as single bands. This
is further related to the extent of the shift of the molecu-
lar orbital on increasing the size of the ring system. That
is, the LUMO+3 b2u orbital in TAP stabilizes markedly,
whereas the LUMO+2 b1u stabilizes only slightly when


Figure 11. Calculated absorption spectra for: A) metal-free, B) Zn, and C) CoI derivatives of TAP, Pc, Nc, and Ac. In A), broken lines indicate the
Q band obtained by use of the PPP Hamiltonian.
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the ring system is enlarged, so that the energy difference
between these orbitals decreases.


3) The magnitudes of the orbital angular momentum of the
excited state of the ligand and the magnetic moment de-
crease with increasing molecular size.


4) The quantum yield of H2Pc is the largest among the
metal-free species, showing no relationship to the molec-
ular size.


5) From the position of the pyrrole proton signals in the 1H
NMR spectra, the ring current decreases with increasing
molecular size, suggesting that the ring current can be
explained by the five-loop model.


6) The first reduction potential changes only slightly with
molecular size, while the first oxidation potential be-
comes markedly less positive, indicating that the HOMO
destabilizes significantly as the molecule becomes larger.


7) In 6), the extent of HOMO destabilization with increas-
ing molecular size differs depending on the type of cen-
tral metal, so that metals showing smaller destabilization
can produce larger complexes, since TAPs are unstable
against oxidation.


8) The EPR parameters are similar in spite of the differen-
ces in the sizes of macrocycles.


9) The IR spectra generally become simpler as the size of
the molecule increases, and some of the characteristic
bands could be extracted for each size of molecule.


10) Some IR bands characteristic of tert-butyl groups and of
the TAP, Pc, and Nc skeletons have been assigned on
the basis of the DFT calculations.


11) Some of the observed trends in experimentally deter-
mined redox potentials and electronic absorption and
MCD spectra were reasonably reproduced by use of the
ZINDO/S (and occasionally PPP) Hamiltonian(s).


Table 5. Calculated spectra including orientation of transition dipoles and configurations for metal-free species.[a]


l [nm] n [kcm�1] f Obsb. Pol Configurations Assignment


H2TAP (MO number 57 is the HOMO)
659 15.174 0.620 619.0 y 57!58 (84%), 56!59 (16%) Q
598 16.722 0.522 550.5 x 57!59 (86%), 56!58 (13%) Q
347 28.818 0.502 y 56!59 (52%), 54!59 (42%)
329 30.395 0.633 x 56!58 (65%), 54!58 (27%)
283 35.335 1.943 334? x 54!58 (71%), 56!58 (20%)
270 37.037 2.774 y 54!59 (56%), 56!59 (31%)


H2Pc (MO number 93 is the HOMO)
730 13.698 1.020 698.0 y 93!94 (90%)
708 14.124 0.914 664.3 x 93!95 (93%)
335 29.850 0.602 y 92!95 (63%), 90!95 (29%)
313 31.948 0.837 x 92!94 (77%)
293 34.129 1.393 344? y 93!102 (55%), 90!95 (35%)
288 34.722 1.233 x 90!94 (82%), 93!103 (14%)
282 35.460 0.288 x 93!103 (69%), 92!94 (10%)
280 35.714 1.317 y 93!102 (39%), 90!95 (32%), 92!95 (21%)


H2Nc (MO number 129 is the HOMO)
809 12.360 1.134 783.6 x 129!130 (95%)
787 12.706 1.317 783.6 y 129!131 (92%)
479 20.876 0.131 505.6 x 129!133 (97%)
336 29.761 1.253 y 129!138 (47%), 125!130 (36%)
331 30.211 0.983 x 127!130 (37%), 129!139 (32%), 125!131 (16%)
318 31.446 0.262 y 129!138 (41%), 125!130 (34%), 127!131 (16%)
316 31.645 0.148 y 127!131 (66%), 125!130 (19%)
295 33.898 0.172 x 125!131 (47%), 122!130 (15%), 127!130 (12%)
289 34.602 1.280 y 123!130 (80%)
281 35.587 1.146 y 123!131 (80%)
278 35.971 0.132 x 129!141 (42%) 125!131 (26%), 122!130 (21%)
247 40.485 1.123 y 128!135 (32%), 127!136 (29%), 128!132 (10%), 120!130 (10%)
240 41.666 0.545 x 126!132 (42%), 127!133 (27%), 122!130 (19%)


H2Ac (MO number 165 is the HOMO)
898 11.135 1.258 858.3 x 165!166 (95%)
834 11.990 1.586 858.3 y 165!167 (93%)
559 17.889 0.293 567.0 x 165!169 (93%)
371 26.954 0.337 x 165!174 (68%)
368 27.173 0.377 y 163!167 (43%), 165!175 (24%)
358 27.932 0.107 y 165!175 (41%), 163!167 (31%)
329 30.395 1.370 y 159!166 (28%), 158!166 (26%), 161!167 (14%), 165!179 (10%)
328 30.487 0.138 x 165!178 (63%)
327 30.581 1.460 y 165!179 (41%), 158!166 (16%)
306 32.679 0.263 y 164!170 (21%), 165!179 (19%), 163!171 (17%), 161!167 (16%)
305 32.786 2.789 x 158!167 (42%), 160!170 (14%), 159!171 (14%), 161!166 (13%)
297 33.670 1.374 x 162!168 (23%), 161!169 (16%), 165!178 (14%), 161!166 (13%)
293 34.129 1.849 y 159!166 (48%), 158!166 (22%)
266 37.593 0.330 x 159!167 (32%), 158!167 (17%), 163!169 (15%), 164!172 (11%)


[a] Excited states with energy less than 5.17 eV and f greater than 0.1 are shown (although some f values are smaller than 0.1).
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Experimental Section


Measurements : The 500 and 60 MHz 1H NMR and IR spectral measure-
ments were made with JEOL GSX-500, JNM-PM60SI, and Shimadzu
FTIR-8100M spectrometers, respectively. Mass spectra were measured
with a JEOL SX-102 mass spectrometer (FAB mass) with p-nitrophenyl
dioctyl ether or m-nitrobenzyl alcohol (NBA) as a matrix. Electronic ab-
sorption spectra were measured with a HITACHI U-3410 spectropho-
tometer. Magnetic circular dichroism (MCD) spectra were run on a
JASCO J-400X spectrodichrometer in pyridine solutions of ca. 10�5–
10�6 molL�1, with a JASCO electromagnet that produces magnetic fields
of up to 1.09 T (pyridine was chosen since aggregation appeared the
lowest among the solvents tried: CHCl3, CH2Cl2, toluene, o-dichloroben-
zene (DCB), THF, DMF). The magnitude was expressed in terms of
molar ellipticity per Tesla, [q]M [104 degmol�1dm3 cm�1T�1]. Steady-state
EPR measurements were carried out at 77 K on a JEOL FE2 XG EPR
spectrometer. Spectral grade toluene (Nacalai Tesque Inc.) was used as


solvent, and the concentrations of the samples were ca. 0.5S10�3 molL�1.
All samples were deaerated by freeze-pump-thaw cycles. Fluorescence
and excitation spectra were recorded with a Shimadzu RF-500 spec-
trofluorimeter with appropriate filters to eliminate scattered light.
Fluorescence quantum yields (FF) were determined by use of free-base
tetraphenylporphyrin in benzene (FF = 0.11),[46a] tetra-tert-butylated
tetrabenzoporphyrin in chloroform (FF = 0.57),[46b] or 1,3,3,1’,3’,3’-hexa-
methylindotricarbocyanine in DMSO (FF = 0.28)[46c] as standards. Data
were obtained by a comparative calibration method, by use of the
same excitation wavelength and absorbance for the metal-free samples
and the calibrants, as well as the same emission energies. All solutions
for fluorescence measurements were purged with argon before measure-
ment.


Cyclic voltammetry data were collected with a Hokuto Denko HA-501
potentiostat connected to a Graphtec WX1200 XY recorder. Differential
pulse voltammetry data were recorded with a Yanaco P-1100 polaro-
graphic analyzer connected to a Watanabe WX 4401 XY recorder. Elec-


Table 6. Calculated spectra including orientation of transition dipoles and configurations for zinc species.[a]


l [nm] n [kcm�1] f Pol. Configurations Assignment


ZnTAP (MO number 57 is the HOMO)
614 16.286 0.661 x, y 57!58 (87%), 56!59 (12%) Q
614 16.286 0.661 x, y 57!59 (87%), 56!58 (12%) Q
292 34.246 0.231 x 55!58 (79%), 51!58 (14%)
292 34.246 0.231 y 55!59 (79%), 51!59 (14%)
279 35.842 2.377 x, y 56!58 (73%), 55!58 (10%)
279 35.842 2.377 x, y 56!59 (73%), 55!59 (10%)
254 39.370 0.262 x 51!58 (51%), 57!63 (31%)
254 39.370 0.262 y 51!59 (51%), 57!62 (31%)


ZnPc (MO number 93 is the HOMO)
699 14.306 1.062 x, y 93!94 (93%) Q
699 14.306 1.062 x, y 93!95 (93%) Q
292 34.246 1.181 x, y 92!94 (35%), 91!94 (24%), 93!102 (20%), 93!103 (15%)
292 34.246 1.181 x, y 92!95 (35%), 91!95 (24%), 93!103 (20%), 93!102 (15%)
287 34.843 0.477 x, y 91!94 (59%), 85!94 (19%)
287 34.843 0.477 x, y 91!95 (59%), 85!95 (19%)
278 35.971 1.063 x, y 92!94 (50%), 93!102 (19%) 93!103 (18%)
278 35.971 1.063 x, y 92!95 (50%), 93!103 (19%) 93!102 (18%)


ZnNc (MO number 129 is the HOMO)
772 12.953 1.343 x, y 129!130 (94%) Q
772 12.953 1.343 x, y 129!131 (94%) Q
324 30.864 0.540 x, y 129!138 (76%)
324 30.864 0.540 x, y 129!139 (76%)
316 31.645 0.255 x, y 128!130 (77%)
316 31.645 0.255 x, y 128!131 (77%)
285 35.087 2.090 x, y 124!130 (45%), 123!130 (18%), 125!131 (14%)
285 35.087 2.090 x, y 124!131 (45%), 123!131 (18%), 125!130 (14%)
246 40.650 0.117 x, y 120!130 (59%), 127!132 (10%)
246 40.650 0.117 x, y 120!131 (59%), 126!132 (10%)
242 41.322 0.768 x, y 128!134 (23%), 125!131 (19%), 127!132 (18%), 127!133 (15%), 120!130 (12%)
242 41.322 0.768 x, y 128!135 (23%), 125!130 (19%), 126!132 (18%), 126!133 (15%), 120!131 (12%)


ZnAc (MO number 165 is the HOMO)
832 12.019 1.556 x, y 165!166 (95%) Q
832 12.019 1.556 x, y 165!167 (95%) Q
549 18.214 0.138 x, y 165!170 (94%)
549 18.214 0.138 x, y 165!171 (94%)
361 27.700 0.156 x, y 165!174 (57%)
361 27.700 0.156 x, y 165!175 (57%)
330 30.303 0.242 x, y 165!178 (61%), 164!166 (11%)
330 30.303 0.242 x, y 165!179 (61%), 164!167 (11%)
303 33.003 4.238 x, y 160!166 (35%)
303 33.003 4.238 x, y 160!167 (35%)
301 33.222 0.272 x, y 161!166 (20%), 163!169 (14%)
301 33.222 0.272 x, y 161!167 (20%), 162!169 (14%)
271 36.900 0.173 x, y 159!167 (39%), 159!166 (25%), 160!167 (22%)
271 36.900 0.173 x, y 159!166 (39%), 159!167 (25%), 160!166 (22%)
261 38.314 0.200 x, y 161!167 (13%), 163!172 (13%), 153!166 (12%)
261 38.314 0.200 x, y 161!166 (13%), 162!172 (13%), 153!167 (12%)


[a] Excited states with energy less than 5.17 eV and f greater than 0.1 are shown (although some f values are smaller than 0.1).
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Table 7. Calculated spectra including orientation of transition dipoles and configurations for cobalt(i) species.[a]


l [nm] n [kcm�1] f Obsb. Pol. Configurations Assignment


CoITAP (MO number 61 is the HOMO)
585 17.094 0.503 624 x, y 61!63 (87%) Q
585 17.094 0.503 624 x, y 61!62 (87%) Q
457 21.881 0.156 519 x, y 60!64 (96%) MLCT
457 21.881 0.156 519 x, y 59!64 (96%) MLCT
335 29.850 0.040 440 x, y 60!65 (82%) MLCT
335 29.850 0.040 440 x, y 59!65 (82%) MLCT
282 35.460 1.046 333 x, y 55!63 (55%), 56!63 (23%), 56!62 (10%)
282 35.460 1.046 333 x, y 55!62 (55%), 56!62 (23%), 56!63 (10%)
259 38.610 2.057 x, y 55!62 (38%), 56!63 (33%)
259 38.610 2.057 x, y 55!63 (38%), 56!62 (33%)


CoIPc (MO number 97 is the HOMO)
667 14.992 0.814 705 x, y 97!99 (86%) Q
667 14.992 0.814 705 x, y 97!98 (86%) Q
436 22.935 0.0029 x, y 96!100 (62%) 95!101 (22%) MLCT
436 22.935 0.0029 x, y 95!100 (62%) 96!101 (22%) MLCT
408 24.509 0.448 467 x, y 96!101 (51%), 95!100 (31%) MLCT
408 24.509 0.448 467 x, y 95!101 (51%), 96!100 (31%) MLCT
368 27.173 0.148 422 x, y 97!102 (76%)
368 27.173 0.148 422 x, y 97!103 (76%)
313 31.948 0.0052 x, y 96!104 (77%) MLCT
313 31.948 0.0052 x, y 95!104 (77%) MLCT
295 33.898 1.162 315 x, y 97!107 (30%), 96!104 (14%), 97!106 (12%)
295 33.898 1.162 315 x, y 97!106 (30%), 95!104 (14%), 97!107 (12%)
274 36.496 0.241 x, y 91!99 (38%), 97!106 (21%), 92!98 (13%), 88!98 (11%)
274 36.496 0.241 x, y 91!98 (38%), 97!107 (21%), 92!99 (13%), 88!99 (11%)
263 38.022 0.466 x, y 91!99 (27%), 92!98 (23%), 96!108 (20%)
263 38.022 0.466 x, y 91!98 (27%), 92!99 (23%), 95!108 (20%)
253 39.525 0.827 x, y 96!108 (44%), 92!98 (23%), 96!105 (11%)
253 39.525 0.827 x, y 95!108 (44%), 92!99 (23%), 95!105 (11%)


CoINc (MO number 133 is the HOMO)
726 13.774 1.033 794 x, y 133!135 (92%) Q
726 13.774 1.033 794 x, y 133!134 (92%) Q
437 22.883 0.624 580 x, y 132!136 (67%) 133!139 (21%) MLCT, p–p*
437 22.883 0.624 580 x, y 131!136 (67%) 133!138 (21%) MLCT, p–p*
403 24.813 0.183 510 x, y 132!140 (86%) MLCT
403 24.813 0.183 510 x, y 131!140 (86%) MLCT
334 29.940 0.425 393 x, y 133!142 (82%)
334 29.940 0.425 393 x, y 133!143 (82%)
283 35.335 1.357 317 x, y 128!134 (42%), 125!135 (21%)
283 35.335 1.357 317 x, y 128!135 (42%), 125!134 (21%)
263 38.022 0.276 x, y 123!135 (22%), 132!144 (11%), 124!134 (11%), 120!135 (10%)
263 38.022 0.276 x, y 123!134 (22%), 131!144 (11%), 124!135 (11%), 120!134 (10%)
251 39.840 0.455 x, y 123!135 (32%), 125!135 (19%), 124!134 (16%)
251 39.840 0.455 x, y 123!134 (32%), 125!134 (19%), 124!135 (16%)


CoIAc (MO number 169 is the HOMO)
787 12.706 1.073 894 x, y 169!170 (47%), 169!171 (45%) Q
787 12.706 1.073 894 x, y 169!171 (47%), 169!170 (45%) Q
617 16.207 0.142 x, y 169!175 (71%)
617 16.207 0.142 x, y 169!174 (71%)
490 20.408 0.910 674 x, y 168!172 (70%) 168!177 (13%) 169!175 (10%) MLCT, p–p*
490 20.408 0.910 674 x, y 167!172 (70%), 167!177 (13%), 169!174 (10%) MLCT, p–p*
393 25.445 0.465 570 x, y 168!176 (60%), 169!180 (13%), 168!184 (10%) MLCT, p–p*
393 25.445 0.465 570 x, y 167!176 (60%), 169!179 (13%), 167!184 (10%) MLCT, p–p*
325 30.769 0.164 x, y 163!172 (24%), 165!170 (14%), 163!173 (11%)
325 30.769 0.164 x, y 164!172 (24%), 165!171 (14%), 164!173 (11%)
320 31.25 0.146 x, y 169!183 (13%)
320 31.25 0.146 x, y 169!182 (13%)
304 32.894 0.115 x, y 168!177 (47%), 168!172 (13%)
304 32.894 0.115 x, y 167!177 (47%), 167!172 (13%)
291 34.364 3.564 333 x, y 160!170 (27%)
291 34.364 3.564 333 x, y 160!171 (27%)
281 35.587 0.260 x, y 168!178 (78%)
281 35.587 0.260 x, y 167!178 (78%)
246 40.650 0.442 x, y 159!170 (25%), 159!171 (13%), 159!174 (11%)
246 40.650 0.442 x, y 159!171 (25%), 159!170 (13%), 159!175 (11%)


[a] Excited states with energy less than 5.17 eV and f greater than 0.1 are shown (although some f values are smaller than 0.1).
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trochemical experiments were performed in DCB (Nakalai Tesque,
HPLC grade) solution containing tetrabutylammonium perchlorate
(TBAP, 0.1 molL�1) under purified nitrogen. A glassy carbon working
electrode (area = 0.07 cm2), an Ag/AgCl reference electrode, and a Pt
wire counter-electrode were employed. For spectroelectrochemical meas-
urements, an optically transparent thin layer electrode (OTTLE) cell of
pathlength 1 mm was employed with use of Pt minigrids both as working
electrode and as counter-electrode,[47] and a TBAP concentration of
0.3 molL�1.


Molecular orbital calculations : MO calculations were performed by use
of the ZINDO/S Hamiltonian in the HyperChem. R.5.1 program,[43a] and
by the PPP Hamiltonian that we have adopted several times previous-
ly.[43b] For the PPP calculations, the structures of Pc analogues were con-
structed from X-ray structural data for standard Pc,[48] naphthalene,[49a]


and anthracene[49b] and by making the rings perfectly planar and adopting
either the D4h (metallocomplexes) or D2h symmetry (metal-free species),
and were therefore essentially the same as those we had used in our pre-
vious work.[20] For the ZINDO/S calculations the central metal was as-
sumed to be dihydrogen, zinc, and CoI. The choice of configuration was
based on energetic considerations, and all singly excited configurations
up to 8 eV (64525 cm�1) were included. The Gaussian 98 program[50] run-
ning on a NEC SX-4/128H4 supercomputing system was used to perform
DFT calculations. The B3LYP with 6-31G(d) basis set was used for both
geometry optimization and frequency calculations. An optimum scaling
factor of 0.9613 was applied to the calculated frequencies for comparison
with the experimentally obtained data for a Pc.[51]


Materials : H2-, Cu-, Mg-, VO-,[21a] and CoTAP,[1] H2Pc,[21b] Co-Pc, Co-Nc,
and Co-Ac[1] were the same as used in our previous papers. Commercially
available H2Nc was purified by column chromatography over basic alu-
mina with CH2Cl2 as eluent, and was then recrystallized from CH2Cl2/
MeOH.


Synthesis : Cu-[52a] and VOPc and Cu- and VONc[52b] were obtained by lit-
erature methods.


CuPc : Elemental analysis calcd (%) for C48H48N8Cu (800.49): C 72.02, H
6.04, N 14.00; found: C 72.36, H 6.43, N 14.31.


VOPc : Elemental analysis calcd (%) for C48H48N8VO (803.89): C 71.72,
H 6.02, N 13.94; found: C 72.02, H 6.02, N 13.54.


CuNc : Elemental analysis calcd (%) for C64H56N8Cu (1000.7): C 76.81, H
5.64, N 11.20; found: C 76.09, H 5.14, N 10.50.


VONc : Elemental analysis calcd (%) for C64H56N8VO (1004.1): C 76.55,
H 5.62, N 11.16; found: C 77.63, H 6.19, N 11.76.


6-tert-Butyl-2,3-dicyanoanthracene : A mixture of 6-tert-butyl-2,3-dime-
thylnaphthalene[44] (7.7 g, 36.2 mmol), N-bromosuccinimide (28.47 g,
159.7 mmol), and benzoyl peroxide (130 mg, 0.54 mmol) was heated at
reflux in CCl4 (700 ml) with irradiation from a 400 W tungsten lamp for
2 h.[53] The solution was filtered to remove insoluble succinimide, and the
solvent was removed on an evaporator. The residue was recrystallized
from CCl4 to give, after drying, 2,3-bis(dibromomethyl)-6-tert-butylnaph-
thalene (15.8 g, 89.8%) as a pale yellow powder (Scheme 2). 1H NMR
(60 MHz, CDCl3, 25 8C, TMS): d = 1.41 (s, 9H), 7.27 (s, 1H), 7.30 (s,
1H), 7.70–8.20 ppm (m, 5H).


This bis(dibromomethyl)naphthalene (8.0 g, 15.2 mmol), fumaronitrile
(1.18 g, 15.2 mmol), and sodium iodide (15.2 g, 102.3 mmol) were allowed
to react in DMF (50 mL) under nitrogen at 65 8C for two days.[54] After
the mixture had cooled, water (300 mL) was added, and the precipitate
was collected, dissolved in CHCl3, and washed with sodium thiosulfate
(Na2S2O3). After removal of the Na2S2O3 and CHCl3, the residue was
chromatographed over silica gel with toluene as eluent (Rf = 0.2) to give
the desired compound (460 mg, 10.7%) as a yellow powder. mp: 216–
217 8C; 1H NMR (500 MHz, CDCl3, 25 8C, TMS): d = 1.47 (s, 9H), 7.80
(dd, 1H), 7.99 (s, 1H), 8.07 (d, 1H), 8.52 ppm (d, 4H); IR: 2970, 2870,
2240 (CN), 1695, 1635, 1482, 1465, 1420, 1378, 1282, 1260, 1103, 1090,
935, 905, 890, 810, 630, 535 cm�1; elemental analysis calcd (%) for
C20H16N2(284.35): C 84.48, H 5.67, N 9.85; found: C 84.18, H 5.72, N 9.63.


2,13(or 14),24(or 25),35(or 36)-Tetra-tert-butyl-45H,47H-anthracocya-
nine, H2Ac : An N,N-dimethylaminoethanol solution (2 mL) containing 6-
tert-butyl-2,3-dicyanoanthracene (142.2 mg, 0.5 mmol) was heated at
reflux with bubbling of NH3 gas for 45 min, CH3ONa (2 mg) was then
added, and the reaction was allowed to continue for 5 h. After the mix-
ture had cooled, water was added, and the resulting precipitate was col-
lected by filtration and washed with water and methanol. The residue
was chromatographed over alumina with pyridine as eluent to give the
desired compound (18 mg, 12%) as a brown powder. This compound was
very unstable in air and decomposed within a few days. Accordingly, ex-
periments were carried out under nitrogen as much as possible. 1H NMR
(500 MHz, C5D5N, 25 8C): d = �0.73 (s, 2H), 1.75–1.81 (m, 36H), 7.5–
8.7 ppm (m, 28H); elemental analysis calcd (%) for C80H66N8 (1139.4): C
84.33, H 5.84, N 9.83; found: C 83.75, H 5.79, N 9.43.


Figure 12. Partial molecular orbital energy diagram for: A) metal-free, B) Zn, and C) CoI derivatives of TAP, Pc, Nc, and Ac, and relationship of some
frontier orbitals. Orbitals marked by * indicate naphthalene- or anthracene-centered orbitals. Numbers indicate orbital number. In the orbitals of CoI


species, the HOMO�1 and �2 are eg(dxz,dyz) orbitals and the HOMO�3 is the a1g (dz2) cobalt-centered orbital.
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Synthesis of Benzannulated N-Heterocyclic Carbene Ligands by a Template
Synthesis from 2-Nitrophenyl Isocyanide


F. Ekkehardt Hahn,* C%sar Garc'a Plumed, Marco M*nder, and Thomas L*gger[a]


Introduction


The nucleophilic attack at the carbon atom of a coordinated
isocyanide ligand is a standard method to generate metal–
carbene complexes.[1–3] Protic nucleophiles such as alcohols
and primary or secondary amines have been particularly
useful in this reaction. This carbene synthesis was first ap-
plied, although unintentionally, in 1915 when Tschugajeff
and Skanawy-Grigorjewa reacted tetrakis(methyl isocyani-
de)platinum(ii) with hydrazine.[4] The reaction products
were 50 years later recognized as carbene complexes.[5]


The addition of proton-containing bases HX to coordinat-
ed isocyanides usually leads to the formation of complexes
with acyclic carbene ligands. However, employment of func-
tional isocyanides, which contain both the isocyanide group
and the nucleophile in the same molecule, gives access to
complexes with heterocyclic carbene ligands through an in-
tramolecular 1,2-addition across the C�N triple bond. Fehl-
hammer et al. introduced readily available and stable 2-hy-
droxyalkyl isocyanides such as C�NCH2CH2OH, in which


the nucleophile and the isocyanide group are already linked
before coordination to the metal center. If suitably activated
by coordination to transition metals in higher oxidation
states these ligands spontaneously cyclize to form oxazoli-
din-2-ylidenes[6] allowing even the isolation of homoleptic
tetra-[7] and hexacarbene complexes.[8]


In b-functional aryl isocyanides the electrophilic isocya-
nide and the nucleophilic substituent are not only linked,
but are also suitably arranged in one plane for an intramo-
lecular cycloaddition reaction. This geometry together with
the aromaticity of the resulting cyclic carbene ligand could
lead to an even greater tendency to form heterocyclic yli-
denes. Contrary to aliphatic 2-hydroxyethyl isocyanide,[6–8]


free 2-hydroxyphenyl isocyanide is not stable and cyclizes to
give benzoxazole.[9] However, lithiation of benzoxazole and
subsequent reaction with Me3SiCl yields 2-(trimethylsiloxy)-
phenyl isocyanide,[10] a synthon for 2-hydroxyphenyl isocya-
nide. The O-protected 2-(trimethylsiloxy)phenyl isocyanide
can coordinate to transition metals and a series of com-
plexes of type A (Scheme 1) have been prepared.[11–16]


Cleavage of the Si�O bond in these complexes is best ach-
ieved by stirring in methanol with a catalytic amount of KF
under formation of complexes B with the 2-hydroxyphenyl
isocyanide ligand. Subsequently, complexes containing the
benzoxazol-2-ylidene ligand C can be formed by intramolec-
ular nucleophilic attack if the isocyanide is sufficiently acti-
vated (or insufficiently deactivated) towards intramolecular


[a] Prof. Dr. F. E. Hahn, C. Garc<a Plumed, Dr. M. M=nder,
Dr. T. L=gger
Institut f=r Anorganische und Analytische Chemie
WestfAlische Wilhelms-UniversitAt M=nster
Corrensstraße 36, 48149 M=nster (Germany)
Fax: (+49)251-833-3108
E-mail : fehahn@uni-muenster.de


Abstract: The reaction of 2-nitrophenyl
isocyanide 2 with [M(CO)5(thf)] (M=


Cr, Mo, W) yields the isocyanide com-
plexes [M(CO)5(2)] (3 : M=Cr; 4 : M=


Mo; 5 : M=W). Complexes 3–5 react
with elemental tin under reduction of
the nitro function of the isocyanide
ligand to give the complexes with the
unstable 2-aminophenyl isocyanide
ligand. The coordinated 2-aminophenyl
isocyanide ligand in all three com-
plexes reacts spontaneously under in-
tramolecular nucleophilic attack of the
primary amine at the isocyanide


carbon atom to yield the complexes
with the NH,NH-benzimidazol-2-yli-
dene ligand (6 : M=Cr; 7: M=Mo; 8 :
M=W). An incomplete reduction of
the nitro group in 3–5 is observed
when hydrazine hydrate is used instead
of tin. Here the formation of com-
plexes with a coordinated 2-hydroxyl-
amine-functionalized phenyl isocyanide


[(CO)5M-CN-C6H4--2-N(H)-OH] is
postulated and this unstable ligand
again undergoes intramolecular cycliza-
tion to give the NH,NOH-stabilized
benzimidazol-2-ylidene complexes 9–
11. The tungsten derivative 11 can be
allylated stepwise by a deprotonation/
alkylation sequence first at the OH and
then at the NH position to yield the
monoallylated and diallylated species
12 and 13. The molecular structures of
3–5 and 12–13 were established by
X-ray crystallography.


Keywords: carbene ligands ·
chromium · isocyanide ligands ·
molybdenum · tungsten
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nucleophilic attack by the hy-
droxy group at the isocyanide
carbon atom. Different obser-
vations are made during the
cyclization reaction depending
on the nature of the transition-
metal complex fragment
MLx.


[17,18] Strong M!L back-
bonding stabilizes the hydroxy-
phenyl isocyanide ligand (B),
whereas weak backbonding
leads to the formation of the
complex C with an NH,O-stabi-
lized carbene ligand
(Scheme 1).


Various methods have been
reported to shift the equilibri-
um between the 2-hydroxy-
phenyl isocyanide complex B
and the NH,O-carbene complex C to either one side.[17,19] Fi-
nally, the NH,O-heterocarbene complexes C are easily N-al-
kylated by NH-deprotonation and reaction with alkyl hal-
ides to give ylidene complexes of type D.[12, 20] The cycliza-
tion reaction A!B!C is of general nature and has recently
been employed to generate benzoxazin-2-ylidene complexes
E in which the carbene carbon atom is part of a six-mem-
bered ring.[21] General methods
for the template-controlled
preparation of N-heterocyclic
carbenes from coordinated iso-
cyanides[22] and the the coordi-
nation chemistry and reactivity
of coordinated 2-(trimethylsil-
oxy)phenyl isocyanide have re-
cently been reviewed.[23]


NH,O and NR,O-stabilized
carbene ligands generated as
depicted in Scheme 1 are not
stable when liberated from the
metal center, in contrast to the


known NR,NR-stabilized N-heterocyclic carbenes.[24] Free
saturated unsymmetrically substituted imidazolin-2-ylidenes
F[25] and benzannulated N-heterocyclic carbenes of type G[26]


show an interesting reactivity.[27] However, the synthesis of
the benzannulated free carbenes is difficult and time con-
suming.[26] Based on the template synthesis for NH,O-stabi-
lized carbene ligands presented in Scheme 1, we developed
the template-controlled synthesis of complexes with
NH,NH-stabilized (I) and NR,NR-stabilized carbene ligands
(J) starting from complexes with the 2-azidophenyl isocya-
nide ligand (H), which is a synthon for the unknown 2-ami-
nophenyl isocyanide (Scheme 2).[28] A similar method was
used by Michelin et al. for the preparation of N-heterocyclic
carbenes with a benzannulated six-membered N-heterocyclic
ring.[29]


Since 2-azidophenyl isocyanide is difficult to prepare and
explosive under certain circumstances, we searched for new
2-substituted phenyl isocyanide ligands that could be con-


verted into NH,NH-stabilized carbene ligands in a template
reaction. Here we present the preparation of 2-nitrophenyl
isocyanide, its pentacarbonyl metal complexes, and the re-
duction of the nitro group in the coordinated ligand to give
different carbene complexes depending on the reducing
agent used (Scheme 3).


Scheme 1. Template synthesis of NH,O- and NR,O-stabilized carbene li-
gands from coordinated 2-(trimethylsiloxy)phenyl isocyanide.


Scheme 2. Template-controlled synthesis of complexes with N-heterocyclic carbene ligands.


Scheme 3. Reduction of the nitro group in complexes with the 2-nitrophenyl isocyanide ligand.
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Results and Discussion


Coordinated 2-hydroxyphenyl isocyanide (B in Scheme 1)
cyclizes spontaneously to give the NH,O-stabilized carbene
ligand. To generate NH,NH-stabilized carbene ligands it ap-
pears neccessary to generate, at least in situ, the complex
with the freely unknown 2-aminophenyl isocyanide ligand
which is supposed to immediately cyclize by intramolecular
nucleophilic attack of the amine group at the isocyanide
carbon atom. We intended to generate the 2-aminophenyl
isocyanide ligand from coordinated 2-nitrophenyl isocyanide
by reduction of the nitro group of the coordinated ligand.


Synthesis of 2-nitrophenyl isocyanide 2 and of complexes
[M(CO)5(2)] (3: M=Cr; 4: M=Mo; 5: M=W): Ligand 2
was prepared by reaction of commercially available nitro-
aniline with acetyl formate to yield 2-nitrophenyl formamide
1 (Scheme 4). Dehydration of 1 with diphosgene in basic so-
lution[30] gives the isocyanide 2 in about 90% yield.


Isocyanide 2 is an off-white solid with the typical smell of
phenyl isocyanides. The N�C stretching frequency in 2 is ob-
served in the IR spectrum at
ñ=2129 cm�1, slightly lower
than reported for 2-azidophenyl
isocyanide (ñ=2142 cm�1).[28]


The resonance of the isocyanide
carbon atom in 13C NMR spec-
trum appears as a broad
signal[31] at d=173.6 ppm.


Coordination of 2 to photo-
chemically generated
[M(CO)5(thf)] (M=Cr, Mo, W)
in THF gives the isocyanide
complexes [M(CO)5(2)] (3 : M=


Cr; 4 : M=Mo; 5 : M=W) as
red solids in good yield. Com-
plexes 3–5 are air-stable but light sensitive. The molecular
structures of complexes 3–5 were determined by X-ray dif-
fraction (Figure 1).


Bond lengths and angles in 5 fall in the range observed
for carbonyl tungsten complexes with a phenyl isocyanide
ligand in the trans position to CO (Table 1).[3,26, 28,32] The
tungsten atom is coordinated in a slightly distorted octahe-
dral fashion. The C�N�C group of the isocyanide ligand ex-
hibits an almost linear geometry. It deviates, however, more
from linearity than observed for the pentacarbonyl tungsten
complex with the 2-azidophenyl isocyanide ligand.[28] This
can be attributed to the stronger electron-withdrawing capa-


bility of the nitro group com-
pared to the azido group lead-
ing to a slightly stronger W!C
backbonding.


In general, the IR spectro-
scopic data for complexes 3–5
are indicative of only weak
M!C backbonding. This is cor-
roborated by the virtually un-


changed wavenumber for the N�C stretching frequency
upon coordination of 2 (Table 2). Clearly, the isocyanide li-


gands in 3–5 are activated for a nucleophilic attack at the
isocyanide carbon atom.[23]


Reduction of the nitro group in 3–5 with Sn/HCl : Com-
plexes 3–5 react in diethyl ether with tin and aqueous hydro-
chloric acid to give the complexes 6–8 with an NH,NH-sta-
bilized carbene ligand (Scheme 5). We propose the com-
plexes with a 2-aminophenyl isocyanide ligand as an inter-
mediate in this reaction. Intramolecular nucleophilic attack
of the amine group at the isocyanide carbon atom leads to
the NH,NH-carbene ligand. We have obtained complexes 6
and 8 previously by Staudinger reaction followed by hydro-


Scheme 4. Preparation of 2-nitrophenyl isocyanide 2.


Figure 1. Molecular structure of 5 (the Cr and Mo derivatives 3 and 4, re-
spectively, are isostructural).


Table 1. Selected bond lengths [N] and angles [8] for complexes 3–5.


3 4 5


M�CN 1.953(3) 2.090(4) 2.073(5)
M�COtrans 1.903(4) 2.043(4) 2.038(5)
M�COcis 1.905(4)–1.910(4) 2.045(5)-2.062(5) 2.036(6)–2.073(5)
C1�N1 1.159(4) 1.166(4) 1.157(6)
N1�C2 1.377(4) 1.385(4) 1.382(6)
N2�C3 1.466(4) 1.459(5) 1.454(7)
C1-M-COcis 88.66(13)–90.82(14) 88.21(15)–90.70(15) 88.7(2)–90.9(2)
C1-M-COtrans 178.18(14) 178.02(15) 178.0(2)
M-C1-N1 176.7(3) 176.5(3) 177.3(4)
C1-N1-C2 171.3(3) 172.8(4) 171.6(5)
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lysis from complexes with an 2-
azidophenyl isocyanide ligand
(Scheme 2).[28] The method pre-
sented here appears superior,
since the 2-nitrophenyl isocya-
nide is much easier to synthe-
size than 2-azidophenyl isocya-
nide and the reduction is a
simple conversion compared to
the Staudinger reaction.


The carbene complexes 6–8
were characterized by spectros-
copy (Table 2). No absorptions
due to an isocyanide function
could be detected in the IR
spectra. The NH,NH-carbene ligands show the characteristic
IR absorption for the N�H bond around 3465 cm�1.[28] In
the 1H NMR spectra the strong deshielding of the N-H pro-
tons is confirmed by their resonance as broadened singlets
around d=12 ppm. The spectroscopic data for 6 and 8 are
identical within experimental error to those reported for the
same compounds obtained from the 2-azidophenyl isocya-
nide complexes (Scheme 2).[28]


The cleavage of the O�SiMe3 bond in M(CO)5 complexes
of the 2-(trimethylsiloxy)phenyl isocyanide ligand
(Scheme 1) leads to a mixture of the isocyanide complex B
and the NH,O-carbene complex C.[17] Owing to the en-
hanced nucleophilicity of the amine group in 2-aminophenyl
isocyanide compared with the hydroxy group in 2-hydroxy-
phenyl isocyanide no such equilibrium is observed upon re-
duction of the nitro group in complexes 3–5. However, the
reduction/cyclization reaction of complex 3 to give complex
6 is particularly slow and the transient 2-aminophenyl isocy-
anide complex (1H NMR: d=4.90 ppm NH2; IR: ñ=


2151 cm�1 for the transient 2-aminophenyl isocyanide com-
plex versus ñ=2134 cm�1 for 3) can be observed together
with the carbene complex 6 after a reaction time of only 6 h.
After 17 h complete conversion to the NH,NH-carbene
complex 6 has occurred.


Reduction of the nitro group in 3–5 with hydrazine/Raney
nickel : The reaction of complexes 3–5 in methanol with hy-
drazine hydrate and a small amount of Raney nickel does
not yield the NH,NH-carbene complexes 6–8. Instead com-
plexes 9–11 are obtained. They exhibit the resonance typical
for the carbene-carbon atom (d=182.5–198.1 ppm) in their
13C NMR spectra. Surprisingly, the 13C NMR spectra show
six resonances for the benzene ring instead of the expected
three resonances for a C2-symmetrical carbene ligand. In ad-
dition both an NH and one OH absorption are observed in
the IR spectra (Table 2). Mass spectra showed molecular
weights that were always 16 amu higher than those found
for complexes 6–8. The analytical data strongly indicate that
complexes 9–11 contain an unsymmetrically NH,NOH-sub-
stituted carbene ligand (Scheme 6). All analytical data are
in agreement with the representation of 9–11 in Scheme 6.
The chemical shifts for the carbene carbon atoms in 9–11


compare well to the equivalent parameters in the complexes
with NH,NH-stabilized carbene ligands 6–8 (Table 2). Com-
plexes 9–11 show one N�H and one O�H absorption each
in the IR spectrum (Table 2). While the wavenumbers for
the N�H absorptions is similar to those for the complexes
with NH,NH-stabilized carbene ligands, the O�H absorption
appears at a much higher wavenumber around ñ=3620 cm�1


(Table 2).


Table 2. Selected spectroscopic data for 2 and complexes 3–14.


Compound ñ [cm�1][a] 13C NMR[d][b]


C�N N�H O�H M�C trans-CO cis-CO


2 2129 173.6[c]


3 2134 183.9 215.8 213.9
4 2133 174.0 205.6 203.1
5 2134 163.2 195.4 193.3
6[d] 3466 200.8 222.9 219.3
7 3467 194.1 213.1 208.3
8[d] 3463 182.8 202.6 199.0
9 3460 3623 198.1 223.4 219.1
10 3462 3626 191.7 219.3 213.3
11 3458 3623 182.5 203.5 199.4
12 3413 182.7 202.7 199.2
13 187.7 201.2 197.6
14[e] 196.9 200.5 198.2


[a] Measured as KBr pellets. [b] 50.3 MHz, measured in CDCl3 (for 2–5
and 13) or [D8]THF (for 6–12). [c] Data for the free isocyanide ligand.
[d] The spectroscopic data for 6 and 8 are identical within experimental
error to those reported for identical complexes obtained from 2-azido-
phenyl isocyanide complexes.[28] [e] Data for 14 (Scheme 8, 62.9 MHz,
CDCl3) were taken from reference.[26]


Scheme 5. Preparation of carbene complexes 6–8 by reduction of the
nitro group in complexes 3–5.


Scheme 6. Preparation of carbene complexes 9–11 by reduction of the nitro group in complexes 3–5 with hy-
drazine hydrate/Raney nickel.
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Apparently, the reduction of the nitro groups in com-
plexes 6–8 proceeds via an unstable hydroxylamine deriva-
tive (Scheme 6) that can undergo an intramolecular cycliza-
tion to give the carbene complexes 9–11. This behavior was
not observed upon reduction with the stronger reducing
agent Sn/HCl.


Alkylation of complexes 9–11: Complexes with NH,NH-sta-
bilized carbene ligands such as 6–8 can be deprotonated and
alkylated at the nitrogen atoms.[28] The carbene ligands in
complexes 9–11 contain two functional groups (NH and
OH) that both possess acidic protons and that both can be
alkylated. Previous studies with complexes containing the 4-
hydroxybenzoxazol-2-ylidene ligand have shown, that step-
wise alkylation yields first the N- and then the O-alkylation
product.[19,33]


The tungsten complex 11 reacts with one equivalent of
nBuLi and subsequently with one equivalent of allyl bro-
mide to give exclusively the O-alkylated complex 12. If the
deprotonation/alkylation procedure is repeated, the N,O-di-
alkylated complex 13 is obtained (Scheme 7).


Complexes 12 and 13 were identified spectroscopically by
the lack of absorptions due to O�H and N�H and groups in
the IR spectra and by the characteristic coupling pattern of
the allylic protons in the 1H NMR spectra. In addition, both
complexes were characterized by X-ray diffraction. The mo-
lecular structure of complex 12 is shown in Figure 2. It con-
firms that indeed the monoalkylated O-allylated species has
formed upon reaction of 11 with one equivalent of base and
one equivalent of allyl bromide.


Bond parameters in 12 are comparable to equivalent pa-
rameters found for W(CO)5 complexes of NR,NR-[26] and
NH,NH-stabilized[28] benzannulated N-heterocyclic carbenes.
The carbene-carbon atom is efficiently stabilized by (p-
p)pN!C donation. The nitrogen atoms of the N-heterocy-
clic ring are almost perfectly planar and the bond lengths
within the five-membered ring fall in a small range
(1.348(4)–1.396(5) N). The C1�N1 and C1�N2 separations
are almost equidistant indicating that the type of substituent
at the nitrogen atoms is not significant for the N�C bond
lengths within the N-heterocyclic ring.


The molecular structure of complex 13 is shown in
Figure 3. Here both the nitrogen atom and the oxygen atom


are substituted with allyl
groups. Equivalent bond pa-
rameters do not differ signifi-
cantly between 12 and 13.
Again both nitrogen atoms are
almost planar (sum of angles
359.68 for N1 and 360.08 for
N2). The N-C-N angle at the
carbine-carbon atom C1 is
almost identical for 12 and 13.


The order of alkylation in 11
and 12 (first O-alkylation,


Scheme 7. Stepwise O- and N-alkylation of the carbene ligand in complex 11.


Figure 2. Molecular structure of complex 12. Selected bond lengths [N]
and angles [8]: W�C1 2.232(4), W�COcis 2.036(4)–2.047(4), W�COtrans


1.983(4), N1�C1 1.357(5), N1�C2 1.394(5), N2�C1 1.348(4), N2�C3
1.396(5), C2�C3 1.382(5), N1�O1 1.374(4), O1�C8 1.471(5); C-W-Ccis


85.83(15)–91.98(14), C-W-Ctrans 174.31(15)–178.0(2), W-C1-N1 132.0(3),
W-C1-N2 124.7(3), N1-C1-N2 103.3(3), C1-N1-C2 113.0(3), C1-N1-O1
125.4(3), C2-N1-O1 121.1(3), C1-N2-C3 112.9(3), N1-O1-C8 111.3(3).


Figure 3. Molecular structure of complex 13. Selected bond lengths [N]
and angles [8]: W�C1 2.242(3), W�COcis 2.023(4)–2.047(4), W�COtrans


2.001(4), N1�C1 1.352(4), N1�C2 1.388(4), N2�C1 1.370(4), N2�C3
1.391(4), C2�C3 1.382(5), N1�O1 1.380(3), O1�C8 1.468(4), N2�C11
1.457(4); C-W-Ccis 86.3(2)–93.5(1), C-W-Ctrans 175.0(2)–176.2(2), W-C1-N1
126.3(2), W-C1-N2 130.8(2), N1-C1-N2 102.9(3), C1-N1-C2 114.6(3), C1-
N1-O1 122.8(3), C2-N1-O1 122.4(3), C1-N2-C3 111.3(3), C1-N2-C11
126.2(3), C3-N2-C11 122.5(3), N1-O1-C8 110.3(2).
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second N-alkylation) is inverted compared to that for com-
plexes with the 4-hydroxybenzoxazol-2-ylidene ligand. Obvi-
ously, the hydroxy group in the hydroxylamine derivative 11
is more nucleophilic and thus much more easily alkylated
than a hydroxy group bound to the aromatic ring. This be-
havior allows the stepwise alkylation and the preparation of
unsymmetrically substituted NR,NOR-stabilized carbene li-
gands in a template synthesis.


Conclusion


Previously we have demonstrated that pentacarbonyl metal
complexes with a benzannulated N-heterocyclic carbene
ligand are accessible by substitution of a CO ligand for a
stable N-heterocyclic carbene ligand in hexacarbonyl metal
complexes (preparation of 14 in Scheme 8)[26] or by addition
of the stable carbenes to metal salts.[34] Similar complexes
can be generated by the reaction of N,N’-dialkylbenzimida-
zolium salts with metal salts containing basic anions[35,36] or
in the presence of an external base.[37] Alternatively, the


opening of dibenzotetraazafulvalenes by electrophilic metal
centers yields carbene complexes.[27a,38] All these methods
utilize free or in situ generated benzimidazol-2-ylidenes in a
substitution-type reaction. Here we present a method to
generate the benzannulated N-heterocyclic carbene ligand
at a metal template starting from 2-nitrophenyl isocyanide
ligand (Scheme 8).


This method involves the reduction of the nitro group in
coordinated 2-nitrophenyl isocyanide with Sn/HCl and the
cyclization of the intermediate, unstable 2-aminophenyl iso-


cyanide ligand to give the complex with an NH,NH-stabi-
lized carbene ligand. Such complexes were previously pre-
pared by Staudinger reaction followed by template-control-
led cyclization of 2-azidophenyl isocyanide.[28] The reaction
starting from 2-nitrophenyl isocyanide has the advantage
that this ligand is easily prepared and that the reduction re-
action with Sn/HCl is straightforward compared to the Stau-
dinger reaction of 2-azidophenyl isocyanide. The NH,NH-
stabilized carbene ligand can be alkylated to give the com-
plex with an NR,NR-stabilized carbene, a carbene ligand
that is stable in the free state for certain substituents R.


Pentacarbonyl metal complexes of 2-nitrophenyl isocya-
nide also react with hydrazine hydrate/Raney nickel under
incomplete reduction of the nitro group. After cyclization
complexes with an unsymmetrically substituted NH,NOH-
stabilized carbene ligand are obtained. Such complexes can
be alkylated in a stepwise fashion first under O-alkylation
and then under N-alkylation (Scheme 8).


The template-controlled formation of NH,NH- and
NH,NOH-stabilized carbene ligands allows the preparation
of complexes with carbene ligands that are not stable in the


free state. These ligands can be
alkylated and thus carbene li-
gands that are stable without
coordination to a transition
metal can be obtained. Even
when the carbene ligand ob-
tained by template synthesis is
not stable in the free state it
can still be transferred to other
metals by ligand transfer reac-
tions.[39] In summary: the tem-
plate reaction described here
gives access to transition-metal
complexes bearing carbene li-
gands that do not exist in the
free state.


Experimental Section


General : All operations were per-
formed in an atmosphere of dry argon
by using Schlenk and vacuum techni-
ques. Solvents were dried by standard
methods and distilled prior to use. 1H
and 13C NMR spectra were recorded
on a Bruker AC 200 (200 MHz) or a
Varian U 600 (600 MHz) spectrometer
and are reported relative to TMS as
internal standard. IR spectra were re-


corded on a Bruker Vector 22 FT spectrometer. Mass spectra were taken
on Varian MAT 212 (EI, 70 eV), Varian MAT 8200 (EI, 70 eV) or Quat-
tro LCZ (ESI, 50 eV) instruments. Elemental analyses were obtained
with a Vario EL III Elemental Analyzer at the Institut f=r Anorganische
und Analytische Chemie, WestfAlischen Wilhelms-UniversitAt M=nster.


Nitrophenyl formamide (1): Sodium formate (19.7 g, 0.29 mol) was dried
at 60 8C under vacuum for 8 h. After cooling to room temperature it was
suspended in diethyl ether (100 mL) and acetyl chloride (10.3 mL,
0.145 mol) was added. The suspension was stirred for 12 h at ambient
temperature. The resulting acetyl formate was added to nitroaniline
(10.0 g, 72 mmol) and the resulting mixture was stirred for 0.5 h at ambi-


Scheme 8. Preparation of benzannulated N-heterocyclic carbene ligands by template synthesis.
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ent temperature. Removal of the solvent at reduced pressure afforded a
yellow solid, which was washed with acetone and dried in vacuum to give
1 (11.8 g, 98%) as a yellow powder. 1H NMR (CDCl3, 200.1 MHz): d=
10.30 (br s, 1H; NH), 8.79 (d, 1H; Ar-H), 8.58 (s, 1H; NC(O)H), 8.26–
7.27 ppm (m, 3H; Ar-H); 13C{1H} NMR (CDCl3, 50.3 MHz): d=159.5
(CO) 136.0, 133.6, 125.8, 123.9, 122.9 ppm (Ar-C) (only five of the six ex-
pected Ar-C signals could be resolved); IR (KBr pellet): ñ=3285 (s,
NH), 1684 (vs, CO), 1507 (vs, NO2), 1337 cm�1 (s, NO2); elemental analy-
sis calcd (%) for C7H6N2O3 (166.14): C 50.61, H 3.64, N 16.86; found: C
50.62, H 3.70, N 16.31.


2-Nitrophenyl isocyanide (2): A solution of 1 (3.39 g, 20.4 mmol) in
CH2Cl2 (140 mL) was treated with triethylamine (11.0 mL, 78.2 mmol)
and then cooled down to 0 8C. Diphosgene (2.5 mL, 20.7 mmol) was
added dropwise. The reaction mixture was stirred at 0 8C for 0.5 h and
then at room temperature for 2 h. The brown solution was poured into a
saturated aqueous potassium carbonate solution (100 mL). The organic
layer was separated, and washed several times with the potassium car-
bonate solution and subsequently with water. The organic phase was
dried over magnesium sulfate and the solvent was removed in vacuo. The
resulting oily product was purified by column chromatography on neutral
Al2O3 (4% H2O) with ethyl acetate/n-hexane (1:4, v/v) as eluent to give
2 (2.70 g, 89%) as a brownish solid. 1H NMR (CDCl3, 200.1 MHz): d=
8.14 (m, 1H; Ar-H), 7.79–7.63 ppm (m, 3H; Ar-H); 13C{1H} NMR
(CDCl3, 50.3 MHz): d=173.6 (br; Ar-C-NC), 144.1 (Ar-C-NC), 136.0,
134.5, 130.3, 129.8, 125.5 ppm (Ar-C); IR (KBr pellet): ñ=2129 (vs, NC),
1532, 1345 cm�1 (vs, NO2); elemental analysis calcd (%) for C7H4N2O2


(148.12): C 56.76, H 2.72, N 18.91; found: C 56.76, H 2.97, N 18.61.


Pentacarbonyl(2-nitrophenyl isocyanide)chromium(0) (3): A solution of
[Cr(CO)6] (2.03 g, 9.2 mmol) in THF (150 mL) was irradiated for 6 h in a
photoreactor (high-pressure mercury vapour lamp) to give
[Cr(CO)5(thf)]. Isocyanide 2 (1.30 g, 8.8 mmol) dissolved in toluene
(10 mL) was added to the [Cr(CO)5(thf)] solution with a syringe. The re-
sulting orange solution was stirred overnight at ambient temperature.
The solvent was removed under reduced pressure and the dark red resi-
due was purified by column chromatography on neutral Al2O3 (4% H2O)
with dichloromethane/petrol ether (1:3, v/v) as eluent. The deep red frac-
tion was collected and the solvents were removed to yield 3 (1.93 g,
65%) as a red solid. 1H NMR (CDCl3, 200.1 MHz): d=8.19 (d, 1H; Ar-
H), 7.75–7.50 ppm (m, 3H; Ar-H); 13C{1H} NMR (CDCl3, 50.3 MHz): d=
215.8 (trans-CO), 213.9 (cis-CO), 183.9 (br, Ar-C-NC), 144.2 (Ar-C-NC),
134.7, 129.2, 129.1, 126.1 ppm (Ar-C) (only five of the expected six Ar-C
resonances could be resolved); IR (KBr pellet):ñ=2134 (s, CN), 2046 (vs,
CO), 2000 (sh, CO), 1934 (vs, CO), 1530 (s, NO2), 1332 cm�1 (s, NO2);
MS (70 eV, EI): m/z (%): 340 (54) [M]+ , 284 (8) [M�2CO]+ , 256 (19)
[M�3CO]+ , 228 (44) [M�4CO]+ , 200 (42) [M�5CO]+ ; elemental analy-
sis calcd (%) for C12H4N2CrO7 (340.17): C 42.37, H 1.19, N 8.24; found:
C 42.33, H 1.47, N 8.16.


Pentacarbonyl(2-nitrophenyl isocyanide)molybdenum(0) (4): Complex 4
was prepared as described for 3 from [Mo(CO)6] (3.06 g, 11.6 mmol) and
2 (1.55 g, 10.5 mmol). Complex 4 was obtained as a red, light-sensitive
powder (2.61 g, 65%). 1H NMR (CDCl3, 200.1 MHz): d=8.18 (d, 1H;
Ar-H), 7.73–7.56 ppm (m, 3H; Ar-H); 13C{1H} NMR (CDCl3, 50.3 MHz):
d=205.6 (trans-CO), 203.1 (cis-CO), 174.0 (br; Ar-C-NC), 144.3 (Ar-C-
NC), 134.7, 129.4, 129.4, 126.1 ppm (Ar-C) (only five of the six expected
Ar-C resonances could be resolved); IR (KBr pellet): ñ=2133 (s, CN),
2048 (vs, CO), 2005 (sh, CO), 1938 (vs, CO), 1531 (s, NO2), 1335 cm�1 (s,
NO2); MS (70 eV, EI): m/z (%): 384 (33) [M ]+ , 356 (20) [M�CO]+ , 328
(6) [M�2CO]+ , 300 (6) [M�3CO]+ , 272 (11) [M�4CO]+ , 244 (66)
[M�5CO]+ ; elemental analysis calcd (%) for C12H4N2MoO7 (384.11): C
37.52, H 1.05, N 7.29; found: C 37.58, H 1.27, N 7.50.


Pentacarbonyl(2-nitrophenyl isocyanide)tungsten(0) (5): Complex 5 was
prepared as described for 3 from [W(CO)6] (2.74 g, 7.8 mmol) and 2
(1.10 g, 7.4 mmol). Complex 5 was obtained as a red, light-sensitive
powder (2.86 g, 82%). 1H NMR (CDCl3, 200.1 MHz): d=8.18 (d, 1H;
Ar-H), 7.82–7.55 ppm (m, 3H; Ar-H); 13C{1H} NMR (CDCl3, 50.3 MHz):
d=195.4 (trans-CO), 193.3 (cis-CO), 163.2, (br; Ar-C-NC), 144.1 (Ar-C-
NC), 134.5, 129.2, 129.2, 125.9 ppm (Ar-C) (only five of the six expected
Ar-C resonances could be resolved); IR (KBr pellet): ñ=2134 (s, CN),
2044 (vs, CO), 1995 (sh, CO), 1928 (vs, CO), 1530 (s, NO2), 1334 cm�1 (s,
NO2); MS (70 eV, EI): m/z (%): 472 (50) [M]+ , 332 (100) [M�5CO]+ ; el-


emental analysis calcd (%) for C12H4WN2O7 (472.02): C 30.53, H 0.85, N
5.93; found: C 30.89, H 1.00, N 5.93.


Pentacarbonyl(benzimidazol-2-ylidene)chromium(0) (6): Tin powder
(3.250 g, 27 mmol) was added to a solution of 3 (1.323 g, 3.9 mmol) in di-
ethyl ether (90 mL). The solution was cooled to 0 8C and aqueous (37%)
HCl (7.6 mL) was added. After the reaction mixture was stirred for 1 h
at 0 8C and for 16 h at ambient temperature, the yellow solution was fil-
tered. The solvent was removed under reduced pressure, and the yellow
residue was purified by column chromatography on neutral silica gel
(4% H2O) with ethyl acetate/n-hexane (1:4, v/v) as eluent. The light
yellow fraction was collected and the solvents were stipped in vacuo to
yield 6 (1.082 g, 89%) as pale yellow powder. 1H NMR ([D8]THF,
200.1 MHz): d=12.07 (s, 2H; NH), 7.38 (m, 2H; Ar-H), 7.20 ppm (m,
2H; Ar-H); 13C{1H} NMR ([D8]THF, 50.3 MHz): d=222.9 (trans-CO),
219.3 (cis-CO), 200.8 (NCN), 135.6 (Ar-C-N), 123.5, 111.1 cm�1 (Ar-C);
IR (KBr pellet): ñ=3466 (s, NH), 2059 (vs, CO), 1919 (vs, CO),
1889 cm�1 (vs, CO); MS (70 eV, EI): m/z (%): 310 (25) [M]+ , 282 (6)
[M�CO]+ , 254 (8) [M�2CO]+ , 226 (13) [M�3CO]+ , 198 (17)
[M�4CO]+ , 170 (100) [M�5CO]+ ; elemental analysis calcd (%) for
C12H6N2CrO5 (310.19): C 46.47, H 1.95, N 9.03; found: C 46.64, H 1.83, N
8.86. The spectroscopic and microanalytical data for 6 are identical
within experimental error to those reported for 6 obtained from the 2-
azidophenyl isocyanide complex.[28]


Pentacarbonyl(benzimidazol-2-ylidene)molybdenum(0) (7): Complex 7
was prepared as described for 6 from 4 (316 mg, 0.8 mmol), tin powder
(685 mg, 5.8 mmol) and aqueous (37%) HCl (1.65 mL) in diethyl ether
(40 mL). Complex 7 was obtained as a pale yellow solid (122 mg, 42%).
1H NMR ([D8]THF, 200.1 MHz): d=11.96 (s, 2H; NH), 7.38 (m, 2H; Ar-
H), 7.18 ppm (m, 2H; Ar-H); 13C{1H} NMR ([D8]THF, 50.3 MHz): d=


213.1 (trans-CO), 208.3 (cis-CO), 194.1 (NCN), 135.5 (Ar-C-N), 124.0,
111.5 ppm (Ar-C); IR (KBr pellet): ñ=3467 (s, NH), 2066 (vs, CO), 1922
(vs, CO), 1889 (vs, CO).


Pentacarbonyl(benzimidazol-2-ylidene)tungsten(0) (8): Complex 8 was
prepared as described for 6 from 5 (492 mg, 1 mmol), tin powder
(890 mg, 7.5 mmol) and aqueous (37%) HCl (2.2 mL) in diethyl ether
(45 mL). Complex 8 was obtained as a pale yellow solid (402 mg, 87%).
1H NMR ([D8]THF, 200.1 MHz): d=11.97 (s, 2H; NH), 7.31 (m, 2H; Ar-
H), 7.12 ppm (m, 2H; Ar-H); 13C{1H} NMR ([D8]THF, 50.3 MHz): d=


202.6 (trans-CO), 199.0 (cis-CO), 182.8 (NCN), 135.1 (Ar-C-N), 123.8,
111.3 ppm (Ar-C); IR (KBr pellet): ñ=3463 (s, NH), 2065 (vs, CO), 1921
(vs, CO), 1895 cm�1 (vs, CO); MS (70 eV, EI): m/z (%): 442 (82) [M]+ ,
414 (65) [M�CO]+ , 386 (100) [M�2CO]+ , 358 (92) [M�3CO]+ , 330
(73) [M�4CO]+ , 302 (86) [M�5CO]+ . The spectroscopic data for 8 are
identical within experimental error to those reported for 8 obtained from
the 2-azidophenyl isocyanide complex.[28]


Pentacarbonyl(1-hydroxy-3-hydro-benzimidazol-2-ylidene)chromium(0)
(9): To obtain complex 9 the reduction of the nitro group in 3 was carried
out with hydrazine hydrate instead of tin powder. N2H4·H2O (1.65 mL,
34 mmol) and a small amount of Raney nickel (ca. 15 mg) were added to
a solution of 3 (825 mg, 2.6 mmol) in methanol (50 mL). The mixture was
stirred 0 C for 1 h and then at room temperature for 3 h. The cloudy red
solution was filtered and the solvent was removed under reduced pres-
sure. The dark red residue obtained was purified by column chromatog-
raphy on neutral silica gel (4% H2O) with ethyl acetate/n-hexane (1:4,
v/v) as eluent. The pale yellow fraction was collected and the solvents
were removed to give 9 as yellow solid (200 mg, 25%). 1H NMR
([D8]THF, 200.1 MHz): d=11.85 (s, 1H; NH), 10.92 (s, 1H; OH), 7.45–
7.34 ppm (m, 4H; Ar-H); 13C{1H} NMR ([D8]THF, 50.3 MHz): d=223.4
(trans-CO), 219.1 (cis-CO), 198.1 (NCN), 133.6 (Ar-C-N), 133.4 (Ar-C-
N), 124.2, 123.6, 111.5, 109.1 ppm (Ar-C); IR (KBr pellet): ñ=3623 (s,
OH), 3460 (s, NH), 2058 (vs, CO), 1943 (sh, CO), 1888 cm�1 (vs, CO);
MS (70 eV, EI): m/z (%): 326 (22) [M]+ , 270 (11) [M�2CO]+ , 242 (13)
[M�3CO]+ , 214 (24) [M�4CO]+ , 186 (100) [M�5CO]+ .


Pentacarbonyl(1-hydroxy-3-hydro-benzimidazol-2-ylidene) molybde-
num(0) (10): The complex was obtained as described for the synthesis of
9 from N2H4·H2O (0.70 mL, 14 mmol), Raney nickel (15 mg) and 4
(398 mg, 1 mmol) in methanol (50 mL). Complex 10 was isolated as a
yellow powder (276 mg, 72%). 1H NMR ([D8]THF, 200.1 MHz): d=11.79
(s, 1H; NH), 10.88 (s, 1H; OH), 7.49–7.25 ppm (m, 4H; Ar-H); 13C{1H}
NMR ([D8]THF, 50.3 MHz): d=219.3 (trans-CO), 213.3 (cis-CO), 191.7
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(NCN), 133.6 (Ar-C-N), 133.0 (Ar-C-N), 124.4, 123.8, 111.9, 109.6 ppm
(Ar-C); IR (KBr pellet): ñ=3626 (s, OH), 3462 (s, NH), 2066 (vs, CO),
1938 (sh, CO), 1888 cm�1 (vs, CO); MS (70 eV, EI): m/z (%): 371 (100)
[M�H]+ , 343 (30) [M�CO�H]+ , 325 (31) [M�CO�H2O]+ , 314 (31)
[M�2CO�H]+ , 259 (62) [M�4CO�H]+ .


Pentacarbonyl(1-hydroxy-3-hydro-benzimidazol-2-ylidene)tungsten(0)
(11): Complex 11 was prepared as described for 9 from 5 (1.202 g,
2.5 mmol), N2H4·H2O (1.73 mL, 36 mmol) and Raney nickel (15 mg) in
methanol (50 mL). After column chromatography complex 11 was ob-
tained as a pale yellow solid (835 mg, 73%). 1H NMR ([D8]THF,
200.1 MHz): d=11.87 (s, 1H; NH), 10.94 (s, 1H; OH), 7.49–7.25 ppm (m,
4H; Ar-H); 13C{1H} NMR ([D8]THF, 50.3 MHz): d=203.5 (trans-CO),
199.4 (cis-CO), 182.5 (NCN), 134.0 (Ar-C-N), 133.0 (Ar-C-N), 124.4,
123.8, 111.9, 109.6 ppm (Ar-C); IR (KBr pellet): ñ=3623 (s, OH), 3458
(s, NH), 2065 (vs, CO), 1908 (vs, CO), 1884 cm�1 (vs, CO); MS (50 eV,
ESI): m/z (%): 457 (100) [M�H]+ , 429 (14) [M�CO�H]+ , 401 (7)
[M�2CO�H]+ , 347 (17) [M�3CO�H]+ ; elemental analysis calcd (%)
for C12H6N2O6W (458.04): C 31.47, H 1.32, N 6.12; found: C 31.82, H
1.48, N 6.00.


Pentacarbonyl(1-allyloxy-3-hydro-benzimidazol-2-ylidene)tungsten(0)
(12): Complex 11 (416 mg, 0.9 mmol) in THF (20 mL) was deportonated
with nBuLi (0.43 mL of a 2.5m solution in nhexane) at �78 8C. After the
reaction mixture had been stirred for 2 h, allyl bromide (0.09 mL,
1.1 mmol) was added at 0 8C and the solution was stirred overnight. The
solvent was removed under reduced pressure and the oily brownish resi-
due was dissolved in diethyl ether. The insoluble LiBr was separated by
filtration and the soluble fraction was purified by column chromatogra-
phy on neutral Al2O3 (4% H2O) with ethyl acetate/n-hexane (1:16, v(v)
as eluent to yield 12 as a pale yellow solid (402 mg, 89%). 1H NMR
([D8]THF, 200.1 MHz): d=12.22 (s, 1H; NH), 7.37 (m, 4H; Ar-H), 6.23
(m, 1H, CH=CH2), 5.50 (m, 2H, CH=CH2), 4.87 ppm (m, 2H, O-CH2);
13C NMR ([D8]THF, 50.3 MHz): d=202.7 (trans-CO), 199.2 (cis-CO),
182.7 (NCN), 134.0 (Ar-C-N), 131.9 (Ar-C-N), 131.2 (HC=CH2), 125.3
(Ar-C), 124.6 (Ar-C), 122.6 (HC=CH2), 112.6 (Ar-C), 110.3 (Ar-C),
80.3 ppm (O-CH2); IR (KBr pellet): ñ=3413 (s, NH), 2066 (vs, CO),
1919 (vs, CO), 1879 (vs, CO), 1863 cm�1 (vs, CO); MS (70 eV, EI): m/z
(%): 498 (37) [M]+ , 442 (7) [M�2CO]+ , 414 (11) [M�3CO]+ , 386 (8)
[M�4CO]+ , 358 (94) [M�5CO]+ .


Pentacarbonyl(1-allyloxy-3-allyl-benzimidazol-2-ylidene)tungsten(0) (13):
The alkylation procedure to prepare 12 from 11 was repeated with the 12
obtained in the previous reaction. Complex 13 was obtained as a yellow
powder (381 mg, 78%). 1H NMR (CDCl3, 600 MHz): d=7.38 (m, 4H;


Ar-H), 6.26 (m, 1H, O-CH2-CH=CH2), 6.06 (m, 1H, N-CH2-CH=CH2),
5.66 �5.63 (m, 2H, O-CH2-CH=CH2), 5.35–5.14 (m, 2H, N-CH2-CH=


CH2), 5.20 (m, 2H, N-CH2), 4.87 ppm (m, 2H, O-CH2);
13C NMR


(CDCl3, 150.6 MHz): d=201.2 (trans-CO), 197.6 (cis-CO), 187.7 (NCN),
132.5, 132.0 (Ar-C-N), 130.5, 129.7 (CH2-HC=CH2), 124.1, 123.9 (Ar-C),
122.1 (O-CH2-HC=CH2), 118.4 (N-CH2-HC=CH2), 111.5, 109.3 (Ar-C),
79,0 (O-CH2), 52.6 ppm (N-CH2); IR (KBr pellet): ñ=2064 (vs, CO),
1965 (vs, CO), 1909 cm�1 (vs, CO); MS (70 eV, EI): m/z (%): 538 (53)
[M]+ , 510 (17) [M�CO]+ , 454 (34) [M�3CO]+ , 426 (52) [M�4CO]+ ,
398 (54) [M�5CO]+ ; elemental analysis calcd (%) for C18H14N2O6W
(538.17): C 40.17, H 2.62, N 5.21; found: C 40.54, H 2.41, N 5.22.


X-ray crystallography : Single crystals suitable for X-ray analysis were ob-
tained by recrystallization from acetone at 0 8C (3–5) or from ethyl ace-
tate at 0 8C (12, 13). They were mounted on glass fibers using two-compo-
nent glue or mineral oil. X-ray intensities were measured by using a
Bruker AXS Apex system equipped with a rotating anode. All data were
measured with MoKa radiation (l=0.71073 N). Data reduction was per-
formed with the Bruker SMART[40] program package. For further crystal
and data collection details see Table 3. All crystal structures were solved
by using SHELXS-97[41] by heavy-atom methods and refined with
SHELXL-97[42] using anisotropic thermal parameters for all none hydro-
gen atoms. Hydrogen positions were calculated and thermally fixed to
1.3 Ueqv of the parent atom (exception atom H(2N) in 12 whose position-
al parameters were identified from a difference Fourier map and which
were refined). The C=C portion of one of the allyl groups in 13 is disor-
dered. Ortep-3 for Windows[43] has been used for all plots. CCDC-197035
(3), CCDC-235843 (4), CCDC-197036 (5), CCDC-235844 (12), and
CCDC-235845 (13) contain the supplementary crstallographic data for
this paper. These data can be free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge, CB2 1EZ, UK; fax: (+44)1223-
336033; or deposit@ccdc.ac.uk).
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Table 3. Selected crystal and data collection details for 3–5 and 12–13.


3 4 5 12 13


formula C12H4N2CrO7 C12H4N2MoO7 C12H4N2O7W C15H10N2O6W C18H14N2O6W
Mr 340.17 384.11 472.02 498.10 538.16
a [N] 6.2511(3) 6.5466(7) 6.4755(4) 6.8366(4) 10.5020(10)
b [N] 26.5422(12) 27.944(3) 27.633(2) 19.1135(12) 9.7299(10)
c [N] 8.0857(4) 7.6700(8) 7.6282(5) 12.1643(7) 18.491(2)
a [8] 90.0 90.0 90.0 90.0 90.0
b [8] 95.749(2) 92.409(3) 92.9130(10) 99.2400(10) 94.576(2)
g [8] 90.0 90.0 90.0 90.0 90.0
V [N3] 1334.81(11) 1401.9(3) 1363.22(15) 1568.9(2) 1883.4(3)
T [K] 153(2) 153(2) 123(2) 173(2) 173(2)
1calcd [gcm�3] 1.693 1.820 2.300 2.109 1.898
space group P21/c P21/c P21/c P21/c P21/c
Z 4 4 4 4 4
m [mm�1] 0.895 0.972 8.511 7.397 6.170
theta limits [8] 5.2�2q�50.0 5.5�2q�55.1 3.0�2q�50.0 5.4�2q�60.0 4.4�2q�60.1
unique data 2329 3212 2386 4557 5475
obs data [I>2s(I)] 2120 2451 2243 4046 4413
R1 (obs) [%] 5.11, wR1=10.30 4.70, wR1=9.24 2.77, wR1=5.11 3.02, wR1=6.36 3.15, wR1=5.80
R2 (all) [%] 5.90, wR2=10.59 7.16, wR2=9.98 3.12, wR2=5.20 3.68, wR2=6.58 4.67, wR2=6.21
GOF 1.267 1.066 1.337 1.118 1.015
no. of variables 199 199 199 221 263
res. el. density [eN�3] 0.368/�0.221 0.779/�0.296 0.883/�0.605 1.677/�1.413 1.343/�0.930
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Oxorhenium Complexes as Aldehyde-Olefination Catalysts


Ana M. Santos,[a, b] Filipe M. Pedro,[a] Ameya A. Yogalekar,[a] Isabel S. Lucas,[b]


Carlos C. Rom¼o,*[b] and Fritz E. K+hn*[a]


Introduction


The olefination of aldehydes and ketones is a very impor-
tant transformation in organic synthesis. In spite of the exis-
tence of highly efficient and general stoichiometric methods
such as the Wittig reaction and its several variations,[1,2] a se-
lective catalytic system would be highly desirable to speed
up reactions, shorten experimental multistep procedures,
and avoid the use of expensive reagents difficult to handle.[3]


The quest for effective catalysts has been developing
slowly since the late 1980s.[4] Presently, several efficient cata-
lytic aldehyde-olefination reactions have been reported
based on Re,[5,6] Ru,[7,8] Rh,[8a] Fe,[9a–e] and Co[9f] complexes.


In some cases they operate under very mild conditions
(room temperature), short reaction times (even below one
hour nearly quantitative yields are reached), and usually
high E-selectivities. However, the mechanism of the reac-
tions is still a matter of open debate. The key role of car-
bene complexes is meanwhile well accepted and has been
recently established for certain Re and Fe systems by inde-
pendent groups.[6,9] However, the situation is still unclear
with respect to the fate and mode of reaction of these car-
bene complexes. In some cases they are considered to react
with coordinated aldehyde with formation of a metallaoxe-
tane ring,[10] whereas in other cases evidence suggests that
they give rise to free ylides that perform the Wittig reaction
in a classical, uncatalyzed fashion. In other words, it is the
formation of the ylides that is catalyzed, not their reaction
with the aldehydes. Given the variety of metals and systems
studied, it may indeed be the case that both possibilities are
true, depending on the actual catalytic system.
Herrmann and co-workers as well as others[5,11] have


shown that [ReMeO3] (MTO) and [ReOCl3(PPh3)2] are
good catalysts for aldehyde-olefination according to Equa-
tion (1).


RHCOþN2CHðCO2EtÞ þ PPh3 ! RHC¼CHðCO2EtÞ
þN2 þOPPh3


ð1Þ
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Abstract: Several oxorhenium com-
pounds in the formal oxidation states v
and vii are examined as catalysts for
the aldehyde-olefination starting from
diazo compounds, phosphines, and al-
dehydes. Of these, [ReMeO2(h


2-
alkyne)] complexes provide the sim-
plest catalysts to study, although [Re-
OCl3(PPh3)2] still remains the most ef-
ficient rhenium catalyst for aldehyde-
olefination described to date. Prior to
the reaction with the Re catalysts the
phosphine and the diazo compound
react to form a phosphazine. No cata-
lytic reaction occurs in cases where no


phosphazine formation is observed.
The first step of the catalytic cycle in-
volves the formation of a carbene inter-
mediate by the reaction of phosphazine
and catalyst under extrusion of phos-
phine oxide and dinitrogen. In a
second step the carbene reacts with al-
dehyde under olefin formation and cat-
alyst regeneration. Excess of alkyne as
well as the presence of ketones slows


down the catalytic reaction. The olefi-
nation of 4-nitrobenzaldehyde with di-
azomalonate is possible with these Re
catalysts. In contrast, this reaction does
not take place either in the classical
Wittig fashion from Ph3P=C(CO2Et)2
and aldehyde or by use of all other cat-
alysts for aldehyde olefination reac-
tions reported to date. Catalytic ylide
formation from diazo compounds
seems therefore not to be the only
pathway through which catalytic alde-
hyde-olefination reactions can proceed.


Keywords: aldehydes · homogene-
ous catalysis · olefination · rhenium ·
Wittig reactions
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They also showed that [Cp*ReO3], [CpReO3] and [(tBu2-
bipy)ReO3] display a lower activity in aldehyde-olefination.
In the case of these trioxo complexes it was also shown that
PPh3 is necessary to reduce the trioxorhenium(vii) species to
an active dioxorhenuim(v) species, which in the case of
MTO was isolated as [ReMeO2(PR3)2·ReMeO3] (R=Ph,
Cy). In a preliminary communication, we were able to con-
firm the activity of these dioxorhenuim(v) complexes, by
using [MeReO2(h


2-RC�CR)] as efficient catalysts for olefi-
nation of activated aldehydes.[6a] We also proposed that reac-
tion (1) is initiated by the intermediate formation of a phos-
phazine, Ph3PN=NCH(CO2Et).
In the present study we explore the activity of other types


of ReVIIO3, Re
VO2, and ReVO complexes in this reaction


and present detailed investigations on the influence of
changing the nature of the reaction components and condi-
tions on catalytic activity, to attempt to establish a better un-
derstanding of the olefination reaction catalyzed by oxorhe-
nium complexes.


Results and Discussion


Survey of oxorhenium complexes for aldehyde-olefination
catalysis


The complexes 1–19 were preliminarily screened as catalysts
in aldehyde-olefination according to Equation (1), with 4-ni-
trobenzaldehyde (4-nba), ethyldiazoacetate (eda), and PPh3.
A selection of these complexes was further tested under
controlled standardized conditions to allow meaningful com-
parisons. These latter results for 1–9 are summarized in
Table 1 for the olefination of 4-nitrobenzaldehyde (4-nba)
with ethyldiazoacetate and PPh3 at room temperature, and a
reaction time of 2 h. TOF values were recorded after a reac-
tion time of 5 min. Details are given in the Experimental
Section.
The trioxorhenium(vii) complexes 4 and 5 show similar


yields and TOF values. These are, however, only about half
of those observed for MTO, a coordinatively unsaturated
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molecule. The influence of the electronegativity of the chlor-
ine ligand is felt in slightly higher yield/activity counts for Cl
over CH3. More importantly, 6 shows values of yield/activity
quite similar to those of MTO. This can be assigned to the
fact that the diazabutadiene ligand is both more labile and a
weaker donor than tBu2-bipy. In fact, it is likely that the dia-
zabutadiene ligand is at least partially removed from the
metal during the catalytic reaction.[12] Indeed, the reaction
of 6 is slowed down by addition of OPPh3; the yield decreas-
es to 53%. Exploratory experiments carried out with other
diazabutadiene complexes, [(DAB)ReClO3], 11,12 have
shown virtually no activity. DAB derivatives with saturated
organic ligands on the nitrogen centers are known to coordi-
nate more strongly to metal atoms in high oxidation
states.[12] A marginal activity was also observed for the neu-
tral complex [ReO3{k


3-B(pz)4}] (13; pz=pyrazole ) analogue
of [Cp*ReO3]. These results show that reduced Lewis acidi-
ty and coordinative saturation of the metal centre hamper
the catalytic reaction. Unfortunately, the extreme reactivity
of [ClReO3], the limiting reagent in this series, does not
allow its use as catalyst.
The ReV complexes are divided in two groups: ReXO2


and ReX3O derivatives.
The [ReMeO2(h


2-alkyne)] complexes 1–3 perform at
levels close to that of MTO. There is a slight dependence on
the nature of the alkyne ligand in the decreasing order of
activity Me2C2>Et2C2>Ph2C2. Excess alkyne slows down
the reaction. In the case of 3 the yield goes down from 70 to
50% when excess Ph2C2 is added. This suggests that the
alkyne ligand has to be displaced during the reaction cycle,
in which case the above reactivity order simply derives from
the increasing stability of the complexes in the order 1<2<
3. In fact, 3 can be stored at room temperature for several
months, whereas 1 and 2 have to be stored below room tem-
perature to avoid decomposition.[13]


Interestingly, both the dimeric ReV complex [{Re[k3-
B(pz)4)]O(m-O)}2], (14) and the Re


IV dimer 10 are totally in-
active. The formation of a similar dimer in the reaction of
[Cp*ReO3] with PPh3, namely [{Cp*ReO(m-O)}2] has been
held responsible for the lack of aldehyde-olefination reactiv-
ity of [Cp*ReO3].


[14] Dimerization is not favored for the
[MeReO2] (MDO) complex.


[15]


The prototypical catalyst in the ReX3O family is [Re-
OCl3(PPh3)2], by far the most active Re catalyst for alde-
hyde-olefination. Under appropriate circumstances (reaction
temperature: 50 8C, catalyst/substrate=1:1000) it can reach
TOF values of 1200h�1. Replacement of PPh3 by the biden-
tate dppe, as in complex (15), totally blocks catalysis sug-
gesting the importance of PPh3 dissociation as a condition
for forming an active species. Also devoid of any catalytic
action in aldehyde-olefination are the complexes [ReO(O-
Me)Cl2(PPh3)2] (16), [ReO(OMe)Cl2(dppe)] (17: dppe=1,2-
bis(diphenylphosphino)ethane), [Re(O)Cl2{k


3-B(pz)4}] (18),
and [Re(O)(OMe)2{k


3-B(pz)4}] (19). The organometallic
complexes 7 and 8, bearing bidentate nitrogen donor li-
gands, also show a rather limited catalytic activity. However,
the analogue complex 9, possessing two monodentate tBupy
ligands shows an activity already in the range of the values
for MTO and the MDO derivatives 1–3.
In summary, the crucial factor for an active aldehyde-ole-


fination catalyst on Re basis seems to be high Lewis acidity
(usually Re in higher oxidation states) and either a sterical
unsaturated compound such as MTO or a species, coordinat-
ed with easily removable “protecting ligands” such as the
PPh3 groups in [ReOCl3(PPh3)2], the R2C2 ligands in com-
pounds 1–3 or the weak N-donor ligands in compounds 6
and 9. Sterically demanding and strong donor ligands such
as Cp* in [Cp*ReO3] or the {k


3-B(pz)4} ligands in the com-
pounds 13, 14, 18, and 19, bidentate aliphatic diimines (as in
11 and 12), bidentate phoshines (as in 15 and 17), or OMe
ligands as in 16 reduce the activity considerably or totally
and are therefore not useful for Re-based catalysts for the
olefination of aldehydes.


The influence of the substrates on the catalytic performance
of [ReMeO2(h


2-alkyne)] complexes


Equation (1) represents a complex multicomponent reaction
involving, at its start, aldehyde, diazo compound, phosphine,
and catalyst precursor. It is, therefore, not easy to predict
how the reaction starts and what is the influence of each re-
agent in its course. In the following we study the reaction
using catalyst 3 varying the initial reagents to identify their
action and influence in the outcome of the reaction.


The diazo compounds : In our previous study[6a] we used 4-
nba as aldehyde, PPh3 as oxygen abstractor, and eda as stan-
dard diazo reagent. In this case it was shown that none of
the initial reagents interacts directly with 3. Instead, the for-
mation of phosphazine Ph3P=NN=CH(CO2Et) from PPh3
and eda precedes and triggers the catalytic reaction. The for-
mation of phosphazine is fast, as can be observed conven-
iently by 31P NMR spectroscopy (see below). Addition of 3
to a solution of phosphazine preformed from PPh3 and eda
leads to a very exothermic reaction and liberation of N2. If
4-nba is present, catalysis is then observed (see below for
the characterization of this interaction).
In contrast, the use of trimethylsilyldiazomethane


N2CH(TMS) instead of eda leads to no formation of olefina-
tion products, neither for aldehydes nor for ketones with se-
lected Re complexes (1,3). 31P NMR spectroscopy also


Table 1. Catalytic results for compounds 1–9 in the olefination of 4-nba
at room temperature; 5 mol% catalyst. The yields obtained with com-
pounds 10–19 are below 5% and therefore are considered negligible, the
TOFs are below 10 molmol�1h�1.


Catalyst Yield [%][a] TOF[b] [molmol�1 h�1]


1 80 150
2 77 150
3 70 120
4 41 70
5 46 95
6 82 150
7 14 30
8 12 30
9 68 120


[a] Yield calculated after a reaction time of 2 h. [b] Calculated after a re-
action time of 5 min.
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shows that no phosphazine, Ph3P=NN=CH(TMS) is formed
from N2CH(TMS) and PPh3: the only signal present in the
31P NMR spectrum of a 1:1 mixture of these compounds,
even after several hours, belongs to free PPh3.


[8e] Other cata-
lysts, however, for example, Ru-based systems[4c,9] generate
aldehyde-olefination products starting from phosphines,
N2CH(TMS), and aldehydes, under comparable conditions.
We confirmed this by control experiments. These observa-
tions indicate that phosphazine formation is a necessary pre-
requisite for a successful catalytic reaction, regardless of the
fact that phosphazines exist in equilibrium with free diazo
compound and free phosphine.
Diazomalonate leads to a lower overall yield of olefin


than eda. With catalyst 3 only 22% is obtained after 24 h.
31P NMR experiments have shown that in this case the cor-
responding phosphazine is formed but at a much slower rate
than with eda, even after two days the reaction was not
complete. The fast and quantitative formation of a phospha-
zine in the beginning of the catalytic cycle seems decisive
for the catalytic performance with [ReMeO2(h


2-alkyne)] cat-
alysts. Without formation of phosphazine complexes 1–3 are
seemingly unable to catalyze aldehyde-olefination.
These observations, however, do not rule out the possibili-


ty that concomitant formation of ylides under the reaction
conditions, with or without metal catalysis, may be responsi-
ble for the catalytic activity since they would then react with
the aldehyde either in a metal catalyzed process or in the
classic uncatalyzed Wittig fashion. This possibility has been
clearly observed in other metal-catalyzed olefination reac-
tions according to Equation (1).[6b,9b]


There is, however, an important additional set of experi-
ments that demonstrates that in the case of the catalysts ex-
amined here, particularly in the cases of the MDO deriva-
tives 1–3 the catalytic formation of ylides is not the decisive
step of the reaction. No olefin is formed upon reaction of 4-
nitrobenzaldehyde (4-nba) with the ylide Ph3P=C(CO2Et)2
in the absence of catalyst. Furthermore, when a catalytic
amount of compound 3 is added to the mixture Ph3P=C-
(CO2Et)2/4-nba, no olefination products are obtained even
after a reaction time of four days. As described already
above, however, compound 3 catalyzes the reaction of 4-
nba, PPh3, and diazomalonate. This reaction is slow, but
reaches good yields after several days. Accordingly, com-
pound 3 does not initiate or catalyze the reaction of Ph3P=
C(CO2Et)2 with 4-nba and an olefination mechanism operat-
ing by the catalytic formation of ylides and the further reac-
tion of these ylides with aldehydes (both catalyzed or un-
catalyzed) can be excluded at least for Ph3P=C(CO2Et)2.
Therefore, it is important to point out that olefination of 4-
nba with N2C(CO2Et)2/PPh3 according to Equation (1) is
feasible albeit slow, showing an intrinsic advantage of the
catalytic reaction (1) over the classical Wittig reaction.
As already mentioned, in the case of some other alde-


hyde-olefination catalysts the intermediate formation of
ylides has been clearly observed.[6b,9b] We have selected
some of those RuII- and FeII-based aldehyde-olefination cat-
alysts, namely [Cp*RuCl(PR3)2]


[16] and [Fe(TPP)Cl][9c–e]


(TPP= tetra(p-tolyl)porphyrin), and observed that they cat-
alyze (very efficiently) the Wittig reaction of PPh3=


CHCO2Et with various aldehydes, but do not catalyze either
the reaction of PPh3=C(CO2Et)2 with aldehydes or the four-
component reaction of N2C(CO2Et)2 with aldehyde and
PPh3.
Taken together, these observations show that: 1) Phospha-


zine formation from the diazo compound and phosphane
prior to the reaction with the catalyst seems to be an impor-
tant feature for a fast catalytic reaction. 2) The four-compo-
nent reaction catalyzed by ReMeO2(h


2-alkyne) is able to
form olefins from N2C(CO2Et)2 that are not available by the
Wittig reaction of Ph3PC(CO2Et)2 with aldehyde nor by the
action of other, usually more active catalysts, such as
[Fe(TPP)Cl] that operate via an ylide intermediate.[9c–e]


Therefore, the ReMeO2 catalysts have the important advan-
tage of being able to catalyze aldehyde-olefination reactions
that are not feasible under classical or catalyzed Wittig con-
ditions, that is, from ylide and aldehyde.
In the four-component reaction of Equation (1) there


must be a catalytic process involved, which allows olefin for-
mation without intermediate ylide formation. The original
assumption of Herrmann and Wang that a rhena-oxethane is
involved as an intermediate for the reaction between alde-
hyde and metal carbene instead of a reaction between metal
carbene and phosphine leading to a phosphorus ylide, which
then would react in a Wittig type reaction seems to be the
simplest explanation that accommodates our findings. Re-
cently Chen et al. also reported experiments pointing to an
intermediary presence of rhenacycles in closely related reac-
tions.[6c] Although it has been convincingly shown to operate
in other catalytic aldehyde-olefination systems, a catalytic
reaction yielding an ylide can be by no means the only way
to get to aldehyde-olefination products. Furthermore, for
the MeReO2 systems examined in this work we never ob-
served the formation of significant amounts of ylides (by
31P NMR spectroscopy) during the course of the catalytic re-
actions.


The phosphines : The type of phosphines used for oxygen
abstraction is also a factor of major influence on the catalyt-
ic performance of Equation (1). The reaction of the phos-
phine with the diazo compound is fast in the case of ethyl-
diazoacetate (eda) and PPh3. In less than 5 min all starting
materials are completely consumed. Phosphazine, Ph3P=
NN=CH(CO2Et) is the only product formed according to
31P NMR spectroscopy. The chemical shift observed in the
31P NMR spectrum, d(31P)=23.3 ppm is identical within the
error range to the value found in the literature for this phos-
phazine.[17] The signal for the a proton of eda at d(1H)=
4.69 ppm is replaced by a new signal at d(1H)=7.70 ppm, in
full accordance with the literature data for such reactions.[18]


The presence of certain amounts of free phosphine and
diazo compound due to equilibrium reactions does not influ-
ence the proposal that the phosphazine is the important spe-
cies for the catalytic reaction. As we have shown
N2CH(TMS), which does not react with PPh3 to form a
phosphazine under the conditions applied, also fails to start
the catalytic cycle, although—of course—plenty of free PPh3
and N2CH(TMS) is available. When 3 is added to a solution
containing the phosphazine in a 1:10 ratio, a rapid reaction
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ensues with liberation of N2 and an increase in temperature.
Already after 5 min the 31P NMR spectrum of the mixture
reveals a significant decrease of the peak corresponding to
the phosphazine as well as the appearance of a new peak at
d(31P)=29 ppm (triphenylphosphine oxide). The peak corre-
sponding to the OPPh3 increases with time, limited in
growth by the amount of catalyst present. Small peaks at
d(31P)=18.68 and 17.10 ppm indicate the formation of ylides
Ph3P=CH(CO2Et) (cisoid and transoid form). In this case,
since the amount of catalyst present is higher than in the
usual catalytic runs and in the previously described experi-
ment, the peak of the phosphazine is significantly reduced
in size and the ylides are formed in a 1:10 ratio to OPPh3.
Therefore, again, the catalytic ylide formation can not be
the major reaction with the Re catalysts of type
[ReMeO2(h


2-alkyne)]. It should be noted that all these reac-
tions occur quickly and the 31P NMR spectra do not change
significantly from a reaction of 10 min to 4 h, which is in
good accord with the catalysis results of the catalysts 1–3,
where after 30 min the yield is close to the final yield in
most cases. After the reaction stops, the peaks obtained in
the 31P NMR spectrum, correspond to the following species:
unreacted phosphazine, triphenylphosphine oxide and the
ylides, Ph3P=CHCO2Et, with signals of low intensity.[9a] The
ylides are formed in small amounts either by decomposition
of the phosphazine[17] or by reaction of PPh3 with some Re=
CH(CO2Et) species formed during the course of the reac-
tion, that cannot be consumed otherwise in the absence of
aldehydes.
To confirm the latter point, the reaction was also moni-


tored in the presence of an aldehyde by 31P and 1H NMR
spectroscopy. The reaction mixture consisted of PPh3, eda, 3,
4-nba, 1.1:1:0.07:1, which were added in this order. In the
31P NMR spectrum recorded after a reaction time of 5 min
only one significant signal is present, corresponding to
OPPh3. The ylides are not observed even in trace amounts,
and within 4 h no further changes are detected in the spec-
trum.
MTO and compounds 3 and 5 were tested by using


P(OEt)3 as deoxygenating agent in catalytic aldehyde-olefi-
nations according to Equation (1) with 4-nba and eda under
the same conditions as described above for PPh3. The cata-
lytic activity decreases significantly (Table 2). An analogous


observation was made with [ReOCl3(PPh3)2] as the catalyst.
This is very likely due to the fact that phosphazine forma-
tion is much slower with triethylphosphite than with PPh3,
as can be seen from 31P NMR measurements.
In fact, reacting triethylphosphite with eda gives rise in


the 31P NMR spectra to the appearance of a new signal at


d(31P)=20.2 ppm, assigned to the corresponding phospha-
zine, the signal corresponding to the triethylphosphite being
found at d(31P)=139 ppm. However, in this case the reac-
tion is not complete, even after days.
Summarizing the above results it can be again said that


formation of phosphazine is essential to start aldehyde-olefi-
nation in the four-component system eda, PR3, 4-nba,
ReOxLn catalyst. Free ylides are only detected in small
amounts at high catalyst concentration in the absence of al-
dehyde.


The carbonyl compounds : Compounds 2 and 3 were tested
as olefination catalysts for 4-nitrobenzaldehyde, 4-bromo-
benzaldehyde, and benzaldehyde using the following reagent
ratios: aldehyde/PPh3/eda/catalyst=1:1.1:1:0.05. In all three
cases compound 2 as the catalyst leads to the best product
yields after 24 h. With 4-bromobenzaldehyde it takes more
time to reach the same yields than with 4-nitrobenzaldehyde
as substrate under the same reaction conditions. After a re-
action time of 24 h, however, in both cases high yields of
70–82% are reached. In the case of benzaldehyde the yields
after 24 h are about 50% both with complex 2 and 3 as the
catalysts. Interestingly, in the case of 4-nitrobenzaldehyde
the product yield increase from 2 to 24 h is only marginal
(5% or less), whereas in the case of 4-bromobenzaldehyde
and benzaldehyde the yield approximately doubles in the
same period of time (see Figure 1).


The reason for this observation in the case of 4-nitroben-
zaldehyde may be related to the fast accumulation of the
by-product OPPh3 that significantly blocks the reaction at
an early stage. In fact, if extra OPPh3 is added in the begin-
ning of the catalysis the yield is reduced significantly, as well
as the reaction rate.
The use of the ketones acetophenone, acetone, and benzo-


phenone as substrates instead of the aldehydes does not
lead to significant olefin yields within a reaction time of
24 h with both catalysts 2 and 3. Notably, benzophenone
does not react with the ylide Ph3P=CHCO2Et even after a
reaction time of eight days, whereas, this ylide reacts


Table 2. Comparison of the catalytic results (olefin yield in %) for MTO
and compounds 3 and 5 in the olefination of 4-nba using two different
oxygen abstraction agents after a reaction time of 2 h.


Compound PPh3 cis/trans P(OC2H5)3 cis/trans


MTO 77 10/90 17 22/78
3 70 5/95 7 29/71
5 46 10/90 15 10/90


Figure 1. Catalytic activity of compounds 2 and 3 with benzaldehyde, 4-
bromobenzaldehyde and 4-nba, respectively. Black columns: yield after
2 h, grey columns: yield after 24 h.
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promptly with 4-nitrobenzaldehyde with quantitative forma-
tion of the olefin. It is therefore clear that electron-poor car-
bonyls react faster under the present catalytic olefination
conditions.
The interaction of different aldehydes with catalyst 3 was


also examined by 1H and 13C NMR spectroscopy in CDCl3.
When the components were reacted in a 2:1 and 1:1 ratio
no change in the chemical shifts could be observed since the
deviations from the signals of the isolated compounds
always stayed significantly below 0.1 ppm. Addition of a
ketone, such as acetophenone, however, leads to a shift of
both the Re-bound methyl group (from d(1H)=2.61 ppm in
the free molecule to d(1H)=2.49 ppm in the mixture) and
the CH3 protons of the ketone from d(1H)=2.55 ppm to
d(1H)=2.51 ppm. To examine this behavior in more detail,
we reacted MTO and polymer-bound triphenylphosphine,
the usual method of preparation of the alkyne adducts of
MDO 1–3. However, instead of offering an alkyne as reac-
tion partner we added—under the same conditions—aceto-
phenone. The reaction mixture turned yellow and the NMR
signals of both the ketone and the Re-bound methyl group
changed as observed in the way described above. Unfortu-
nately, we were unable to isolate the reaction product due
to its sensitivity to both temperature and moisture. Also,
when acetophenone is added to a catalytic aldehyde-olefina-
tion run (4-nba, eda, PPh3 as the substrates) with compound
3 as catalyst in an acetophenone/catalyst ratio of 1:1, the re-
action rate and yield decrease somewhat (yield obtained
after 2 h: 65%). However, after 24 h the same yield is ach-
ieved as in the absence of ketone. These results suggest that
ketones are able to coordinate to the ReV center of
[ReMeO2(h


2-alkyne)] in competition with the substrates of
catalysis, namely the phosphazine, thus blocking the catalyt-
ic site.


Substrate ratios : In the blank runs performed in the absence
of catalyst no olefination products were formed for all
tested aldehydes. In all cases azine, RC6H4CH=NN=
CH(CO2Et) was the main product. The formation of diethyl
maleate or diethyl fumarate was not observed in a detecta-
ble amount (in the catalytic runs these products were also
not detected). The formation of azine results from a com-
peting reaction between the initially formed phosphazine
and the aldehyde, which is not influenced by the presence of
the catalyst.
Since this reaction is slower than the reaction between the


catalyst and phosphazine, if the catalyst is present in suffi-
cient amount, the reaction between the phosphazine and the
aldehyde does not occur to a significant extent, and the
azine is a minor side product. The order by which the cataly-
sis components of Equation (1) are added, can be varied
without negative effects on the catalytic performance, pro-
vided the eda and the aldehyde are not added in the ab-
sence of catalyst (see above). This means, either all compo-
nents can be mixed and eda added as the last reaction com-
ponent, or both the catalyst and the aldehyde can be added
after mixing all other reaction components. This latter pro-
cedure in the case of compound 3 even leads to slightly
higher yields after a reaction time of two hours (78% in-


stead of 70%). The ratios of the substrate were changed and
runs with 4-nba/PPh3/eda/catalyst ratios of 1:2:1:0.05 and
1:1.1:2:0.05 were performed exemplary for compound 3. The
catalytic performance was not affected by the presence of
excess of PPh3 or eda. In the presence of an excess of eda
the formation of diethyl maleate as by-product is observed.


Influence of the solvent, catalyst amount and reaction tem-
perature : When the aldehyde-olefination with catalyst 3 is
conducted in toluene instead of THF the olefin yield de-
creases from 70% to 52% after 2 h. The results in CH2Cl2,
CHCl3, and CH3CN were 26, 24, and 38% respectively after
2 h. In this case the same amounts of azine and olefin are
formed. The cis/trans selectivity also decreases to 10:90 in
the case of CHCl3 and CH3CN. When the catalyst charge is
decreased to 2 mol% (instead of 5 mol%) the olefin yield
(cis and trans) obtained decreases to 55%, for 1 mol% to
40%, and for 0.5 mol% to 20% yield. Azine is the main by-
product. Catalytic runs were performed with catalyst 3 at 0,
20, 50, and 67 8C in THF. At 0 8C the yield reaches 65%
after 2 h only slightly below the yield achieved at room tem-
perature. At 50 8C the yield reaches after 30 min the same
value obtained after 2 h at room temperature. The TOF (de-
termined after a reaction time of 5 min) increases from
about 120h�1 at 20 8C to about 170h�1 at 50 8C. A further
raise in the reaction temperature, however, does not acceler-
ate the reaction significantly, the TOF staying below 200
1h�1.


Catalyst–phosphazine interaction : As shown above, the cat-
alysts 1–3 interact strongly with phosphazine but seemingly
not with the other components of the catalytic reaction mix-
ture or with ylides. Upon reaction of 1–3 with phosphazine,
N2 and OPPh3 are liberated and a Re-carbene complex is
formed. A terminal oxygen atom of the catalyst is abstracted
under formation of phosphine oxide as observed by 17O-
NMR spectroscopy from a reaction with 17O-labeled 3* pub-
lished previously.[6a]


In the case of catalyst 3 at �30 8C, the carbene species
was characterized by the signals at d(13C)=323 ppm and
Re=C�H at d(1H)=16.32 ppm both in accordance with the
values reported in the literature for related complexes, such
as [RuClCp(=CHCO2Et)(PPh3)].


[19] The corresponding sig-
nals of the carbene complexes formed from compounds 1
and 2 are, as expected, identical within the measurement
error. This ReV carbene complex is observable in situ only
at low temperatures (see Scheme 1 for its possible formula).
At room temperature and above it decomposes quickly if no
aldehyde is available for the continuation of the catalytic
cycle. In fact, when the carbene species, formed from cata-
lyst and phosphazine at low temperature, is allowed to react
with aldehyde, fast formation of olefin and the re-formation
of the catalyst can be observed by NMR spectroscopy.
The involvement of Re carbene complexes in the catalytic


aldehyde-olefination has independently been confirmed by
Chen et al. for Re2O7-based, cationic catalysts in the gas
phase by mass spectrometry, although in their systems a cat-
alytic ylide formation (following the carbene formation)
seems to take place.[6b]
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The catalytic cycle for aldehyde-olefination with
[ReMeO2L] complexes : Based upon the experimental re-
sults presented before, a catalytic cycle describing the reac-
tion of Equation (1) can be postulated as depicted in
Scheme 1 taking as examples, catalysts 1–3, PPh3, eda and 4-
nba as reaction partners. An important point is the observa-
tion that we only obtained olefination of aldehydes in the
cases where the phosphine reacts with the diazo compound
to form a phosphazine. Besides, catalysts 1–3 do not interact
directly with aldehydes, diazo compounds, ylides, or PPh3,
whereas a rapid reaction is observed between these and
phosphazine.
Therefore, the first step is the interaction of [ReMeO2(h


2-
alkyne)] with the phosphazine Ph3P=N�N=CR1R2] leading
to the species I or Ia. This reaction is most probably accom-
panied by displacement of the alkyne ligand, since this one
retards the reaction rate when present in excess. Admitting
total displacement of the alkyne, and formation of I, the
next step depicts the intramolecular arrangement of II that
precedes Ph3PO elimination. A six-membered ring is
formed in which the positively charged P atom faces the
negatively charged O ligand. The ensuing liberation of
Ph3PO will lead also to N2 liberation and formation of the
carbene complex III. Again, this coordinatively unsaturated
species may be stabilized by any ligand present in the reac-
tion mixture (PPh3, OPPh3, alkyne) leading to the formation
of IIIa. 13C NMR spectroscopy performed in a test reaction
that was forced to stop at this stage due to absence of alde-
hyde, showed a signal for the carbene-C atom in the range
expected for this kind of species. In a catalytic reaction,
however, aldehyde R3CHO is present in large amounts and
may replace any of the L ligands in IIIa. This leads to com-
plex IV. Coordination will impart increased electrophilicity
to the carbonyl-carbon atom facilitating the formation of
the metalla-oxetane ring V. Splitting of this ring liberates
the olefin, while reforming the starting complex or simply a


ReMeO2 species able to re-enter the catalytic cycle. It can
not be excluded that alternatively a reaction of a Re-coordi-
nated triphenylphosphine in IIIa leads to the formation of
an ylide, as has been suggested by Chen et al.[6b,c] and that
the ylide then reacts with an aldehyde in a classical Wittig
reaction. This possibility, however, is very unlikely to occur
with diazo malonate derived compounds, since otherwise no
products other than ylides would be obtained. Furthermore,
we did not observe large amounts of ylides, even in the ab-
sence of aldehydes, which would be necessary, however, if
the catalyzed reaction would be a ylide formation. There-
fore, formation of the metallacycle V is, in our view, the sim-
plest way to accommodate the fact that olefination of 4-nba
is still possible with N2C(CO2Et)2. Since a phosphazine is
formed from PPh3 and N2C(CO2Et)2, the reaction just fol-
lows the ordinary course albeit more slowly since this phos-
phazine is more difficult to form, and other electronic or
steric factors may also play a role. If the reaction were to
proceed by ylide formation, it would not take place since
Ph3P=C(CO2Et)2 does not react with aldehydes, even 4-nba.
Moreover, RuII and FeII catalysts known to operate by ylide
formation are not active catalysts for olefination with
N2C(CO2Et)2. Therefore, this catalytic system, although not
being as active as some other aldehyde-olefination catalyst
systems, is useful for the olefination of aldehydes that are in-
capable of reacting with ylides, thus circumventing the lack
of reactivity of electron-poor ylides. In fact, this catalyst
presents one of the key characteristics desirable in avoiding
the drawbacks of the classical Wittig reaction: the total ab-
sence of basic, carbanionic intermediates, like ylides.
In spite of its interest, this system is, unfortunately, still in-


capable of promoting ketone-olefination and of activating
electron-rich diazo compounds, for example, the synthetical-
ly useful N2CH(TMS). Ketones were found to compete for
the catalytic intermediates, slowing down but not blocking
aldehyde-olefination. This suggests that they do not disrupt
the catalytic cycle by deactivating its most reactive species,
namely the carbene III. Therefore, it seems likely that they
do not have the electronic characteristics necessary to either
form metallacycle V or lead to its productive (clockwise
sense) disruption. Further studies are necessary in order to
eventually tune the reactivity of the ReVO2 derivatives for
enlarging their scope of applications in olefination reactions.


Conclusion


Several oxorhenium compounds act as catalysts for the alde-
hyde-olefination starting from diazo compounds, phos-
phines, and aldehydes. Steric and electronic reasons allow
the selection of “ideal” catalysts quite easily. Among the
Re-based catalysts [ReMeO2(h


2-alkyne)] complexes provide
the simplest catalysts to study, although they are not the
most active ones. The first step of the catalytic cycle involves
the formation of a carbene intermediate by the reaction of
preformed phosphazine and catalyst under extrusion of
phosphine oxide and dinitrogen. In a second step the car-
bene reacts with aldehyde under olefin formation and cata-
lyst regeneration. Formation of significant amounts of ylides


Scheme 1. Catalytic cycle for aldehyde-olefination with [ReMeO2L] com-
plexes (L=alkyne, PPh3) with PPh3 and N2CR


1R2.
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as intermediates is not observed. Furthermore, the olefina-
tion of diazomalonate can be catalyzed, whereas the corre-
sponding ylide does not react in a Wittig reaction in the
presence of the same Re compound. It can therefore be as-
sumed that the catalytic formation of ylides does not play a
dominant role in the catalytic aldehyde-olefination with the
ReMeO2 type catalysts. This does, of course, not exclude
that other catalysts lead to olefin formation by an entirely
or partially different pathway in which ylide intermediates
play a prominent role.


Experimental Section


All reactions were carried out under an argon atmosphere by using stan-
dard Schlenk techniques. Solvents were dried by conventional methods
and distilled under nitrogen before use. All compounds were purchased
from Aldrich unless stated otherwise. The ligand p-tolyl-DAB,[20] com-
pounds 1–3,[13] 4,[21] 5,[22] 7�9,[23] 10,[13] [ReOCl3(PPh3)2],


[24] [Re-
OCl3(dppe)],


[25] 13,[26] 14,[27] 15,[25] 16,[28] 17,[25] 18,[27] and 19[27] were syn-
thesized according to published procedures. Complexes 13–19 were a
kind offer from Dr. Isabel Santos and Dr. AntGnio Paulo from the Insti-
tuto de Tecnologia Nuclear, SacavYm, Portugal. Elemental analysis were
obtained at the ITQB by ConceiÅ¼o Almeida. IR spectra were recorded
on a Perkin-Elmer FT-IR spectrometer by using KBr pellets as the IR
matrix. 1H, 31P, and 13C NMR spectra were obtained by using a 400 MHz
Bruker Avance DPX-400 and a 300 MHz Bruker CPX 300 spectrometer.
85% H3PO4 was used as an internal standard for the


31P NMR measure-
ments.


Preparation of [ReClO3(DAB)] complexes


All these complexes were prepared in a similar fashion described in
detail for DAB=4-MeC6H4N=CHCH=NC6H4Me-4) (6)


Preparation of 6 : A solution of Re2O7 (0.400 g, 0.826 mmol) in THF
(15 mL) was treated with Me3SiCl (0.210 mL, 1.652 mmol, d=0.856).
Two equivalents of the ligand were then added (0.389 g, 1.652 mmol).
The orange precipitate that formed immediately was filtered from the
red mother liquor, washed with diethyl ether and dried under vacuum.
Yield 63%. IR selected (KBr pellets): ñ=1597 m, 1500 s, 947 s, 922 vs,
910 s, 896 vs, 858 s, 814 cm�1 s; 1HNMR (CDCl3, 300 MHz, RT): d=8.12
(s, 2H), 7.65–7.12 (m, 8H), 2.41–2.24 ppm (m, 6H); elemental analysis
calcd (%) for C16H16N2O3ClRe (505.978): C 37.98, H 3.19, N 5.54; found:
C 37.78, H, 3.34, N 5.45.


Complexes 11–13 : These complexes were prepared in a similar fashion
by using the corresponding ligands, respectively Me3CN=CHCH=NCMe3
and (C6H11)N=CHCH=N(C6H11).


Data for compound 11: IR selected (KBr pellets): ñ=3080 m, 2980 vs,
2928 s, 2893 s, 983 s, 947 s, 923 vs, 902 vs, 877 cm�1 s; 1HNMR (CDCl3,
300 MHz, RT): d=7.51 (s, 2H), 1.19–1.69 ppm (m, 18H); elemental anal-
ysis calcd (%) for C10H20N2O3ClRe (437.94): C 27.43, H 4.60, N, 6.40;
found: C 27.44, H, 5.00, N 6.39.


Data for compound 12 : IR selected (KBr pellets): d=3203 m, 2939 vs,
2858 s, 935 s, 922 vs, 908 s, 898 cm�1 vs; 1HNMR (CDCl3, 300 MHz, RT):
d=7.72–7.09 (m, 2H), 2.24–1.26 ppm (m, 22H); elemental analysis calcd
(%) for C14H24N2O3ClRe (490.02): C 34.32, H 4.94, N 5.72; found: C
34.45, H 5.05, N 6.01.


Catalytic aldehyde-olefination using diazoacetate : 4-Nitrobenzaldehyde
(0.6 g, 3.9 mmol), PPh3 (1.12 g, 4.3 mmol), fluorene (0.4 g, internal stan-
dard), 5 mol% (if not indicated otherwise) of compounds 1–19 and eda
(0.40 mL, 3.9 mmol) were dissolved in dry THF (20 mL) and allowed to
react at room temperature. For benzaldehyde and 4-bromobenzaldehyde
the same molar amounts (if not indicated otherwise) were used. Samples
were taken after the first 5 min and then every 30 min for 2 h. The con-
version of aldehyde (4-nitrobenzaldehyde, benzaldehyde, and 4-bromo-
benzaldehyde) and the formation of ethyl-4-nitrocinnamate, ethylcinna-
mate, and ethyl-4-bromocinnamate were monitored by GC and calculat-
ed from calibration curves (r2=0.999, internal standard fluorene) record-
ed prior to the reaction course.


Catalytic ketone-olefination : Dry acetone (15.82 g, 0.272 mol), PPh3
(1.88 g, 7.2 mmol), compound 3 (0.148 g, 0.36 mmol), and eda (0.904 g,
7.92 mmol) were refluxed at 100 8C for 48 h. The reaction mixture was
distilled until no more acetone came out and the residue was treated
with dry hexane and cooled. The solution was filtered and concentrated
to yield a crude oil. The oil was chromatographed in silica gel over
hexane, and the product was obtained from the required fractions as a
colorless oil.


Catalytic aldehyde-olefination using diazomalonate : 4-nba (0.5 g,
3.3 mmol), PPh3 (0.95 g, 3.6 mmol), fluorene (0.4 g, internal standard),
compound 3 (0.068 g, 0.166 mmol), and ethyl diazomalonate (0.739 g,
3.97 mmol), were dissolved in dry THF (20 mL) and allowed to react at
room temperature.
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Solvent-Ligated Manganese(ii) Complexes for the Homopolymerization of
Isobutene and the Copolymerization of Isobutene and Isoprene


Mario Vierle,[a] Yanmei Zhang,[b] Ana M. Santos,[b] Klaus Kçhler,[b] Carmen Haeßner,[b]


Eberhardt Herdtweck,[b] Martin Bohnenpoll,[c] Oskar Nuyken,*[a] and Fritz E. K3hn*[b]


Introduction


First-row transition-metal complexes of the general formula
[M(NCCH3)6](A)2 (MII=Cr, Mn, Fe, Co, Ni, Cu, Zn; A=


counterion) and some of their dimeric second- and third-
row congeners of formula [M2(NCCH3)8–10](A)2 (MII=Mo,
Tc, Re, Rh; A=counterion) have been known for several
years and have found many interesting applications.[1,2]


Among these is their use as initiators in the cationic poly-
merization of cyclopentadiene and methylcyclopentadiene
in both homogeneous and heterogeneous phases.[3] In this
case BF4


� was used as counteranion and the MnII complex
was the most active initiator. However, the complexes men-
tioned above are not active in the polymerization of other


monomers, even at elevated temperatures.[3h,i] Replacement
of the BF4


� counterions, which coordinate to some of the
monomeric metal units through one of their fluorine
atoms,[1x] by more weakly coordinating ions leads to an ex-
tremely high activity in cyclopentadiene polymerization.[3o]


We have recently shown that the use of these weakly coordi-
nating ions also enables the polymerization and copolymeri-
zation of other monomers, one of which is isobutene.[4]


Polyisobutenes in general can be divided according to mo-
lecular weight into three large groups, which have different
properties and uses. High-molecular-weight polyisobutenes
with a molecular weight of at least 120 kgmol�1 are rubber-
like polymers and are used, for example, in un-cross-linked
rubber goods and as chewing gum base. They are generally
produced with Lewis acid initiators and traces of water at
temperatures significantly below �80 8C.[5]


Medium-molecular-weight polyisobutenes with molecular
weights between 40 and 120 kgmol�1 are highly viscous liq-
uids, mainly used as glues and sealing compounds.[5,6] Low-
molecular polyisobutenes have molecular weights of 0.3–
3 kgmol�1 and are viscous, honeylike liquids. They are avail-
able by means of Lewis acidic initiators, for example, alumi-
num alkyl chlorides or aluminum(iii) chloride.[5,6] Usually,
polyisobutenes prepared in this way contain less than 10%
terminal double bonds (often described as a-olefinic end
groups, whereas internal double bonds are known as b-ole-
finic end groups) and have polydispersities between 2 and 5.


So-called highly reactive polyisobutenes differ from these
conventional polyisobutenes. They contain a high percent-
age of terminal double bonds (>60%). These polymers are
used in several applications, such as intermediates in the
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Abstract: Polyisobutenes with a high
content of terminal olefinic groups can
be synthesized by using manganese(ii)
initiators in homogeneous solution.
These easily accessible complexes ini-
tiate the polymerization at room tem-
perature and above, and afford highly
reactive, gel-free polyisobutenes with
high viscosities. Furthermore, the initia-


tors were successfully used for the co-
polymerization of isobutene with iso-
prene. The high activities of the MnII


initiators seem to be related to their


weakly coordinating nitrile ligands,
which are easily displaced by substrate
molecules. Replacing the nitrile ligands
by other more strongly coordinating li-
gands such as water reduces the initia-
tor activity significantly. The MnII ini-
tiators are surprisingly resistant to tem-
perature.


Keywords: copolymerization ·
manganese · polyisobutenes ·
polymerization
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preparation of additives for lubricants and fuels.[7] In func-
tionalization reactions the terminal double bonds play a
very important role, and therefore a large number of termi-
nal double bonds is an important quality criterion for these
polyisobutenes. Adjustable molecular weights of 0.5–
5 kgmol�1 and molecular weight distributions are also of im-
portance for the industrial application of highly reactive poly-
isobutenes. Several synthetic strategies towards the desired
products have been described and patented. They focus
mainly on the use of chloride-free, Lewis acid based initia-
tors such as BF3 for polymerization or aluminum(iii) chlo-
ride as initiator with an additional step of dehydrochlorina-
tion of the thus-obtained chloride-terminated polyisobu-
tenes.[8] In all cases the products can only be obtained in
good yields and with a percentage of the desired terminal
double bonds greater than 80% at reaction temperatures
significantly below 0 8C. However, performing the reaction
at such low temperatures incurs considerable costs and
greatly reduces the economy of the process.


Recently, we have published a new polymerization route
that uses transition metal complexes as initiators for isobu-
tene polymerization.[4] The great advantage of this route is
that polymerization is performed at ambient temperature
and gives polyisobutenes with molecular weights between
0.5 and 7 kgmol�1, mostly with a high content of terminal
double bonds. The initiators can also be used for the copoly-
merization of isobutene and isoprene with incorporation of
a high proportion of isoprene in the polymer.


Results and Discussion


Synthesis, spectroscopy, reactivity : The complexes
[Mn(NCCH3)6][N2C3H3{B(C6F5)3}2]2 (1), [Mn(NCCH3)6]
[B{C6H3(m-CF3)2}4]2 (2), and [Mn(NCCH3)6][B(C6F5)4]2 (3)
were synthesized from MnCl2 and the silver salts AgA (A=


[N2C3H3{B(C6F5)3}2], [B(C6F5)4], [B{C6H3(m-CF3)2}4]) in ace-
tonitrile. Related compounds with different (usually signifi-
cantly more strongly coordinating) counterions have long
been known.[1] Preparation strategies for the anions of 1–3
were established only much more recently.[9] The choice of
MnII salts for our studies was based on earlier results ob-
tained with transition metal(ii) nitrile cations with BF4


�


counterions in cyclopentadiene polymerization. In this case,
the MnII complexes proved to be the most active initia-
tors.[3h] This observation is also in accordance with what
would be expected from studies on the exchange of acetoni-
trile ligands. Of all examined transition metal(ii) cations, the
MnII complexes have the highest pseudo-first-order rate
constants for acetonitrile exchange.[1y] Thus, acetonitrile ex-
change seems to play a decisive role in the initiation of poly-
merization reactions (see below).


The IR spectra of 1–3, recorded in a KBr matrix, exhibit
two sharp n(CN) absorptions (assigned to the fundamental n2
CN stretching mode and a combination mode (n3+n4))


[1x,y,10]


of approximately equal, medium intensity at 2312 and 2286
(1), 2312 and 2284 (2), and 2316 and 2289 cm�1 (3). These
values are identical within the measurement error of the
spectrometer and demonstrate clearly the negligible influ-


ence of the counterion. Free acetonitrile (n(CN)=2293,
2253 cm�1) is absent in all measured spectra. The presence
of only two CN vibrations is in accordance with expections
for an MnII cation coordinated by six acetonitrile ligands in
octahedral symmetry (Oh). The higher energy of both ob-
served vibrations in comparison with free acetonitrile is due
to s donation of electron density from the lone pair of the
nitrogen atom, which has some antibonding character.[11]


Complexes 1–3 are paramagnetic, like their BF4 conge-
ners. The EPR spectra of 1–3 in liquid and frozen solutions
are typical of octahedral high-spin manganese(ii) systems
(3d5) of the type MA6 (Figure 1). The 55Mn hyperfine split-
ting (sextet of lines) due to interaction of the unpaired elec-
trons with the nuclear spin of 55Mn (I=5/2, natural abun-
dance ca. 100%) is mostly well resolved in liquid and in
frozen solutions. The g values vary between 2.003�0.002 (1,
3) and 2.005 (2). The 55Mn hyperfine coupling constants are
93�2 (2), 94 (1), and 96 mT (3) (87, 88, and 90Q10�4 cm�1),
respectively. However, the line widths depend on the sol-
vent, counterion, and temperature. The most striking effects
are observed in pure acetonitrile or toluene/acetonitrile in
comparison with toluene or toluene/dichloromethane. The
line broadening or additional anisotropy observed in liquid
solution at room temperature when acetonitrile is present
indicates ligand-exchange reactions (dynamic effects).


Compounds 1–3 are surprisingly temperature-stable. They
decompose thermally under an argon atmosphere with the
onset of decomposition at 271 (1), 249 (2), and 258 8C (3).
The thermogravimetry (TG) curve shows only one sharp
step, equivalent to mass losses of about 85 (1), 92 (2), and
89% (3). It can be assumed that the 1–3 lose their CH3CN
ligands in one step, and the remaining “naked” Mn atom
reacts with the counterion to form dark residues which con-
tain, according to elemental analyses, mainly Mn and F.


Complexes 1–3 are moderately stable to air and moisture
and can be easily handled in the laboratory atmosphere. For
storage over longer periods of time, the compounds are best
kept under inert gas at low temperatures. Under such condi-
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tions, they remain active, even after several months. Reac-
tion of 1–3 with an excess of water results in slow formation
of [Mn(H2O)2(NCCH3)4](A)2, in which the aqua ligands are
trans to each other, so that the MnII center is coordinated in
a square-planar fashion by four acetonitrile molecules, and
the aqua ligands occupy the apexes of a (distorted) octahe-
dron. This structure was exemplarily confirmed by X-ray dif-
fraction on [Mn(H2O)2(NCCH3)4][N2C3H3{B(C6F5)3}2]2 (4).
This complex does not react further with an excess water of
at room temperature, even when stirred for several days.
According to our studies (see below), its formation is re-
sponsible for the loss of initiator activity in the presence of
wet solvents.


Since we were unsuccessful in obtaining high-quality crys-
tals of 1–3,[4a] we crystallized the propionitrile anologue of 3
(3 a). In both 3 a and 4, no interaction between cation and
anion is observed. Selected bond lengths and angles are
summarized in Table 1, and ORTEP plots of the cations of
compounds 3 a and 4 are shown in Figures 2 and 3.


Homopolymerization of isobutene with MnII-based initiators


Kinetics : In our initial polymerization experiments we
varied the [monomer]:[initiator] ratio and obtained good re-
sults with an initiator concentration of 2.5Q10�4 molL�1 and
an isobutene concentration of 1.38 molL�1.[4]


For more detailed kinetic investigations, 1–3 were used as
initiators for the homopolymerization of isobutene by the
tube technique (see Experimental Section). For each experi-
mental series twelve polymerization tubes with identical
contents were prepared and kept at �40 8C to prevent poly-
merization during the preparation of all tubes due to the in-
activity of the initiators at temperatures significantly below
0 8C. The polymerization of all tubes was started at the same


time, and after the desired time period, a tube was removed
and the polymerization was stopped. In contrast to common
processes, which need lower temperatures, the polymeriza-
tions described here were carried out at 30 8C. Figure 4


Figure 1. X-band EPR spectra of liquid (T=293 K, a) and frozen solu-
tions (T=140 K; b, c) of 2 (c, in acetonitrile/toluene) and 3 (a, b; in tolu-
ene/dichloromethane).


Table 1. Selected interatomic distances [U] and angles [8] for 3a·C3H5N,
4·2C4H10O, and 7 a.


3a·C3H5N
[a] 4·2(C4H10O)[b] 7a


M�N1 2.247(4) 2.235(2) 2.281(3)
M�N2 2.213(4) 2.242(2) 2.265(3)
M�N3/O1 2.214(4) 2.121(2) 2.279(3)
M�N4 2.298(3)
N1-M-N2 86.18(12) 88.79(6) 103.43(12)
N1-M-N3/O1 91.03(11) 91.88(7) 125.53(12)
N1-M-N4 98.77(12)
N1-M-N1i 180 180
N1-M-N2i 93.82(12) 91.21(6)
N1-M-N3/O1i 88.97(11) 88.12(7)
N2-M-N3/O1 87.52(12) 90.46(6) 107.29(12)
N2-M-N4 124.87(12)
N2-M-N2i 180 180
N2-M-N3/O1i 92.48(12) 89.54(6)
N3-M-N4 99.00(12)
N3/O1-M-N3/O1i 180 180


[a] Data given for molecule A (Mn1). The symmetry code for equivalent
atoms (i) is: 1�x, 1�y, �z. [b] The symmetry code for equivalent atoms
(i) is: 1�x, 1�y, 1�z.


Figure 2. Structure of the dicationic part of compound 3 a in the solid
state (ORTEP plot; thermal ellipsoids are drawn at the 50% probability
level).


Figure 3. Structure of the dicationic part of compound 4 in the solid state
(ORTEP plot; thermal ellipsoids are drawn at the 50% probability
level).
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shows the time/conversion plot of the polymerization of iso-
butene with initiators 1 and 2.


Polymerization with MnII initiators progresses very slowly.
During the first 10 h, no difference in polymerization rates
can be observed between initiators 1 and 2. Nevertheless,
complete conversion can be reached with initiator 1 after
about 55 h. With initiator 2, complete conversion can be
reached after 110 h of polymerization time, which is slow
compared to conventional cationic polymerisation of isobu-
tene. The development of the conversion with increasing
time at the initial state of the reaction can be well described
by first-order kinetics with respect to monomer concentra-
tion.


The results presented in Figure 5, which depicts the
change of molecular weight with conversion, show that the
polymerization of isobutene initiated with 1 or 2 has no
living character. Similar to a classical, nonliving cationic po-
lymerization the molecular weights decrease with increasing
conversion. The polydispersity index (PDI=Mw/Mn) remains


constant at about 1.6–1.7 up to high conversions. The differ-
ences in PDI of polyisobutene initiated by 1 and 2 are small.
However, these small differences indicate that the counter-
ions play a certain role in these polymerizations.


In conclusion, polymerization of isobutene in dichlorome-
thane with initiators 1 and 2 is slow but quantitative. Molec-
ular weights between M̄n=10.0 (low conversion) and M̄n=


6.0 kgmol�1 (high conversion) can be obtained. However,
this polymerization does not show any living character.


Solvent variation : The polymerizations discussed so far were
performed in dichloromethane. Owing to its aprotic and
polar character it is an ideal solvent for the polymerization
and for the initiator salts, which are highly soluble in this
solvent. Hexane is commonly used in isobutene polymeriza-
tion, owing to the solubility of polyisobutene. Therefore, it
was of interest to use this solvent pure or as mixtures with
dichloromethane.


As shown in Figure 6, conversion decreases rapidly with
increasing amounts of hexane in the solvent mixtures.
Above 60 vol% hexane, no polymerization can be observed.


Since the initiator is a salt, its solubility decreases with in-
creasing amount of hexane in the reaction mixture. Finally it
precipitates completely and polymerization stops. Addition-
ally, the active chain end is less stabilized in an apolar sol-
vent than in a polar solvent. Therefore, the tendency for
side reactions such as transfer increases with increasing
amounts of hexane, and this leads to continuous reduction
of the molecular weight (Figure 7).


The molecular weights decrease from 6.5 kgmol�1 (poly-
merization in dichloromethane, 0.0 vol% hexane) to about
3.0 kgmol�1 (60 vol% hexane). The PDI remains nearly con-
stant, although the molecular weight is approximately
halved.


Investigations with acetonitrile as second solvent showed
a more strongly decreasing conversion with increasing aceto-


Figure 4. Time/conversion plot for the homopolymerization of isobutene
(initiators 1 and 2, solvent CH2Cl2, [Ini]=2.5Q10�4 molL�1, [IB]=
1.38 molL�1, VCH2Cl2=20 mL, T=30 8C, tube polymerization).


Figure 5. Homopolymerization of isobutene with initiators 1 and 2 ; de-
pendence of molecular weight and PDI on conversion (solvent CH2Cl2,
[Ini]=2.5Q10�4 molL�1, [IB]=1.38 molL�1, VDCM=20 mL, T=30 8C,
tube polymerization).


Figure 6. Homopolymerization of isobutene with initiator 3 ; conversion
as a function of hexane content in dichloromethane/hexane mixtures
([Ini]=2.5·10�4 molL�1, [IB]=1.38 molL�1, VDCM=20 mL, T=30 8C, t=
16 h, tube polymerization).
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nitrile content in the solvent mixture. Since both acetonitrile
and the substrate can coordinate to the cationic initiator,
the presence of acetonitrile hinders initiation by competing
for coordination sites. Accordingly, polar, noncoordinating
solvents such as pure dichloromethane should be ideal reac-
tion media.


Influence of the water content : Many of the initiating systems
for isobutene polymerization described in the literature con-
tain water as catiogenic species.[12] Examples of polymeriza-
tion of isobutene above 0 8C are very rare in the literature,
probably due to extremely exothermic and fast reactions
forming only oligomers within seconds under these condi-
tions. Furthermore, it is known that polymerizations of iso-
butene with rigorously dried monomers and solvents are
much slower than those under conventional conditions.[13]


Therefore, the influence of water was examined. Dichloro-
methane saturated with water (0.134 mol water in 1 L
CH2Cl2, determined by Karl Fischer titration) was mixed
with dried dichloromethane (water content <0.1 ppm) to
obtain a well-defined amount of water in the polymerization
mixture. The influence of water content on the conversion
of isobutene is shown in Figure 8.


Up to a tenfold excess of water over initiator, the effect
of water is not very significant; only a slight decrease in
monomer conversion is observed. However, above this con-
tent of water the conversion decreases dramatically. Finally,
experiments in water-saturated dichloromethane did not
yield any polymers. One possible explanation for this deacti-
vation of initiator is the step-by-step replacement of the two
axial acetonitrile ligands by water. This intermediate water-
containing complex was found to be rather stable (see
above) but inactive for polymerization of isobutene.


To further characterize the influence of water on the poly-
merization system (isobutene in CH2Cl2 with a controlled
content of water, initiated by 3), the attained molecular
weights of the polymers were plotted against the [water]:
[initiator] ratio (Figure 9). As predicted, the molecular


weight of polyisobutene decreases with increasing [water]:
[initiator] ratio.


Copolymerization of isobutene with isoprene : With respect
to technical applications, copolymerization of isobutene with
isoprene is of significant interest. New transition-metal-
based initiator systems containing Zn(C6F5)2 show activity at
polymerization temperatures below �70 8C.[14] To the best of
our knowledge no initiating system enabling the copolymeri-
zation of isobutene and isoprene at temperatures above 0 8C
has been described so far. Therefore, the effect of the initia-
tors 1–3 on the copolymerization of isobutene with isoprene
was studied in some detail (Figure 10).


Although the copolymerization of isobutene and isoprene
is feasible with initiators 1–3, the conversion decreases rap-
idly with increasing amount of isoprene in the monomer
feed. However, for mixtures with less than 5% of isoprene,
the decrease in conversion is moderate. These initiators


Figure 7. Homopolymerization of isobutene with initiator 3 ; dependence
of molecular weight and PDI on dichloromethane/hexane ratio ([Ini]=
2.5·10�4 molL�1, [IB]=1.38 molL�1, VCH2Cl2=20 mL, T=30 8C, t=16 h,
tube polymerization).


Figure 8. Homopolymerization of isobutene with initiator 3, conversion
as a function of log([water]:[initiator]) ([Ini]=2.5Q10�4 molL�1, [IB]=
1.38 molL�1, VCH2Cl2=20 mL, T=30 8C, t=16 h, tube polymerization).


Figure 9. Homopolymerization of isobutene with initiator 3 ; molecular
weight as a function of log([water]:[initiator]) ([Ini]=2.5Q10�4 molL�1,
[IB]=1.38 molL�1, VCH2Cl2=20Q10�3 L, T=30 8C, t=16 h, tube polymeri-
zation.
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were also used for the homopolymerization of isoprene, for
which only initiators 1 and 3 show activity, whereas initiator
2 shows no activity. Nevertheless, it also enables copolymeri-
zation up to 40 mol% of isoprene in the monomer feed. The
increasing isoprene content in the feed not only decreases
the conversion but also the molecular weight of the copoly-
mers (see Figure 11).


The decrease in molecular weight with increasing amount
of isoprene in the feed is due to the well-known formation
of a relatively stable allylic cation by addition of isoprene to
the active chain end. 1H NMR analysis of the copolymers
shows that incorporation of isoprene amounts to 60–70%
for monomer ratios of isobutene:isoprene of less than than
0.16:0.04. Above this isoprene proportion, accurate NMR
analysis is very unprecise due to overlapping signals of the
components.


All homo- and copolymers are colorless, highly viscous
liquids and are completely soluble, for example, in dichloro-
methane. No cross-linking takes place during the polymeri-
zation process, and even the homopolyisoprenes are thor-
oughly soluble. These isoprene containing homo- and co-
polymers can be stored under inert gas atmosphere for sev-
eral days without changing the degree of unsaturation.


Use of AgI cations : AgI complexes were used as counterion-
transfer agents in the synthesis of the MnII compounds (see
above). Therefore, it was necessary to examine whether
these AgI complexes show some initiator activity.


Since the AgI complexes 5–7 are completely inactive (see
Table 2), one can exclude the possibility that traces of AgI


complex may contribute to the initiator activity of the MnII


complexes. With these results on hand, one can further ex-
clude that the anions might be converted to Lewis acids,
which would then initiate a conventional cationic polymeri-
zation of isobutene.


As expected, the X-ray structure of the AgI complexes
displays a tetrahedral coordination of the Ag atom by nitrile
ligands and no interaction with the anion (see Table 1 and
Figure 12). In this case it was also not possible to obtain a


Figure 10. Copolymerization of isobutene/isoprene; conversion as a func-
tion of the isoprene content in the monomer feed (initiators 1–3, [Ini]=
2.5Q10�4 molL�1, [IB]=1.38 molL�1, VCH2Cl2=20 mL, T=30 8C, t=16 h,
tube polymerization, XIsoprene= [Isoprene]/([Isoprene]+ [Isobutene])).


Figure 11. Copolymerization of isobutene/isoprene; molecular weight as a
function of isoprene content in the monomer feed (initiators 1–3, [Ini]=
2.5Q10�4 molL�1, [IB]=1.38 molL�1, VCH2Cl2=20 mL, T=30 8C, t=16 h,
tube polymerization, XIsoprene= [Isoprene]/([Isoprene]+ [Isobutene])).


Table 2. Influence of the central metal atom on isobutene polymerization
in dichloromethane (Fluka), [Ini]=2.5Q10�4 molL�1, [IB]=1.38 molL�1,
T=30 8C, t=16 h, tube polymerization.


Complex Formula Yield [%] Mn [gmol�1] PDI


1 [Mn(NCCH3)6]
[N2C3H3{B(C6F5)3}2]2


17.5 6133 1.74


2 [Mn(NCCH3)6][B{C6H3(m-
CF3)2}4]2


16.9 (9 h) 9023 1.68


3 [Mn(NCCH3)6][B(C6F5)4]2 6.8 7843 1.65
5 [Ag(NCCH3)4]


[N2C3H3{B(C6F5)3}2]2


– – –


6 [Ag(NCCH3)4][B{C6H3(m-
CF3)2}4]2


– – –


7 [Ag(NCCH3)4][B(C6F5)4] – – –


Figure 12. Structure of the cationic part of compound 7a in the solid
state (ORTEP plot; the thermal ellipsoids are drawn at the 50% proba-
bility level).
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good quality crystal for the acetonitrile complex, and there-
fore its propionitrile analogue was crystallized (7 a).


Polymer structure : Polymerization of isobutene initiated by
the MnII complexes 1–3 yields polymers with a high content
of olefinic end groups. They can be formed by proton trans-
fer reaction[12] in the case of a cationic polymerization mech-
anism. Quantitative 13C NMR spectroscopy in the presence
of [Cr(acac)3] as relaxation agent allows the determination
of the content of terminal (a-olefinic) and internal (b-olefin-
ic) end groups.[15]


In this method the integral of the signal of the terminal
olefinic carbon atom (d=114.5 ppm; Figure 13) is set to
unity. The signal of the internal olefinic carbon (d=


127.8 ppm) then has a value of 0.0138. The total contents of
terminal and internal olefins can be calculated with the inte-
gral values of the methylene carbons and in comparison
with the molecular weight of the polymer determined by
size exclusion chromatography. On the basis of these data,
one can calculate that more than 95% of the isobutene mol-
ecules are functionalized with terminal olefinic end groups,
and only about 1% have internal olefinic groups. Given the
error of the NMR experiments of about 5% (determined by
calibration experiments), one can thus speak of fully olefinic
terminated polyisobutenes.


No signal can be observed in the region of d=70 ppm
(quaternary carbon atom COH), that is, no OH termination
takes place due to the absence of water in the reaction mix-
ture. This fact allows a proton initiation mechanism caused
by traces of water to be excluded. Furthermore, the lack of
signals in the range of 0–18 ppm indicates that no branching
due to methide shift reactions[12] took place.


However, long polymerization times at elevated tempera-
tures lower the content of terminal olefin groups, and the
above-mentioned branching can be observed. The amount
of undesired products can be reduced by using lower poly-
merization temperatures. Higher [initiator]:[monomer]
ratios also favor the formation of internal olefinic groups
(see Table 3), most probably due to the incorporation of
previously formed macromonomers via terminal olefinic end
groups.


The terminal-olefin content can be increased by using
higher monomer:initiatior ratios. With [monomer]:[initia-
tor]�10000, quantitative functionalization with terminal
olefinic groups can be attained. This observation is in con-
trast to a “purely cationic” polymerization, in which normal-
ly no influence of the initiator concentration on the end-
group content is detectable because of the thermodynami-
cally driven equilibria. Since a higher [initiator]:[monomer]
ratio also means a higher acetonitrile concentration in the
polymerization solution, one can assume that the content of
internal olefin increases with increasing amount of acetoni-
trile. The polyisobutenes initiated with 1–3 are honeylike,
clear, viscous liquids. To the best of our knowledge, no poly-
merization reaction has been described so far in which low-
molecular polyisobutenes with such a high content of olefin-
ic groups and molecular weights could be obtained under
similar conditions.


Conclusion


MnII cations, ligated by weakly coordinating nitrile ligands
and associated with noncoordinating, extremely bulky coun-
terions can be used as initiators for the polymerization of
isobutene at room temperature and above to achieve highly
reactive polyisobutenes with molecular weights between 0.5
and 13 kgmol�1 and with a high content of terminal double
bonds. The molecular weight and the content of terminal
double bonds are dependent on the reaction conditions. Fur-
thermore, the same initiators were effective for the copoly-
merization of isobutene with isoprene. Noncoordinating,
polar solvents are optimal for the polymerization reaction,
which seems to have a (mainly) cationic mechanism. The
presence of excess water with respect to the initiator re-
duces and finally terminates the catalytic activity, due to par-
tial replacement of the acetonitrile ligands by more strongly
coordinating water molecules. The catalytic reaction seems
to be initiated by the replacement of an acetonitrile ligand
by a substrate (monomer) molecule. Accordingly, an excess
of acetonitrile reduces the initiator activity dramatically.
Once the active species is formed, cationic polymerization
takes place that is probably terminated by proton transfer.
There is some remaining doubt about the solely cationic


Figure 13. 13C NMR spectra of liquid polyisobutene prepared at 30 8C,
molecular weight (NMR) about 1600 gmol�1, initiator 3, NMR solvent
CDCl3 (d=77.0 ppm), autoclave polymerization.


Table 3. Dependence of end-group content of polyisobutenes on the ini-
tiator:monomer ratio ([Ini]=2.5Q10�4 molL�1, solvent: dichlorome-
thane).


Monomer: Conversion [%] T [8C] Mn [gmol�1] Terminal/
initiator


(mol:mol)
internal olefin


(%)


500 [a] – 30 – –
1000[a] 56.1 30 1041 50/49
3000[a] 100.0 30 1700 80/17
5000[a] 100.0 30 2032 71/25


10000[a] 100.0 30 2448 �95/�5
28000[b] 95.1 (4 h) 30 1675 �95/�1
28500[b] 21.7 (7 h) 10 3939 �95/n.d.[c]


25000[b] 5.29 (20 h) 0 6150 �95/n.d.


[a] Tube polymerization. [b] Autoclave polymerization. [c] n.d.=not de-
tected.
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character of the polymerization, considering the high molec-
ular weights of the polymer and the comparatively slow pol-
ymerization at the applied polymerization temperatures.
The role of the nitrile ligands may include the possibility of
acting additionally as a stabilizing agent for the active chain
end. The structure of the polymers contains a high percent-
age of olefinic end groups, formed by kinetically driven
transfer reactions. It can be assumed that subtle modifica-
tions of the initiators may significantly change their activity
and that further improvements to the initiator systems are
feasible. Examinations of cations containing other metals as
well as more detailed mechanistic investigations are current-
ly underway.


Experimental Section


All preparations and manipulations were performed using standard
Schlenk techniques under an oxygen- and water-free nitrogen atmos-
phere. Commercial-grade solvents were dried and deoxygenated by re-
fluxing over appropriate drying agents under nitrogen atmosphere and
distilled prior to use. Elemental analyses were performed in the Mikro-
analytisches Labor of the TU M?nchen in Garching (M. Barth). IR spec-
tra were recorded on a Perkin-Elmer FTIR spectrometer by using KBr
pellets as IR matrix. The EPR spectra were recorded with a JEOL
JESRE2X at X-band frequency (n�9.05 GHz, microwave power 2 mW,
modulation frequency 100 kHz). Thermogravimetric analysis (TGA)
studies were performed using a Mettler TA 3000 system at a heating rate
of 5 Kmin�1 under a static atmosphere of air.


General purification procedures for reagents used for polymerization :
Dichloromethane used in autoclave polymerization was first distilled at a
reflux ratio of 4:1. Then, it was refluxed over CaH2 for at least three
days. Prior to each polymerization, it was freshly distilled under argon
and kept over molecular sieves (water content of CH2Cl2 <0.1 ppm, de-
termined by Karl Fischer titration). CH2Cl2 used in tube polymerizations
was purchased from Fluka (dry grade over molecular sieves, water con-
tent about 1.7 ppm, determined by Karl Fischer titration). n-Hexane was
distilled over sodium metal wires.


Acetonitrile wa refluxed for several hours over CaH2 and distilled freshly
prior to use. Isobutene used in the autoclave polymerization was dried
with two columns, one equipped with molecular sieves, the other filled
with sodium/aluminum oxide. Isobutene used in tube polymerizations
was dried with two columns, one filled with molecular sieves, and the
other with potassium on activated charcoal. Isoprene was dried by distil-
lation over sodium/aluminum oxide. Generally, all experimental precau-
tions necessary for cationic polymerizations were applied.


[MnII(NCMe)6][(F5C6)3BC3H3N2B(C6F5)3]2 (1): MnCl2 (74 mg,
0.44 mmol) was added to a solution of Ag[(F5C6)3BC3H3N2B(C6F5)3]
(0.95 g, 0.87 mmol) in dry MeCN (10 mL), and the mixture was stirred at
room temperature for 12 h in darkness. The solution was filtered, and the
colorless filtrate was concentrated under oil-pump vacuum to 3 mL and
cooled to �35 8C. 0.89 g of 1 was obtained (81% yield). The product was
stored at �35 8C. IR: ñ=2312, 2286 (n(CN)) cm�1; elemental analysis
calcd (%) for B4C90F60H24MnN10 (2483.3116): C 43.53, H 0.97, N 5.64;
found: C 42.96, H 1.00, N 5.41.


[MnII(NCMe)6][B{C6H3(m-CF3)2}4]2 (2): MnCl2 (89.0 mg, 0.5 mmol) was
added to Ag[B{C6H3(CF3)2}4] (0.9 g, 1.1 mmol) dissolved in dry MeCN
(20 mL). The mixture was stirred for 12 h at room temperature in the
dark. The precipitate that formed was removed, and the remaining so-
lution was reduced to 1.5 mL under oil-pump vacuum and kept at
�35 8C. Over a few hours a solid formed (0.8 g, 77% yield). The product
was stored at �35 8C. IR: ñ=2315, 2288 (n(CN)) cm�1; elemental analysis
calcd (%) for B2C76F48H42MnN6 (2027.6738): C 45.02, H 2.09, N 4.14;
found: C 44.61, H 1.94, N 3.98.


[MnII(NCMe)6][B(C6F5)4]2 (3): MnCl2 (120 mg, 0.95 mmol) was added to
a dry solution of Ag[B(C6F5)4] (1.50 g, 1.91 mmol) in MeCN (15 mL),
and the mixture was stirred at room temperature in the dark for 10 h.


The formed AgCl was filtered off leaving a pale pinkish filtrate. The fil-
trate was concentrated in vacuum to 5 mL and cooled to �35 8C and
1.22 g of solid was formed (73% yield). The product was stored at
�35 8C. IR: ñ=2312, 2284 (n(CN)) cm�1; elemental analysis calcd (%)
for B2C66F40H30MnN6 (1743.485): C 45.47, H 1.73, N 4.15; found: C 44.99,
H 1.72, N 4.13.


X-ray crystallography : Selected crystals were coated with perfluorinated
ether, fixed in a capillary, transferred to the diffractometer, and cooled in
a nitrogen stream (Oxford Cryosystems). Preliminary examination and
data collection were carried out with a kappa-CCD device (Nonius
MACH3) at the window of a rotating anode (Nonius FR591) with graph-
ite-monochromated MoKa radiation (l=0.71073 U).[16] Data were correct-
ed for Lorentzian and polarization effects. Potential absorption effects
and/or decay of the crystal were corrected during the scaling proce-
dure.[17] All structures were solved by a combination of direct methods
and difference Fourier syntheses. Full-matrix, least-squares refinements
were carried out by minimization of �w(F2


o�F2
c)


2 with SHELXL-97
weighting scheme and stopped at shift/err>0.001. Neutral-atom scatter-
ing factors for all atoms and anomalous dispersion corrections for the
non-hydrogen atoms were taken from International Tables for Crystallog-
raphy.[18] All calculations were performed with the STRUX-V[19] system
including the programs PLATON,[20] SIR92,[21] and SHELXL-97.[22]


Crystal data, data collection, and refinement for 3 a·C3H5N :[23]


[(C18H30MnN6)][(C24BF20)]2·C3H5N, Mr=1798.60, colorless fragment
(0.36Q0.51Q0.51 mm), monoclinic, P21/a (no. 14), a=17.9484(4) b=
18.6777(5), c=23.9134(6) U, b=90.660(1)8, V=8016.1(3) U3, Z=4,
1calcd=1.490 gcm�3, F000=3572, m=0.302 mm�1. Data were collected at
T=153 K in the range of 2.31<V<25.358. A total of 23890 reflections
were integrated. After merging (Rint=0.044), 10762 [5979 with
Io>2s(Io)] independent reflections remained, and all were used to refine
1094 parameters. All non-hydrogen atoms were refined with anisotropic
displacement parameters. All hydrogen atoms were calculated in ideal
positions (riding model). The refinements converged to R1=0.0487
[Io>2s(Io)], wR2=0.1145 (all data), and GOF=0.972. The final dif-
ference Fourier map showed no striking features (Demin/max=


+0.24/�0.25 eU�3). Two solvent molecules could not be modeled proper-
ly. This problem was solved by using the PLATON Calc Squeeze proce-
dure. The asymmetric unit cell contains two crystallographically inde-
pendent Mn dications, both located around a center of inversion. At Mn2
a disorder of one methylene carbon atom over two positions (72:28)
could be resolved.


Crystal data, data collection, and refinement for 4·2 C4H10O :
[(C8H16MnN4O2)][(C39H3B2F30N2)]2·2C4H10O, Mr=2585.54, colorless frag-
ment (0.43Q0.51Q0.69 mm), monoclinic, P21/n (no. 14), a=14.9333(1)
b=18.7111(1), c=20.6918(1) U, b=103.2510(2)8, V=5627.74(6) U3, Z=


2, 1calcd=1.526 gcm�3, F000=2558, m=0.268 mm�1. Data were collected at
T=123 K in the range of 2.30<V<25.358. A total of 127052 reflections
were integrated. After merging (Rint=0.033), 10297 [8871 with Io>
2s(Io)] independent reflections remained, and all were used to refine 784
parameters. All non-hydrogen atoms were refined with anisotropic dis-
placement parameters. All hydrogen atoms were calculated in ideal posi-
tions (riding model). The hydrogen atoms of the water ligand were re-
fined freely with restrained O�H distances. The refinements converged
to R1=0.0338 [Io>2s(Io)], wR2=0.1010 (all data), and GOF=1.084.
The final difference Fourier map showed no striking feature (Demin/max=


+0.36/�0.26 eU�3). One solvent molecule could not be modeled proper-
ly. This problem was solved be using the PLATON Calc Squeeze proce-
dure.


Crystal data, data collection, and refinement for 7 a : [(C12H20AgN4)]
[(C24BF20)], Mr=1007.24, colorless fragment (0.15Q0.23Q0.51 mm), mon-
oclinic, P21/c (no. 14), a=11.1319(1) b=19.9011(2), c=17.8334(1) U, b=
105.8975(3)8, V=3799.66(6) U3, Z=4, 1calcd=1.761 gcm�3, F000=1984, m=
0.663 mm�1. Data were collected at T=103 K in the range of 2.16<V<


25.358. A total of 50981 reflections were integrated. After merging
(Rint=0.032), 6951 [6415 with Io>2s(Io)] independent reflections re-
mained, and all were used to refine 639 parameters. All non-hydrogen
atoms were refined with anisotropic displacement parameters. All hydro-
gen atoms were found in the final difference Fourier map were allowed
to refine. The refinements converged to R1=0.0410 [Io>2s(Io)], wR2=
0.0961 (all data), and GOF=1.360. The final difference Fourier map
showed no striking features (Demin/max=++0.30/�0.41 eU�3).
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CCDC-195403 (3a·C3H5N), CCDC-233993 (4·2C4H10O), and CCDC-
233994 (7a) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or deposit@ccdc.cam.uk).


Polymerization reactions


Autoclave polymerization of isobutene : A polymerization autoclave
(B?chi Ecoclave 3500, equipped with 250 mL glass pressure tube, gas
inlet, and septa) was dried and purged with argon. 185 mL of dry di-
chloromethane was added and tempered to the adjusted temperature. By
using liquid nitrogen, the desired amount of isobutene was condensed
into a separate metal pressure tube and weighed. Afterwards, the isobu-
tene was defrosted and added to the solvent until saturation, reflected by
a constant pressure of about 3 bar. Then the initiator, dissolved in
CH2Cl2 (5 mL), was injected with overpressure into the reaction mixture.
The injecting system was washed with CH2Cl2 (5 mL) (example:
V(CH2Cl2)tot=200 mL, cInitiator=1.25·10�4 molL�1). After a short induction
period, which depends on the initiator used, the polymerization starts.
Samples were taken during the whole polymerization process for moni-
toring progress by using metal syringes and septas of the autoclave. After
the overpressure had been reduced to nearly atmospheric pressure, the
reaction was quenched with methanol (50 mL). For stabilization against
oxidation, 2,2’-methylene-bis(4-methyl-6-di-tert-butylphenol) (1 g) was
added. The remaining reaction mixture was removed from the autoclave
and the solvents were distilled of in vacuo. The remaining polymer was
dried under fine vacuum until the weight remained constant.


Tube polymerization of isobutene; copolymerization of isobutene/iso-
prene : For higher screening efficiency, the homopolymerization of isobu-
tene/copolymerization with isoprene was performed in pressure tubes in
a dry box. A maximum of 12 tubes were prepared at the same time. Each
tube was filled with dried dichloromethane (20 mL) at �40 8C, and the
initiator added (cInitiator=2.5·10�4 molL�1). A magnetic stirring bar was
added to each tube. Various amounts of isobutene, which was previously
condensed into a separate tube, and, in the case of copolymerization,
freshly distilled isoprene were added. The pressure tubes were sealed and
quickly removed from the dry box. The polymerization was performed
by using a water quench equipped with a magnetic stirrer at the given
temperature. The polymerization was stopped with methanol (5 mL) and
2,2’-methylene-bis(4-methyl-6-di-tert-butyl)phenol (0.2 g) was added to
prevent oxidation. The solvents were removed under oil-pump vacuum,
and the remaining polymer dried under fine vacuum at 30 8C until the
weight remained constant. The polymeric products were stored under
inert gas atmosphere. To prove reproducibility, in all experiments one
standard polymerization was performed in the first tube, that is, dichloro-
methane (20 mL), initiator 3 (2.5Q10�4 molL�1), isobutene (1.5 g), reac-
tion time 16 h, reaction temperature 30 8C.


NMR spectroscopic investigations of end groups : Depending on the
NMR method, different sample preparation techniques were applied. In
general, the weighed amount of polymer was dissolved in CDCl3
(0.5 mL) and relaxation agent [Cr(acac)3] was added when needed. The
NMR spectrum was measured as quickly as possible. NMR parameters
are listed in Table 4.
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Palladium-Catalyzed Intramolecular Hydroalkylation of Alkenyl- b-Keto
Esters, a-Aryl Ketones, and Alkyl Ketones in the Presence of Me3SiCl or HCl


Xiaoqing Han, Xiang Wang, Tao Pei, and Ross A. Widenhoefer*[a]


Introduction


In response to the absence of a general and effective
method for the alkylation of unactivated olefins with stabi-
lized carbon nucleophiles, we have recently reported the
palladium-catalyzed intramolecular hydroalkylation of 3-bu-
tenyl b-diketones to form 2-acylcyclohexanones [Eq. (1)].[1,2]


For example, treatment of 7-octene-2,4-dione (1) with a cat-
alytic amount of PdCl2(CH3CN)2 (2 ; 10 mol%) in dioxane
at room temperature for 16 h led to the formation of 2-ace-
tylcyclohexanone (3) in 81% yield as a single regioisomer
[Eq. (1)].[1]


Similarly, we have reported the palladium-catalyzed intra-
molecular oxidative alkylation of 4-pentenyl b-diketones to
form 2-acyl-2-cyclohexenones [Eq. (2)].[3,4] As an example,
reaction of 8-nonene-2,4-dione with a catalytic amount of 2
(5 mol%) and a stoichiometric amount of CuCl2 in dioxane
at room temperature for 3 h led to isolation of 2-acetyl-3-
methyl-2-cyclohexenone in 80% yield [Eq. (2)].[3,4]


On the basis of deuterium-labeling, kinetic, and in situ
NMR experiments, we have proposed a mechanism for the
palladium-catalyzed hydroalkylation of 1 involving attack of
the pendant enol on the palladium-complexed olefin of I to
form the palladium–cyclohexyl species II (Scheme 1).[2,4,5]


Isomerization of II through iterative b-hydride elimination/
addition followed by protonolysis of the palladium–enolate
species III forms 3 with regeneration of 2 (Scheme 1).


b-Keto esters possess a less acidic C�H bond and a lower
Kenol/ketone than do b-diketones (Table 1),[6–9] and it is likely
for this reason that the palladium-catalyzed hydroalkylation
of 3-butenyl b-keto esters was markedly less efficient than
was the hydroalkylation of 3-butenyl b-diketones.[1,2] For ex-
ample, treatment of methyl 3-oxo-6-heptenoate (4) with a
catalytic amount of 2 at 25 8C for 26 h formed 2-carbome-


[a] X. Han, Dr. X. Wang, Dr. T. Pei, Prof. R. A. Widenhoefer
P. M. Gross Chemical Laboratory, Duke University
Durham, North Carolina 27708-0346 (USA)
Fax: (+1)919-660-1605
E-mail : ross.widenhoefer@duke.edu


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Experimental
procedures and spectroscopic data for alkenyl ketones and X-ray
crystallographic data for trans-23.


Abstract: Reaction of 3-butenyl b-keto
esters or 3-butenyl a-aryl ketones with
a catalytic amount of [PdCl2(CH3CN)2]
(2) and a stoichiometric amount of
Me3SiCl or Me3SiCl/CuCl2 in dioxane
at 25–70 8C formed 2-substituted cyclo-
hexanones in good yield with high re-
gioselectivity. This protocol tolerated a
number of ester and aryl groups and
tolerated substitution at the allylic,


enolic, and cis and trans terminal ole-
finic positions. In situ NMR experi-
ments indicated that the chlorosilane
was not directly involved in palladium-
catalyzed hydroalkylation, but rather


served as a source of HCl, which pre-
sumably catalyzes enolization of the
ketone. Identification of HCl as the
active promoter of palladium-catalyzed
hydroalkylation led to the development
of an effective protocol for the hydro-
alkylation of alkyl 3-butenyl ketones
that employed sub-stoichiometric
amounts of 2, HCl, and CuCl2 in a
sealed tube at 70 8C.


Keywords: C�C coupling · cycliza-
tion · enols · homogeneous
catalysis · palladium
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thoxycyclohexanone (5) in only 21% yield [Eq. (1)]. Given
the precipitous drop in the reactivity of 3-butenyl b-keto
esters relative to 3-butenyl b-diketones toward palladium-
catalyzed intramolecular hydroalkylation, it was not surpris-
ing that olefins tethered to even less reactive carbon nucleo-
philes such as a-aryl ketones or dialkyl ketones (Table 1)
failed to undergo palladium-catalyzed intramolecular hydro-
alkylation. We therefore directed our efforts toward expand-
ing the scope of palladium-catalyzed olefin alkylation with
respect to the carbon nucleophile. Here we report the devel-
opment of effective procedures for the palladium-catalyzed
hydroalkylation of alkenyl-b-keto esters, a-aryl ketones, and
alkyl ketones.[10]


Results and Discussion


Hydroalkylation of alkenyl b-keto esters : Silyl enol ethers
add to unactivated olefins in the presence of a catalytic[11] or
stoichiometric amount of Pd(OAc)2


[12] and to alkynes in the


presence of a catalytic amount of [W(CO)5(thf)]
[13] or a stoi-


chiometric amount of SnCl4
[14] or EtAlCl2.


[15] On the basis of
these examples, it appeared likely that the trimethylsilyl
enol ether of 4 (4-TMS) would be more reactive toward pal-
ladium-mediated cyclization than was 4 [Eq. (3)]. However,
because 4-TMS does not possess an acidic hydrogen atom,
cyclization of 4-TMS would not generate the HCl required
for protonolysis of palladium–enolate complex III
(Scheme 1), and therefore, catalytic hydroalkylation would
not be realized.[16] Conversely, we reasoned that in situ gen-
eration of 4-TMS from reaction of 4 and Me3SiCl in the
presence of 2 would also generate the HCl required for pro-
tonolysis [Eq. (3)].


In apparent support of this hypothesis, treatment of 4
with a catalytic amount of 2 (10 mol%) and a stoichiometric
amount of Me3SiCl (2 equiv) in dioxane at room tempera-
ture for 8 h led to complete consumption of 4 and isolation
of 5 in 91% yield as a single regioisomer [Eq. (4), Table 2,
entry 1].[17] However, subsequent studies revealed that
Me3SiCl was not directly involved in hydroalkylation, but


Scheme 1.


Table 1. pKa and Kenol/ketone for carbon nucleophiles.


Carbon nucleophile pKa (DMSO)[a] Kenol/ketone


13.3
1.3(DMSO)[b]


5.1(CDCl3)
[b]


14.2
0.04(DMSO)[b]


0.09(CDCl3)
[b]


19.9 7.9I10�5(H2O)[c]


24.4 5.0I10�9(H2O)[d]


26.5 6.3I10�8(H2O)[d]


[a] Taken from reference [6]. [b] Taken from reference [7]. [c] Taken
from reference [8]. [d] Taken from reference [9].


Table 2. Cyclization of 3-butenyl b-keto esters catalyzed by 2 (10 mol%)
in the presence of Me3SiCl (2 equiv) at 25 8C in dioxane.


Entry Substrate[a] t [h] Carbocycle Yield [%]


1 R=Me(4) 8 5 91
2 R=Et 20 82
3 R=Bn 18 83
4 R= iBu 20 82


5 120 7 83


6 R=Ph 40 93
7 R=Me 14[b] 17a 87


8 36[b] 83


[a] E=CO2Me, [substrate]0=33mm. [b] Reaction mixture contained
CuCl2 (1 equiv) at 55 8C.
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rather served as a source of HCl, which was the actual spe-
cies responsible for facilitating palladium-catalyzed hydroal-
kylation (see below).


In addition to 4, ethyl, benzyl, and isobutyl 3-oxo-6-hepte-
noates underwent intramolecular hydroalkylation in the
presence of 2 (10 mol%) and Me3SiCl (2 equiv) at room
temperature to form the corresponding 2-carboalkoxycyclo-
hexanones in >80% yield as single regioisomers (Table 2,
entries 2–4). Likewise, (E)-methyl 3-oxo-6-nonenoate ((E)-
6), which possesses a terminal olefinic ethyl group, reacted
with 2 (10 mol%) and Me3SiCl (2 equiv) in dioxane at room
temperature for two days to form 2-carbomethoxy-3-ethyl-
cyclohexanone (7) in 79% isolated yield (Table 3). Attempts


to increase the rate of the conversion of (E)-6 to 7 by raising
the reaction temperature to 55 8C led to concomitant cata-
lyst decomposition and incomplete conversion (Table 3). We
reasoned that catalyst decomposition might be initiated by
reduction of PdII to Pd0 and if this were the case, an oxidant
might prevent catalyst decomposition. Indeed, palladium-
catalyzed cyclization of (E)-6 in the presence of both
Me3SiCl (2 equiv) and CuCl2 (1 equiv) at 55 8C for 12 h led
to complete consumption of (E)-6 to form 7 in 82% yield
(Table 3).[17]


In addition to (E)-6, a number of 3-butenyl b-keto esters
that possessed cis or trans terminal olefinic substitution un-
derwent palladium-catalyzed cyclization in the presence of
Me3SiCl or Me3SiCl/CuCl2 to form the corresponding 2,3-
disubstituted cyclohexanones in >80% yield with excellent
regioselectivity (Table 2, entries 5–8). Palladium-catalyzed
conversion of (Z)-6 to 7 was considerably slower than was
conversion of (E)-6 to 7, which is somewhat surprising as
cis-1,2-disubstituted olefins tend to bind more tightly to
transition metals than do trans-1,2-disubstituted olefins.[18]


Furthermore, this large discrepancy between the reactivity
of cis and trans olefins was not observed in the hydroalkyla-
tion of alkenyl a-aryl ketones (see below). Palladium-cata-
lyzed hydroalkylation of 3-butenyl b-keto esters was sensi-


tive to allylic substitution and treatment of (E)-8, which pos-
sessed both an allylic and trans-terminal olefinic methyl sub-
stituent, with a catalytic amount of 2 in the presence of
Me3SiCl/CuCl2 led to the isolation of cyclohexanone cis-9 in
50% yield as a single diastereomer and cyclohexenone 10 in
14% yield (Scheme 2).[19]


Exclusive formation of cis-9 in the palladium-catalyzed
cyclization of 8 is in accord with our mechanism for the pal-
ladium-catalyzed hydroalkylation of 7-octene-2,4-dione.[2,5]


Coordination of palladium to the olefin of 8 should occur
preferentially to the face opposite the proximal allylic
methyl group to form trans-Ia (Scheme 3). Given the anti
stereochemistry of C�C bond formation, cyclization of
trans-Ia would form exclusively trans,trans-IIa
(Scheme 3).[2,5] Because the palladium atom of trans,trans-
IIa is syn to the C5 hydrogen atom, palladium can migrate
from the C4 carbon atom to the C6 carbon atom of the cy-
clohexanone by means of iterative b-hydride elimination/ad-
dition to form the requisite palladium enolate complex VIa,
which undergoes protonolysis to form cis-9. Cyclohexenone
10 could be formed either by displacement from Va or by
displacement of cyclohexenone 10a from trans-IIIa followed
by secondary isomerization to 10 (Scheme 3).
Treatment of methyl 6-methyl-3-oxo-6-heptenoate (11)


with a catalytic amount of 2 in the presence of Me3SiCl/
CuCl2 at 65 8C for 2 h formed none of the expected 6-endo
hydroalkylation product 12, but instead formed the 5-exo
hydroalkoxylation product (E)-13 in 66% isolated yield
(87% by GC) as a single isomer (Scheme 4).[20] The expect-
ed 6-endo-trig cyclization of 11 is likely disfavored due to
the unfavorable steric interactions associated with formation
of a palladium–tertiary-alkyl complex.[21] Attack of the
enolic oxygen atom at the internal olefinic carbon atom of
11, as opposed to attack of the enolic carbon atom, is proba-
bly due to the superior overlap of the olefinic p* orbital
with the filled oxygen sp2 orbital, which lies in the C2-C3-C4
plane, as opposed to the enolic p system, which is oriented
perpendicular to the C2-C3-C4 plane.[22] Palladium-catalyzed
5-exo addition of an enolic oxygen atom to a pendant olefin
has been observed previously in the palladium-catalyzed
cyclization of cyclopentenol 14 to form bicycle 15
[Eq. (5)].[23] Likewise, we have exploited the 5-exo addition
of an enolic oxygen atom to a pendant olefin in the pal-


Table 3. Conversion of (E)-6 to 7.


T [8C] Oxidant t [h] Conversion [%] Yield [%]


25 – 48 100 79
55 – 12 70 –
55 CuCl2 12 100 82


Scheme 2.
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ladium-catalyzed conversion of a-allyl b-diketones to form
2,3,5-trisubstituted furans [Eq. (6)].[24]


In contrast to 3-butenyl b-keto esters, which reacted
poorly with 2 in the absence of Me3SiCl,


[2] 4-pentenyl b-keto
esters were moderately reactive toward 2 in the absence of
Me3SiCl. For example, reaction of methyl 3-oxo-7-octenoate


(16) with a catalytic amount of 2 (10 mol%) and a stoichio-
metric amount of CuCl2 (2.5 equiv) in dichloroethane at
70 8C for 30 min led to the isolation of 2-carbomethoxy-3-
methylcyclohexanone (17a) in 47% yield and 2-carbome-
thoxy-3-methyl-2-cyclohexenone (17b) in 27% yield.[4]


However, both the reactivity of 16 and the selectivity for the
hydroalkylation product 17a increased upon addition of
Me3SiCl to the reaction mixture. For example, reaction of 16
with a catalytic amount of 2 (10 mol%) in the presence of
Me3SiCl and CuCl2 at room temperature for 12 h led to the
isolation of cyclohexanone 17a in 72% yield and cyclohexe-
none 17b in 15% yield [Eq. (7)].


Hydroalkylation of alkenyl a-aryl ketones : The Ka and
Kenol/ketone of an a-aryl ketone are significantly lower than
are the corresponding values for a b-keto ester (Table 1).[6–9]


For this reason, it was somewhat surprising that a-aryl 3-bu-
tenyl ketones underwent efficient intramolecular hydroalky-
lation under conditions similar to those employed for the
cyclization of b-keto ester (E)-6, albeit at higher tempera-
tures. For example, treatment of benzyl 3-butenyl ketone
(18) with a catalytic amount of 2 (10 mol%) and a stoichio-
metric mixture of Me3SiCl and CuCl2 at 70 8C for 8 h gave
2-phenylcyclohexanone (19) in 70% isolated yield as a
single regioisomer [Eq. (8)].


Scheme 3.


Scheme 4.
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Attempted hydroalkylation of 18 in the absence of CuCl2
led to catalyst decomposition and incomplete conversion, as
was also observed for (E)-6. In addition to 18, a-aryl 3-bu-
tenyl ketones that possessed p-methyl, p-phenyl, p-fluoro, p-
chloro, p-bromo, and p-iodophenyl groups, o-, m-, and p-tri-
fluoromethylphenyl groups, and 1- and 2-naphthyl groups
underwent palladium-catalyzed intramolecular hydroalkyla-
tion to form the corresponding 2-arylcyclohexanones in
good yield with high regioselectivity (Table 4, entries 1–11).
It is worth noting that reactive aryl halides including bromo-


phenyl and iodophenyl were tolerated by the hydroalkyla-
tion procedure (Table 4, entries 5 and 6).
The palladium-catalyzed, Me3SiCl-mediated hydroalkyla-


tion of a-aryl 3-butenyl ketones tolerated terminal olefinic
substitution. Treatment of (E)-20, which possesses a termi-
nal olefinic ethyl group, or (E)-21, which possesses a termi-
nal olefinic phenyl group, with a catalytic amount of 2 in the
presence of Me3SiCl/CuCl2 led to the formation of cyclohex-
anones trans-22 or trans-23, respectively, in >70% yield as
single isomers (Table 4, entries 12 and 13). The stereochem-
istry of trans-22 and trans-23 was established by large
(11.6 Hz) splitting of the C2 proton by the anti C3 proton in
the 1H NMR spectrum and by single crystal X-ray analysis
in the case of trans-23. Palladium-catalyzed hydroalkylation
of 20 was not stereospecific and cyclization of (Z)-20 also
formed trans-22 as a single diastereomer in 83% yield
(Table 4, entry 14). Although 2 catalyzes the cis to trans iso-
merization of olefins that bear an aryl or tert-alkyl group,[25]


no isomerization of (Z)-20 to (E)-20 was observed through-
out complete conversion of (Z)-20 to trans-22. Rather, the
lack of stereospecificity in the palladium-catalyzed hydroal-
kylation of 20 and 21 can be traced to rapid cis–trans iso-
merization of cis-22 and cis-23 under the reaction conditions.
For example, treatment of cis-23 with a catalytic amount of
2 (10 mol%) and a stoichiometric mixture of Me3SiCl and
CuCl2 led to quantitative conversion to trans-23 within
30 min at 70 8C as determined by GC and 1H NMR analysis
[Eq. (9)].


Palladium-catalyzed hydroalkylation of a-aryl 3-butenyl
ketones tolerated substitution at the enolic position, and
treatment of 1,1-diphenyl-5-hexen-2-one (24) with a catalyt-
ic amount of 2 in the presence of Me3SiCl and CuCl2
formed 2,2-diphenylcyclohexanone (25) in 69% yield
(Table 4, entry 15). Palladium-catalyzed hydroalkylation of
a-aryl 3-butenyl ketones was sensitive to allylic substitution,
as was the case with alkenyl b-keto esters. For example, re-
action of 4-methyl-1-phenyl-5-hexen-2-one (26) with a cata-
lytic amount of 2 in the presence of Me3SiCl and CuCl2 led
to the isolation of cyclohexanone 27 in 58% yield as a ther-
modynamic 4:1 mixture of trans :cis isomers and cyclohexe-
none 28 in 12% yield (Scheme 5).


a-Aryl 4-pentenyl ketones also underwent palladium-cata-
lyzed hydroalkylation to form cyclohexanones in good yield
with high selectivity. For example, reaction of 1-phenyl-6-
hepten-2-one (29) with a catalytic amount of 2 and a stoi-
chiometric mixture of SiMe3Cl and CuCl2 formed trans-3-
methyl-2-phenylcyclohexanone (30) in 83% isolated yield
without formation of significant amounts (<5%) of the cor-
responding cyclohexenone [Eq. (10)].


Table 4. Cyclization of a-aryl 3-butenyl ketones catalyzed by 2
(10 mol%) in the presence of Me3SiCl and CuCl2 at 70 8C in dioxane.


Entry Alkenyl ketone t
[h]


Cyclohexanone Yield
[%]


1 R=p-Me 17 62
2 R=p-Ph 16 56
3 R=p-F 10 81
4 R=p-Cl 7 73
5 R=p-Br 12 80
6 R=p-I 12 65
7 R=o-CF3 12 66
8 R=m-CF3 5 76
9 R=p-CF3 12 76


10 10 74


11 12 71


12 (E)-20 (R=Et) 18 trans-22 77
13 (E)-21 (R=Ph) 36 trans-23 73


14 12 83


15 12 69
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In addition to 29, a-aryl 4-pentenyl ketones that possessed
p-methyl, p-fluoro, p-chloro, p-bromo, p-iodo, m-trifluoro-
methyl, and p-trifluoromethylphenyl groups, and 1- and 2-
naphthyl groups underwent intramolecular hydroalkylation
to form the corresponding 2-aryl cyclohexanones in good
yield with high regioselectivity (Table 5).


a-Aryl 4-pentenyl ketone 29 and a-aryl 3-butenyl ketones
20 underwent palladium-catalyzed hydroalkylation under
comparable conditions at comparable rates. For this reason,


and because palladium dichloride complexes catalyze the
isomerization of terminal olefins to form internal olefins,[26]


we considered that hydroalkylation of 29 might occur by
means of initial isomerization to 1-phenyl-5-hepten-2-one
(31) followed by cyclization to form 30 (Scheme 6). If the


conversion of 29 to 30 proceeded through initial isomeriza-
tion to 31, compound 31 would probably accumulate during
the conversion of 29 to 30. However, neither 31 nor any
other acyclic isomer of 29 was detected by GC/MS analysis
throughout complete conversion of 29 to 30, and for this
reason, we conclude that conversion of 29 to 30 occurs by
direct hydroalkylation of 29 and not thorugh initial isomeri-
zation to 31 (Scheme 6).


Limitations of the silane-mediated protocol : The Ka and
Kenol/ketone of a dialkyl ketone are >104 times less favorable
than are the corresponding values for an a-aryl ketone
(Table 1).[6–9] It is likely for this reason that the palladium-
catalyzed, Me3SiCl-mediated protocol that was applied ef-
fectively to the hydroalkylation of alkenyl b-keto esters and
a-aryl ketones proved only moderately effective for the hy-
droalkylation of alkenyl alkyl ketones. For example, treat-
ment of 3-butenyl heptyl ketone (32) with a catalytic
amount of 2 in the presence of Me3SiCl and CuCl2 formed
2-hexylcyclohexanone (33) in only 40% GC yield [Eq. (11)].
Alkenyl a-aryl ketones that possessed an electron-rich aryl
group such as 1-(4-methoxyphenyl)-5-hexene-2-one (34) also
failed to undergo efficient palladium-catalyzed, silane-medi-
ated hydroalkylation [Eq. (11)].


Behavior of Me3SiCl under reaction conditions : We had ini-
tially hypothesized that Me3SiCl facilitated the hydroalkyla-
tion of alkenyl b-keto ester 4 through the in situ formation
of the reactive alkenyl trimethylsilyl enol ether 4-TMS
[Eq. (3)]. The failure of alkenyl ketones 32 and 34 to under-
go efficient palladium-catalyzed hydroalkylation in the pres-


Scheme 5.


Table 5. Cyclization of a-aryl 4-pentenyl ketones catalyzed by 2
(10 mol%) in the presence of Me3SiCl and CuCl2 at 70 8C in dioxane.


Entry Alkenyl ketone t
[h]


Cyclohexanone Yield
[%]


1 R=p-Me 12 75
2 R=m-CF3 5 58
3 R=p-CF3 12 68
4 R=p-F 6 78
5 R=p-Cl 10 71
6 R=p-Br 10 67
7 R=p-I 20 63


8 34 53


9 24 75


Scheme 6.
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ence of Me3SiCl prompted us to probe the validity of this
assumption. To this end, a solution of 4 and Me3SiCl (1:1) in
[D8]dioxane was monitored periodically by 1H NMR spec-
troscopy at room temperature. After 30 min, no resonances
that could be attributed to 4-TMS or any other reaction
product were detected. Addition of a catalytic amount of 2
(~10 mol%) to the solution of 4 and Me3SiCl led not to for-
mation of 4-TMS, but instead to rapid hydrolysis of Me3SiCl
to form a mixture of Me3SiCl, hexamethyldisiloxane, and
HCl.[27] In hindsight, the palladium-catalyzed hydrolysis of
Me3SiCl was not surprising, as 2 also catalyzes the hydrolysis
of tert-butyldimethyl silyl ethers.[28] Similar results were ob-
tained from 1H NMR analysis of the reaction of benzyl 3-bu-
tenyl ketone (18) with Me3SiCl and 2.
Given the rapid hydrolysis of Me3SiCl in the presence of


2, we considered that perhaps hexamethyldisiloxane or HCl,
rather than Me3SiCl, might be responsible for facilitating
palladium-catalyzed hydroalkylation of alkenyl ketones.
While hexamethyldisiloxane had no detectable effect on the
rate or yield of the palladium-catalyzed hydroalkylation of
4, treatment of 4 with a mixture of 2 (10 mol%), HCl
(0.1 equiv), and CuCl2 (0.3 equiv) in a sealed tube for 12 h
at room temperature formed 5 in 83% isolated yield
[Eq. (12)]. Likewise, reaction of 18 with sub-stoichiometric
amount of 2 (10 mol%), HCl (0.1 equiv), and CuCl2
(0.3 equiv) at 70 8C in a sealed tube for 12 h formed 19 in
79% isolated yield [Eq. (12)].[29] On the basis of these ex-
periments, we conclude that Me3SiCl is not directly involved
in palladium-catalyzed hydroalkylation of alkenyl b-keto
esters and a-aryl ketones but instead serves as a source of
HCl.


Hydroalkylation of alkyl 3-butenyl ketones : Identification of
HCl as the active promoter in the palladium-catalyzed,
Me3SiCl-mediated hydroalkylation of alkenyl b-keto esters
and a-aryl ketones was significant, because the procedure
developed on the basis of this understanding proved effec-
tive for the hydroalkylation of alkyl alkenyl ketones and
electron-rich alkenyl a-aryl ketones, both of which cyclized
inefficiently when we employed our silane-mediated proto-
col [Eq. (11)]. For example, treatment of 32 with sub-stoi-
chiometric amounts of 2, HCl, and CuCl2 in a sealed tube
for 12 h formed cyclohexanone 33 in 77% isolated yield
(86% by GC) (Table 6, entry 1). Likewise, subjection of 34
to these sealed-tube conditions led to the isolation of 35 in
73% yield (Table 6, entry 3). Chlorotrimethylsilane also
served effectively as a source of HCl for the conversion of
32 to 33, provided the reaction was performed in a sealed
vessel (Table 6, entry 2).
In addition to 32 and 34, 3-butenyl pentyl, 3-butenyl phe-


nylethyl, 3-butenyl cyclohexylmethyl, and 3-butenyl cyclo-


hexyl ketone, and alkyl 3-butenyl ketones that possessed a
pendant carbomethoxy, chloro, phenoxy, or methoxy group
underwent palladium-catalyzed hydroalkylation in the pres-
ence of HCl and CuCl2 in a sealed tube to form the corre-
sponding 2-alkylcyclohexanones in 59–76% yield (Table 6,
entries 4–11). Reaction of 1-acetyl-1-allylcyclohexane (36)
with catalytic amount of 2 in the presence of HCl (4 equiv)
and CuCl2 (0.6 equiv) at 70 8C for 12 h formed a 71:20 mix-
ture of spirocycle 37 and the uncyclized isomerization prod-
uct (E)-1-acetyl-1-(1-propenyl)cyclohexane, from which 37
was isolated in 55% yield (Table 6, entry 12). Reaction of 3-
methyl-1-dodecen-5-one (38) with sub-stoichiometric
amounts of 2, HCl, and CuCl2 formed a thermodynamic
2.6:1 mixture of trans-39 and cis-39, from which trans-39 was
isolated in 31% yield and cis-39 was isolated in 13% yield
(Table 6, entry 13). Neither alkyl 3-butenyl ketones that pos-
sessed olefinic substitution, nor alkyl 4-pentenyl ketones un-
derwent efficient palladium-catalyzed hydroalkylation.


Table 6. Cyclization of 3-butenyl ketones catalyzed by 2 (10 mol%) in
the presence of CuCl2 (0.3 equiv) and HCl (0.1 equiv) at 70 8C in dioxane
in a sealed tube from 6–18 h.


Entry Alkenyl ketone Cyclohexanone Yield(%)


1 R=n-hexyl (32) 33 77
2 72[a]


3 p-C6H4OMe (34) 35 73
4 R=nBu 65
5 R=Bn 76
6 R=Cy 61


7 59


8 R=CO2Me 82
9 R=Cl 55
10 R=OPh 72
11 R=OMe 60


12[b] 55


13
31 (trans)
13 (cis)


[a] Me3SiCl employed in place of HCl. [b] 4.0 equivalents of HCl em-
ployed.
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Role of HCl in palladium-catalyzed hydroalkylation : The
rate of the palladium-catalyzed hydroalkylation of 1 to form
3 was independent of HCl concentration, which rules out
turnover-limiting protonolysis of palladium–enolate inter-
mediate III (Scheme 1).[2] This result, in conjunction with
the results of related kinetic and low-temperature NMR ex-
periments, points to C�C bond formation (I!II, Scheme 1)
as the turnover-limiting step in the conversion of 1 to 3 cata-
lyzed by 2.[2] Cyclization of I to form palladium cyclohexyl
intermediate II presumably occurs via the enol tautomer
(enol-I) as opposed to the ketone tautomer (keto-I)
(Scheme 7). For this reason, and because enolization of a b-


keto ester, a-aryl ketone, or especially dialkyl ketone is slow
in the absence of an acid catalyst,[30] we propose that HCl fa-
cilitates the palladium-catalyzed hydroalkylation of alkenyl-
b-keto esters, a-aryl ketones, and alkyl ketones by catalyzing
enolization of the palladium olefin intermediate keto-I to
generate the reactive tautomer enol-I (Scheme 7).[31]


Conclusion


3-Butenyl b-keto esters and a-aryl ketones undergo intra-
molecular hydroalkylation in the presence of a catalytic
amount of [PdCl2(CH3CN)2] (2) and a stoichiometric
amount of Me3SiCl or Me3SiCl/CuCl2 to form cyclohexa-
nones in good yield with high regioselectivity. 4-Pentenyl b-
keto esters and a-aryl ketones also cyclize under these con-
ditions to form 2,3-disubstituted cyclohexanones in good
yield with high regioselectivity. In contrast to our initial ex-
pectations, Me3SiCl is not directly involved in hydroalkyla-
tion, but instead serves as a source of HCl, which we believe
facilitates hydroalkylation by catalyzing the enolization of
the key palladium olefin complex I, thereby increasing the
rate of C�C bond formation. Identification of HCl as the
active promoter of the palladium-catalyzed hydroalkylation
of alkenyl b-keto esters and a-aryl ketones led to the devel-
opment of an effective protocol for the hydroalkylation of
alkyl 3-butenyl ketones that employed sub-stoichiometric
amounts of 2, HCl, and CuCl2 in a sealed tube.


Experimental Section


General methods : Catalytic reactions were performed under an atmos-
phere of dry nitrogen. NMR spectra were obtained at 400 MHz for
1H NMR spectra and 100 MHz for 13C NMR spectra in CDCl3 at 25 8C
unless noted otherwise. IR spectra were obtained on a Bomen MB-100


FT IR spectrometer. 2-Carboalkoxycyclohexanones existed as mixtures
of enol and keto tautomers in CDCl3. The predominant tautomer for
each carbocycle is noted and NMR data correspond to this predominant
tautomer. Gas chromatography was performed on a Hewlett–Parkard
5890 gas chromatograph equipped with a 25 m polydimethylsiloxane ca-
pillary column. Flash column chromatography was performed employing
200–400 mesh silica gel (EM). Thin-layer chromatography (TLC) was
performed on silica gel 60 F254 eluting with a 5:1 mixture of hexanes and
ethyl acetate unless otherwise noted. Elemental analyses were performed
by Complete Analysis Laboratories (Parsippany, NJ). 1,4-Dioxane (Al-
drich, anhydrous) was used as received. [PdCl2(CH3CN)2] (2) was pur-
chased (Aldrich) or was prepared from PdCl2 (Strem) employing a litera-
ture procedure.[32] An authentic sample of 2-carbomethoxycyclohexanone
(5) was purchased from Fluka.


2-Carbomethoxycyclohexanone (5): A solution of 4 (78 mg, 0.50 mmol),
Me3SiCl (0.13 mL, 1.0 mmol), and 2 (13 mg, 0.05 mmol) in dioxane
(15 mL) was stirred at room temperature for 8 h. The resulting solution
was concentrated under vacuum, treated with aqueous HCl (1n, 20 mL),
and extracted with diethyl ether (3I60 mL). The combined diethyl ether
extracts were washed with brine, dried (MgSO4), concentrated, and sub-
jected to chromatography (hexanes/diethyl ether=75:1) to give 5 (71 mg,
91%) as a pale yellow oil. Spectral data were identical to an authentic
sample (Fluka).


2-Carbomethoxy-3-ethylcyclohexanone (7): A suspension of 2 (15 mg,
0.06 mmol), CuCl2·2H2O (94 mg, 0.53 mmol), (E)-6 (100 mg, 0.55 mmol),
and Me3SiCl (0.14 mL, 1.1 mmol) in dioxane (15 mL) was stirred at 55 8C
for 12 h. The resulting suspension was concentrated under vacuum, treat-
ed with aqueous HCl (1n, 20 mL), and extracted with diethyl ether (3I
60 mL). The combined ether extracts were washed with brine, dried
(MgSO4), concentrated, and subjected to chromatography (hexanes/di-
ethyl ether=20:1!5:1) to give 7 (82 mg, 82%) as a pale yellow oil.
TLC: Rf=0.32; 1H NMR (keto tautomer): d=3.75 (s, 3H), 3.14 (d,
3J(H,H)=11.2 Hz, 1H), 2.51–2.45 (m, 1H), 2.30–2.23 (m, 1H), 2.07–1.99
(m, 2H), 1.75–1.64 (m, 2H), 1.48–1.36 (m, 2H), 1.31–1.21 (m, 1H),
0.92 ppm (t, 3J(H,H)=7.2 Hz, 3H); 13C{1H} NMR (keto tautomer): d=
206.6, 170.7, 63.7, 52.3, 42.8, 41.4, 28.7, 27.9, 25.0, 11.1 ppm; IR (neat):
ñ=1745, 1712, 1649, 1613 cm�1 (C=O); elemental analysis calcd (%) for
C10H16O3: C 65.19, H 8.75; found: C 65.03, H 8.69.


The remaining cyclohexanones in Table 2 were synthesized employing a
procedure analogous to that used to synthesize either 5 or 7.


Cyclization of methyl 5-methyl-3-oxo-6-octenoate (8): A suspension of 8
(180 mg, 1.0 mmol), Me3SiCl (220 mg, 2.0 mmol), 2 (26 mg, 0.10 mmol),
and CuCl2 (130 mg, 1.0 mmol) in dioxane (10 mL) was stirred at 55 8C for
12 h, quenched with aqueous HCl (1n, 20 mL), and extracted with dieth-
yl ether (3I60 mL). The combined organic extracts were dried (MgSO4),
concentrated, and subjected to chromatography (hexanes/diethyl ether=
20:1!2:1) to give cis-2-carbomethoxy-3,5-dimethylcyclohexanone (cis-9 ;
92 mg, 50%) as a colorless oil and 6-carbomethoxy-3,5-dimethyl-2-cyclo-
hexenone (10 ; 25 mg, 14%) as white crystals. The stereochemistry and
stereochemical purity of cis-9 was determined by 1H and 13C NMR analy-
sis, respectively, of cis-3,5-dimethylcyclohexanone generated by decar-
boalkoxylation of cis-9 employing a method similar to that reported by
Johnson.[19,33] To this end, a mixture of cis-9 (92 mg, 0.5 mmol), NaCl
(60 mg, 1.0 mmol), and H2O (0.5 mL, 28 mmol) in DMSO (2 mL) was
stirred at 170 8C for 2 h, diluted with water (20 mL), and extracted with
pentane (2I50 mL). The combined organic extracts were dried (MgSO4)
and concentrated under vacuum. The resulting oily residue was filtered
through a plug of silica and eluted with pentane/diethyl ether (1:1 mix-
ture, 20 mL), to give cis-3,5-dimethylcyclohexanone (50 mg, 79%) as a
colorless oil, which was identified on the basis of 1H and 13C NMR spec-
troscopy.[19] The 13C NMR spectrum of cis-3,5-dimethylcyclohexanone in-
dicated >95% isomeric purity.[19]


Data for cis-9 : TLC: Rf=0.42; 1H NMR (keto tautomer): d=3.75 (s,
3H), 2.98 (d, 3J(H,H)=12.0 Hz, 1H), 2.44–2.40 (m, 1H), 2.30–2.20 (m,
1H), 1.83 (m, 3H), 1.19–1.10 (m, 1H), 1.02 (d, 3J(H,H)=6.0 Hz, 3H),
1.01 ppm (d, 3J(H,H)=6.4 Hz, 3H); 13C{1H} NMR (keto tautomer): d=
206.6, 170.7, 64.7, 52.2, 49.4, 41.9, 35.9, 33.1, 22.5, 21.3 ppm; IR (neat):
ñ=1745, 1711, 1609 cm�1 (C=O); elemental analysis calcd (%) for
C10H16O3: C 65.19, H 8.75; found: C 65.37, H 8.82.


Scheme 7.
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Data for 10 : M.p. 40–42 8C; TLC: Rf=0.08; 1H NMR: d=5.91 (br s, 1H),
3.77 (s, 3H), 3.03 (d, 3J(H,H)=12.0 Hz, 1H), 2.49–2.61 (m, 1H), 2.38 (dd,
3J(H,H)=4.8, 2J(H,H)=18.8 Hz, 1H), 2.09 (qdd, 4J(H,H)=1.2, 3J(H,H)=
10.4, 2J(H,H)=18.4 Hz, 1H), 1.96 (s, 3H), 1.05 ppm (d, 3J(H,H)=6.4 Hz,
3H); 13C{1H} NMR: d=194.4, 170.9, 162.3, 125.6, 60.9, 52.3, 38.6, 32.8,
24.5, 20.0 ppm; IR (neat): ñ=1742, 1667 cm�1 (C=O); HRMS: m/z calcd
for C10H14O3: 182.0943 (found: 182.0954).


(E)-Methyl (5,5-dimethyldihydrofuran-2-ylidene)acetate ((E)-13):[34] A
suspension of 11 (100 mg, 0.60 mmol), 2 (16 mg, 0.06 mmol), CuCl2
(40 mg, 0.30 mmol), and Me3SiCl (0.15 mL, 1.20 mmol) in dioxane
(10 mL) was stirred at 65 8C for 2 h, cooled to room temperature, and
concentrated under vacuum. The resulting oily residue was subjected to
chromatography (hexanes/diethyl ether=25:1!12:1) to give (E)-13
(66 mg, 66%) as a colorless oil.


2-Phenylcyclohexanone (19): A suspension of 18 (87 mg, 0.50 mmol),
Me3SiCl (0.19 mL, 1.50 mmol), 2 (13 mg, 0.05 mmol), and CuCl2 (67 mg,
0.50 mmol) in dioxane (10 mL) was stirred at 70 8C for 8 h. The reaction
mixture was filtered through a plug of silica gel and eluted with diethyl
ether. The resulting solution was concentrated under vacuum and sub-
jected to chromatography (hexanes/diethyl ether=25:1!15:1) to give 19
(61 mg, 70%) as a pale yellow solid.


The remaining cyclohexanones in Tables 4 and 5 were synthesized em-
ploying a procedure analogous to that used to synthesize 19 unless noted
otherwise.


cis-2,3-Diphenylcyclohexanone (cis-23): A suspension of phenyl magnesi-
um chloride (2.0m in THF, 1.5 mL, 3.0 mmol) and CuI (32 mg,
0.17 mmol) in THF (10 mL) was stirred at 0 8C for 30 min and then treat-
ed with a solution of 2-phenyl-2-cyclohexenone (0.34 g, 2.0 mmol) in
THF (2 mL). The resulting suspension was stirred at room temperature
for 12 h, poured into aqueous HCl (1n), and extracted with diethyl ether.
The combined organic extracts were washed with 10% aqueous Na2S2O3


and brine, dried (MgSO4), and concentrated under vacuum. The resulting
residue was subjected to chromatography (hexanes/diethyl ether=40:1!
15:1) to give cis-23 (70 mg, 14%) as a white solid. M.p. 85–86 8C; TLC:
Rf=0.50; 1H NMR: d=7.20–7.12 (m, 6H), 7.03–6.99 (m, 4H), 4.05 (d,
3J(H,H)=5.6 Hz, 1H), 3.62 (m, 1H), 2.79–2.72 (m, 1H), 2.64–2.58 (m,
1H), 2.32–2.16 (m, 3H), 1.99–1.90 ppm (m, 1H); 13C{1H} NMR: d=


211.0, 141.9, 136.5, 130.0, 128.5, 128.4, 128.3, 127.0, 126.8, 61.8, 48.7, 40.8,
28.6, 24.0 ppm; IR (neat): ñ=1708, 1679 cm�1 (C=O); elemental analysis
calcd (%) for C18H18O: C 86.36, H 7.25; found: C 86.27, H 7.36.


Isomerization of cis-23 under reaction conditions : A suspension of cis-23
(58 mg, 0.23 mmol), Me3SiCl (0.12 mL, 0.94 mmol), 2 (8 mg, 0.03 mmol),
and CuCl2 (42 mg, 0.32 mmol) in dioxane (6 mL) was stirred at 70 8C.
After 30 min, GC analysis revealed complete (�98%) conversion to
trans-23. The reaction mixture was cooled to room temperature, filtered
through a plug of silica gel, and eluted with diethyl ether. The resulting
solution was concentrated to give trans-23 (56 mg, 97%) as a pale yellow
solid that was both chemically and isomerically pure (�95%) by
1H NMR analysis.


2-Hexylcyclohexanone (33): A suspension of 2 (13 mg, 0.05 mmol), CuCl2
(20 mg, 0.15 mmol), HCl (4 N in dioxane, 13 mL, 0.05 mmol), and 32
(91 mg, 0.50 mmol) in dioxane (6 mL) was stirred at 70 8C in a sealed
tube for 12 h. The resulting mixture was filtered through a short plug of
silica gel and eluted with hexanes/diethyl ether (1:1, 30 mL). The result-
ing solution was concentrated under vacuum and the residue was subject-
ed to chromatography (hexanes/diethyl ether=20:1!10:1) to give 33[35]


(70 mg, 77%) as a pale yellow oil.


The remaining cyclohexanones in Table 6 were synthesized employing a
procedure analogous to that used to synthesize 33.
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Palladium-Catalyzed Intramolecular Oxidative Alkylation of 4-Pentenyl
b-Dicarbonyl Compounds


Cong Liu, Xiang Wang, Tao Pei, and Ross A. Widenhoefer*[a]


Introduction


The palladium(0)-catalyzed oxidative arylation and alkeny-
lation of olefins with aryl and alkenyl halides and triflates
(Heck reaction) is one of the most useful transition-metal-
catalyzed transformations utilized in organic synthesis
[Eq. (1)].[1]


In contrast, oxidative alkylation of olefins through a Pd0-
catalyzed reaction with an alkyl halide remains problematic,
due to the inefficient oxidative addition of the alkyl halide
and/or competitive b-hydride elimination of the initially
formed PdII intermediate. Although a number of transition-
metal-based approaches for the oxidative alkylation of ole-
fins with alkyl halides have been identified, none is without
serious limitations. For example, the oxidative alkylation of
vinyl arenes with alkyl halides catalyzed by either


[NiCl2(PPh3)2] or [Co(dmgH)2(py)] (dmgH=dimethyl-
glyoxme monoanion) requires the presence of a stoichiomet-
ric amount of zinc and suffers from limited generality and
poor yields.[2,3] Similarly, cobalt complexes of the form
[CoCl2(P�P)] (P�P=bidentate phosphine ligand) catalyze
both the intermolecular oxidative alkylation of vinyl arenes
with alkyl halides[4] and the intramolecular oxidative alkyla-
tion of 6-halo-1-hexenes [Eq. (2)].[5] However, in both cases,
excess Me3SiCH2MgCl was required for efficient cataly-
sis.[5,6]


An alternative approach to the oxidative alkylation of
olefins that would also obviate the need for the alkyl halide
is by the PdII-catalyzed addition of a stabilized carbon nucle-
ophile to an olefin in the presence of a suitable oxidant. The
feasibility of such an approach is suggested by the efficient
palladium(ii)-catalyzed oxidative amination,[6] alkoxyla-
tion,[7] and hydroxylation[8] of unactivated olefins [Eq. (3)]
and by the palladium(ii)-mediated oxidative alkylation of
unactivated olefins with stabilized carbon nucleophiles, such
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Abstract: Reaction of 8-nonene-2,4-
dione with a catalytic amount of
[PdCl2(CH3CN)2] (2 ; 5 mol%) and a
stoichiometric amount of CuCl2
(2.5 equiv) at room temperature for 3 h
led to oxidative alkylation and forma-
tion of 2-acetyl-3-methyl-2-cyclohexe-
none in 80% isolated yield. The oxida-
tive alkylation of 4-pentenyl b-dike-
tones tolerated a number of terminal


acyl groups and substitution at the C1
and C3 carbon atoms of the 4-pentenyl
chain. Likewise, 4-pentenyl b-keto
esters that possessed geminal disubsti-
tution at the C1, C2, or C3 carbon


atom of the 4-pentenyl chain cyclized
to form 2-carboalkoxy-2-cyclohexe-
nones in moderate to good yield as the
exclusive cyclized product. Deuterium-
labeling experiments provided informa-
tion regarding the mechanism of the
palladium-catalyzed oxidative alkyla-
tion of 4-pentenyl b-dicarbonyl com-
pounds.


Keywords: C�C coupling ·
cyclization · enols · homogeneous
catalysis · palladium
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as silyl enol ethers and malonate anions [Eq. (4)]. Unfortu-
nately, incompatibility between the carbon nucleophile and
the stoichiometric oxidant and/or PdII complex has preclud-
ed the efficient palladium-catalyzed oxidative alkylation of
an unactivated olefin in all but a few isolated cases.[9–11]


As is documented elsewhere, we initially targeted 3-bu-
tenyl b-diketones as substrates for palladium-catalyzed oxi-
dative alkylation.[12–14] Although reaction of a 3-butenyl b-di-
ketone with [PdCl2(CH3CN)2] (2) leads to cyclization, these
reactions lead not to oxidative alkylation, but to hydroalky-
lation to form 2-acylcyclohexanones.[12–14] For example, reac-
tion of 7-octene-2,4-dione (1) with a catalytic amount of 2 in
dioxane at room temperature for 16 h formed 2-acetylcyclo-
hexanone (3) in 81% isolated yield as a single regioisomer
[Eq. (5)].[12]


Deuterium-labeling and related experiments established a
mechanism for palladium-catalyzed hydroalkylation involv-
ing attack of the pendant enol on the palladium-complexed
olefin of A to form the palladium cyclohexyl species B, fol-
lowed by iterative b-hydride elimination/addition to form in-


termediates C, D, and E, followed by protonolysis of palladi-
um enolate species F (Scheme 1).[13,14]


In the course of our studies directed toward expanding
the scope of palladium-catalyzed hydroalkylation, we found
that palladium-catalyzed cyclization of 4-pentenyl b-dike-
tones leads predominately to oxidative alkylation as op-
posed to hydroalkylation.[15] Here we provide a full account
of our investigation of the scope and mechanism of the pal-
ladium-catalyzed intramolecular oxidative alkylation of 4-
pentenyl b-dicarbonyl compounds.


Results and Discussion


4-Pentenyl b-diketones : Attempted cyclization of 8-nonene-
2,4-dione (4) under the conditions optimized for the palladi-
um-catalyzed hydroalkylation of 1 [Eq. (5)] led to low
(�20%) conversion and deposition of elemental palladium,
which pointed to oxidation of the alkenyl b-diketone.
Indeed, treatment of 4 with a stoichiometric amount of 2 in
dioxane at room temperature for 30 min led to isolation of
2-acetyl-3-methyl-2-cyclohexenone (5) in 77% yield and
2-acetyl-3-methylcyclohexanone (6) in 11% yield [Eq. (6)].


In accord with our initial expectations,[12] the b-diketone
moiety tolerated the conditions required for the in situ oxi-
dation of Pd0 to PdII. In an optimized procedure, treatment
of 4 with a catalytic amount of 2 (5 mol%) and a stoichio-
metric amount of anhydrous CuCl2 (2.5 equiv) in 1,2-di-
chloroethane (DCE) at room temperature for 3 h formed
an ~8:1 mixture of 5 and 6 from which 5 was isolated


in 80% yield (Table 1,
entry 1).[16,17]


The procedure optimized for
the conversion of 4 to 5 was
less effective for the oxidative
alkylation of substituted 4-pen-
tenyl b-diketones (Table 1, pro-
cedure A). However, an obser-
vation regarding the palladium-
catalyzed cyclization of 5,5-di-
methyl-8-nonene-2,4-dione (7)
led to the development of a
more effective oxidative alkyla-
tion protocol. Reaction of 7
with a catalytic amount of 2 inScheme 1.


D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6343 – 63526344


FULL PAPER



www.chemeurj.org





the presence of CuCl2 formed 2-acetyl-3,6,6-trimethyl-2-cy-
clohexenone (8) in 80% GC yield, 5,5-dimethyl-7-nonene-
2,4-dione (9) in 11% GC yield, and two unidentified iso-
mers 10 in 9% combined GC yield (Scheme 2 and Table 1,


entry 5). We noted that the ini-
tial rust-brown color of the re-
action mixture, characteristic of
PdCl2, changed immediately to
black upon addition of 7, and
was regenerated only upon
complete consumption of 7.
These observations suggested
that oxidation of Pd0 to PdII,
rather than cyclization of the al-
kenyl b-diketone, represented
the turnover-limiting step in the
conversion of 7 to 8. We further
hypothesized that the Pd0 or
Pd(H)Cl species generated
through oxidative alkylation of
7 might be responsible for for-
mation of byproducts 9 and 10.
Consistent with these hypothe-
ses, slow addition of 7 to a mix-
ture of 2 (5 mol%) and CuCl2
(2.5 equiv) in DCE over 3 h at
room temperature led to the
isolation of 8 in 96% yield as
the exclusive product (Table 1,
entry 6).
A number of substituted 4-


pentenyl b-diketones under-
went palladium-catalyzed oxi-
dative alkylation to form 2-
acyl-2-cyclohexenones in good
to excellent yield by employing
the procedure optimized for the
oxidative alkylation of 7
(Table 1, procedure B). The oxi-
dative alkylation of 4-pentenyl
b-diketones tolerated a number
of terminal acyl groups includ-
ing propionyl, isobutyryl, piva-
loyl, and cyclohexanecarbonyl
(Table 1). Palladium-catalyzed


oxidative alkylation also tolerated allylic substitution and
was effective for the synthesis of spirobicyclic compounds
(Table 1, entries 14–18). The compatibility of the palladium-
catalyzed oxidative alkylation of 4-pentenyl b-diketones to
substitution along the alkyl tether contrasts sharply with the
palladium-catalyzed hydroalkylation of 3-butenyl b-dicar-
bonyl compounds, which was highly sensitive to substitution
along the alkyl tether.[12–14]


Although the use of a stoichiometric amount of CuCl2 on
small scale is not problematic due to the low cost and low
toxicity of copper, we sought to demonstrate the feasibility
of palladium-catalyzed oxidative alkylation by employing
catalytic Cu/O2 as the oxidizing system. To this end, slow ad-
dition of 4 to a catalytic mixture of 2 (5 mol%) and CuCl2
(10 mol%) under oxygen (1 atm) led to the isolation of 5 in
71% yield [Eq. (7)]. Similarly, slow addition of 7 to a cata-
lytic mixture of 2 and CuCl2 under oxygen led to the isola-
tion of 8 in 70% yield [Eq. (7)].


Table 1. Oxidative alkylation of 4-pentenyl b-diketones catalyzed by [PdCl2(CH3CN)2] (2 ; 5 mol%) in the
presence of CuCl2 (2.5 equiv) in DCE at room temperature for 3–7 h.


Entry Substrate Procedure[a] Selectivity[b] Cyclohexenone Yield
[%][c]


1 R=Me (4) A 8:1 5 80
2 R= tBu A 3:1 46
3 B 11:1 70[d]


4 R=Ph (20) B 5:1 21 64


5 R=Me (7) A 4:1 8 79
6 B >50:1 96
7 R=Et A 5:1 70
8 B >50:1 97
9 R= iPr A 10:1 83
10 B >50:1 87
11 R= tBu A 4:1 57[f]


12 B >50:1 94
13 R=Cy B >50:1 86


14
15


A
B


18:1
26:1


59
76


16 B >50:1 75[d]


17
18


A[e]


B
7:1


>50:1
65
8


[a] Procedure A= substrate added in one portion; procedure B= slow addition of substrate. [b] Ratio of cyclo-
hexenone/isomerized starting material as determined by GC/MS analysis of the crude reaction mixture. [c] Iso-
lated yield of the cyclohexenone of >95% purity. [d] 10 mol% catalyst employed. [e] Reaction run at 70 8C.
[f] GC yield.


Scheme 2.
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2-Carboethoxy-2-cyclohexenone (11) undergoes acid-cata-
lyzed tautomerization to form a separable ~1:1 mixture of
11 and 2-carboethoxy-1-hydroxy-1,3-cyclohexadiene (12)
[Eq. (8)].[18]


The 2-acyl-3-alkyl-2-cyclohexenones formed through pal-
ladium-catalyzed oxidative alkylation of 4-pentenyl b-dike-
tones also undergo acid-catalyzed tautomerization, although
the resulting 1,3-dienols are unstable relative to the cyclo-
hexenone. For example, when a solution of 2-isobutyryl-
3,6,6-trimethyl-2-cyclohexenone (13) in CDCl3 was treated
with DCl/D2O ([DCl]=0.13m) and analyzed periodically by
1H NMR spectroscopy, complete exchange of the endocyclic
allylic protons and 50% exchange of the exocyclic allylic
protons was observed after 90 minutes at room temperature.
No compounds other than 13 were detected throughout
complete exchange of both the endocyclic and exocyclic al-
lylic protons of 13 (12 h). These observations are consistent
with acid-catalyzed tautomerization of 13 to form the unsta-
ble 1,3-dienols 14 a and 14 b (Scheme 3).


4-Pentenyl b-keto esters : As noted above, reaction of unsub-
stituted b-diketone 4 with 2 in the presence of CuCl2
formed predominantly cyclohexenone 5. In comparison, re-
action of methyl 3-oxo-7-octenoate (15) with a catalytic
amount of 2 (5 mol%) in the presence of CuCl2 (2.5 equiv)
formed cyclohexanone 16 in 47% yield and cyclohexenone
17 in 27% yield [Eq. (9)].


However, 3-oxo-7-octenoates that possessed gem-dialkyl
substitution at the C4, C5, or C6 carbon atom underwent
palladium-catalyzed cyclization to form exclusively cyclo-
hexenones (Table 2). For example, reaction of isopropyl 4,4-


dimethyl-3-oxo-7-octenoate (18) with a catalytic amount of
2 (5 mol%) and a stoichiometric amount of CuCl2
(2.5 equiv) at 70 8C for 1 h led to the isolation of 2-carboiso-
propoxy-3,6,6-trimethyl-2-cyclohexenone (19) in 73% yield
as the exclusive cyclized product (Table 2, entry 1). 4-Pen-
tenyl b-keto esters that possessed terminal olefinic substitu-
tion also underwent palladium-catalyzed oxidative alkyla-
tion, albeit in modest yield (Table 2, entries 8 and 9).


Scheme 3.


Table 2. Oxidative alkylation of 4-pentenyl b-keto esters catalyzed by 2
(5 mol%) in the presence of CuCl2 at 70 8C in DCE.


Entry Substrate Cyclohexenone Yield [%]


1 E=CO2iPr (18) 19 73
2 E=CO2Me 69
3 E=CO2Et 76


4 67


5 E=CO2Et 67
6 E=CO2iPr 50


7 65


8 cis 35
9 trans 35
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Mechanism of oxidative alkylation : The ratio of cyclohexe-
none/cyclohexanone products generated in the palladium-
catalyzed cyclization of alkenyl b-dicarbonyl compounds
was affected by the length of the alkyl tether, substitution
on the alkyl tether, and by the nature of the carbon nucleo-
phile. For example, whereas palladium-catalyzed cyclization
of 7-octene-2,4-dione (1) formed predominantly 2-acetylcy-
clohexanone (3), cyclization of 8-nonene-2,4-dione (4) was
~90% selective for 2-acetyl-2-cyclohexenone (5). In con-
trast, palladium-catalyzed cyclization of methyl 3-oxo-7-oc-
teneoate (15) formed predominantly (~64% selectivity) cy-
clohexanone 16 [Eq. (9)], while cyclization of substituted 4-
pentenyl b-keto ester 18 formed exclusively (�95% selec-
tivity) cyclohexenone 19 (Table 2, entry 1).[19]


In an effort to assess the role of the alkyl tether and the
b-dicarbonyl moiety on the partitioning between the hydro-
alkylation and oxidative alkylation reaction manifolds in the
palladium-catalyzed cyclization of alkenyl b-dicarbonyl com-
pounds, we investigated the mechanisms of the palladium-
catalyzed cyclization of 4-pentenyl b-dicarbonyl compounds.
To this end, we sought first to establish the mechanism of
the hydroalkylation reaction manifold and then identify the
p-bound intermediate or intermediates that underwent
olefin displacement leading to cyclohexenone formation.[20]


On the basis of the mechanism established for the palladi-
um-catalyzed hydroalkylation of 3-butenyl b-diketones
(Scheme 1),[13,14] we envisioned a mechanism for the hydro-
alkylation of an unsubstituted 4-pentenyl b-dicarbonyl com-
pound initiated by attack of the pendant enol on the palladi-
um complexed olefin of I to form the palladium cyclohexyl-
methyl species II (Scheme 4, path a). Iterative b-hydride
elimination/addition of II followed by protonolysis of palla-
dium enolate VI with HCl generated in the formation of II
would release the cyclohexanone.


The validity of our proposed mechanism for the hydroal-
kylation of a 4-pentenyl b-dicarbonyl compound was estab-
lished by means of two deuterium-labeling experiments that
employed isotopomers of 15.[21] In one experiment, treat-
ment of 15-7[D1] with a catalytic amount of 2 and a stoichio-
metric mixture of Me3SiCl


[22] and CuCl2 led to the isolation
of 16-CH2D as the exclusive cyclohexanone isotopomer in
66% yield [Eq. (10)].[23]


Selective transfer of the deuterium atom from the internal
olefinic position of 15-7[D1] to the exocyclic methyl group
of 16-CH2D is consistent with conversion of cyclohexylmeth-
yl intermediate II to cyclohexenol intermediate IV via the
methylenecyclohexenol intermediate III (Scheme 4, path a).
In a second experiment, treatment of 15-3,3[D2] with a cata-
lytic amount of 2 and a stoichiometric mixture of Me3SiCl


[22]


and CuCl2, followed by aqueous work-up and chromatogra-
phy, led to the isolation of 16-6[D1] as the exclusive deuter-


Scheme 4.
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ated cyclohexanone isotopomer (~70% [D1])
[Eq. (11)].[24–26]


Exclusive incorporation of deuterium at the C6 carbon
atom of 16-6[D1] is in accord with migration of palladium
from the exocyclic methyl group to the C6 carbon atom of
the cyclohexanone ring prior to protonolysis from enolate
complex VI (Scheme 4, path a). The proposed mechanism
also predicts that the gem-dialkyl substitution along the 4-
pentenyl chain should preclude formation of the requisite
enolate complex VI, and hence hydroalkylation. This predic-
tion is in accord with the exclusive formation of oxidative al-
kylation products in the palladium-catalyzed cyclization of
4-pentenyl b-dicarbonyl compounds that possess gem-dialkyl
substitution along the 4-pentenyl chain.
Because 1,3-dienols 14 a and 14 b tautomerized rapidly to


2-cyclohexenone 13 under acidic conditions and because
HCl is generated under reaction conditions, we considered
mechanisms for oxidative alkylation involving olefin dis-
placement from palladium cyclohexenone intermediate
VII,[27] cyclohexadienol intermediate V, and from palladium
methylenecyclohexenol intermediate III (Scheme 4). A
mechanism involving olefin displacement from III can be
distinguished from mechanisms involving olefin displace-
ment from intermediates V or VII through the cyclization of
8-deuterio-8-nonene-2,4-dione (4-8[D1]) (Scheme 5). Initial
cyclization of 4-8[D1] to form palladium methylenecyclohex-
enol intermediate III-[D1] followed by olefin displacement
from III-[D1] would form unlabeled dienol 5 a and a
Pd(D)Cl species that would eliminate DCl (Scheme 5,


path a). Because one molecule each of HCl and DCl is re-
leased in the formation of 5 a,[28] acid-catalyzed tautomeriza-
tion of 5 a would form a 1:1 mixture of 5 :5-CH2D, provided
there was no loss of deuterium from DCl. Because this con-
dition appears unlikely,[24] a mechanism for the oxidative al-
kylation of 4-8[D1] involving displacement of 5 a from III-
[D1] should form predominantly unlabeled 5 (Scheme 5,
path a). Conversely, olefin displacement from palladium cy-
clohexadienol intermediates V-CH2D or palladium cyclohex-
enone intermediate VII-CH2D would lead to exclusive for-
mation of 5-CH2D, owing to selective transfer of the deuteri-
um atom to the exocyclic methyl group of the cyclohexa-
none prior to displacement (Scheme 5, paths b and c).[27]


When a suspension of 4-8[D1] (�98% [D1]), 2 (5 mol%),
and CuCl2 (2.5 equiv) in 1,2-dichloroethane was stirred at
room temperature and monitored periodically by GC/MS
analysis throughout 90% conversion, 4-8[D1] was consumed
to form a ~72:28 mixture of 5 :5-CH2D (Table 3).[29] From


this experiment, we conclude that formation of the cyclo-
hexenone product in the palladium-catalyzed cyclization of
an unsubstituted 4-pentenyl b-diketone occurs predominant-
ly through olefin displacement from III followed by acid-
catalyzed tautomerization (Scheme 4, path b; Scheme 5,
path a). However, we can not rule out the possibility that
olefin displacement from palladium cyclohexadienol inter-
mediate V or palladium cyclohexene intermediate VII rep-
resents a minor pathway in cyclohexenone formation.
The possibility that rapid and reversible conversion of III


and IV preceded olefin displacement from III was probed
by studying the cyclization of 8,8-dideuterio-phenyl-7-
octene-1,3-dione (20-8,8[D2]). Initial cyclization of 20-
8,8[D2] to form a palladium–methylenecyclohexenol inter-
mediate III-[D2] followed by olefin displacement would lead
to exclusive formation of 21-CHD2 (Scheme 6). Conversely,
reversible b-hydride elimination/addition of III-[D2] via IV-
[D2] would form a mixture of III-[D2] and III-[D2]’. Subse-
quent olefin displacement from III-[D2] and III-[D2]’ would
lead to formation of a mixture of 21-CHD2 and 21-CH2D
(Scheme 6).[30,31] When a DCE suspension of 20-8,8[D2]
(82% deuterated), 2 (10 mol%), and CuCl2 (2.5 equiv) was
stirred at room temperature and monitored periodically by
GC/MS analysis throughout 72% conversion, 21 was formed
without significant loss of deuterium (Table 4). From this ex-Scheme 5.


Table 3. Conversion of 4-8[D1] to 5-CH2D.


t [min] Conversion [%] 5 :5-CH2D


2.5 10 72:28
7.5 40 70:30
17.5 62 73:27
30.5 90 73:27
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periment, we conclude that conversion of III to IV is irre-
versible in the palladium-catalyzed cyclization of an unsub-
stituted 4-pentenyl b-diketone (Scheme 4, path a).
Selective hydroalkylation of a 3-butenyl b-diketone re-


quires migration of palladium from the C4 carbon atom to
the C6 carbon atom of the cyclohexanone ring without
olefin displacement from palladium cyclohexenone inter-
mediates C and E (Scheme 1).[13,14] Olefin displacement
from methylenecyclohexenol complex III (Scheme 4,
path b), but not from cyclohexenone complexes C and E
(Scheme 1), can be traced to the weaker binding of the 1,1-
disubstituted olefin of III relative to the cis-1,2-disubstituted
olefins of C and E,[32] coupled with the slower conversion of
III to IV relative to the conversion of either B to C or D to
E. Conversion of III to IV requires formation of a Pd�38-
alkyl bond, whereas conversion of either B to C or D to E


forms a Pd�28-alkyl bond. Formation of a transition-metal�
38-alkyl bond by means of b-hydride addition is disfavored
relative to formation of a metal�28-alkyl bond,[33] presuma-
bly due to the unfavorable steric interactions associated
with the former transformation.
Although intermediates I–VII are depicted primarily as


the enol tautomers in Schemes 4–7, it appears likely that
these intermediates could exist either as the enol or ketone
tautomers, and that the reactivity of the different tautomeric
forms of these intermediates might differ significantly. In
particular, conjugation of the electron-withdrawing carbonyl
group to the palladium-bound olefin of III in the enol form
(III-enol), but not in the keto form (III-keto), should signifi-
cantly destabilize the palladium olefin interaction of III-enol
relative to III-keto, thereby increasing the rate of olefin dis-
placement from III-enol relative to III-keto (Scheme 7).[34]


Because b-diketones possess a more favorable Kenol/ketone


than do b-keto esters,[35] we propose that the pronounced
effect of the carbon nucleophile on the oxidative alkylation/
hydroalkylation ratio generated in the palladium-catalyzed
cyclization of 4-pentenyl b-dicarbonyl compounds is due to
the higher III-enol/III-keto ratio generated in the cyclization
of a b-diketone relative to a b-keto ester.[36]


We suspected that olefin displacement from the palladi-
um–methylenecyclohexenol intermediate III was not the
only mechanism available for oxidative alkylation. In partic-
ular, the exclusive formation of cyclohexenone 19 in the pal-
ladium-catalyzed cyclization of substituted b-keto ester 18
(Table 2, entry 1) stood in sharp contrast to the predominant
formation of cyclohexanone 16 in the cyclization of unsub-
stituted b-keto ester 15 [Eq. (9)]. Because conversion of 15
to 16 requires conversion of III to IV in preference to olefin
displacement from III, it appeared unlikely that the selective
conversion of 18 to 19 was due to selective olefin displace-
ment from methylenecyclohexenol intermediate III. Indeed,
when a suspension of 18-7[D1] (95% [D1]), 2 (5 mol%), and
CuCl2 (2.5 equiv) in DCE was stirred at room temperature
and monitored periodically by GC/MS analysis, conversion
to cyclohexenone 19-CH2D occurred without significant loss
of deuterium early in the reaction (Table 5). This observa-


Scheme 6.


Scheme 7.


Table 4. Conversion of 20-8,8[D2] to 21-CHD2.


t [min] Conversion [%] Deuteration of 21-3-CHD2 [%]


10 36 81
20 52 80
30 62 78
75 72 80
240 >95 77
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tion established olefin displacement from cyclohexadienol
intermediate V or cyclohexenone intermediate VII rather
than from methylenecyclohexenone intermediate III as the
primary pathway for the oxidative alkylation of 18
(Scheme 4). Although we can not distinguish olefin displace-
ment from V from olefin displacement from VII, olefin dis-
placement from V cannot represent the only pathway avail-
able for the oxidative alkylation of substituted b-keto esters.
In particular, methyl 6,6-dimethyl-3-oxo-7-octenoate, which
cannot form a palladium olefin intermediate analogous to V,
also underwent selective oxidative alkylation in the presence
of 2 (Table 2, entry 7).


Conclusion


Palladium-catalyzed cyclization of 4-pentenyl b-dicarbonyl
compounds occurs through competing hydroalkylation and
oxidative alkylation reaction manifolds to form mixtures of
cyclohexanone and cyclohexenone products. Palladium-cata-
lyzed cyclization of unsubstituted 4-pentenyl b-diketones
formed predominantly cyclohexenones, while cyclization of
unsubstituted 4-pentenyl b-keto esters formed predominant-
ly cyclohexanones. Conversely, palladium-catalyzed cycliza-
tion of 4-pentenyl b-dicarbonyl compounds that possess
gem-dialkyl substitution along the alkyl tether formed exclu-
sively cyclohexenones, regardless of the b-dicarbonyl
moiety. Deuterium-labeling experiments were in accord with
a mechanism for cyclization of 4-pentenyl b-dicarbonyl com-
pounds initiated by attack of the enol carbon atom on a pal-
ladium-complexed olefin to form a palladium–cyclohexyl-
methyl intermediate. Hydroalkylation occurs by means of
migration of palladium from the exocyclic methyl group to
the C6 carbon atom of the cyclohexanone ring, followed by
protonolysis of the resulting enolate complex. Two pathways
were identified for oxidative alkylation. In the case of un-
substituted b-diketones, b-hydride elimination of the initially


formed palladium–cyclohexylmethyl intermediate forms a
palladium–methylenecyclohexanone complex that undergoes
olefin displacement and acid-catalyzed tautomerization to
form the cyclohexenone. In the case of b-keto esters substi-
tuted along the alkyl tether, b-hydride addition/elimination
of the palladium–methylenecyclohexanone p complex fol-
lowed by olefin displacement from a palladium cyclohexe-
none p-complex forms the cyclohexenone.


Experimental Section


General methods : Catalytic reactions were performed under an atmos-
phere of dry nitrogen. NMR spectra were obtained on a Varian spec-
trometer operating at 400 MHz for 1H NMR spectra and 100 MHz for
13C NMR spectra in CDCl3 unless otherwise noted. IR spectra were ob-
tained on a Bomen MB-100 FT IR spectrometer. Gas chromatography
was performed on a Hewlett–Parkard 5890 gas chromatograph equipped
with a 25 m polydimethylsiloxane capillary column. Flash-column chro-
matography was performed employing 200–400 mesh silica gel (EM).
Thin-layer chromatography (TLC) was performed on silica gel 60 F254


eluting with a 5:1 mixture of hexanes and ethyl acetate unless otherwise
noted. Elemental analyses were performed by Complete Analysis Labo-
ratories (Parsippany, NJ). 1,4-Dioxane (Aldrich, anhydrous) was used as
received. [PdCl2(CH3CN)2] (2) was purchased (Strem) or was prepared
from PdCl2 (Strem) employing a literature procedure.[37]


Cyclization of 4 (stoichiometric in Pd): A solution of 4 (70 mg,
0.45 mmol) and 2 (118 mg, 0.45 mmol) in dioxane (20 mL) was stirred at
room temperature for 30 minutes. The reaction mixture was filtered
through a short plug of silica gel and eluted with diethyl ether (10 mL).
The resulting yellow solution was concentrated and subjected to chroma-
tography (hexanes/EtOAc=10:1!1.5:1) to give 2-acetyl-3-methyl-2-cy-
clohexenone (5) (53 mg, 77%) and 2-acetyl-3-methylcyclohexanone (6)
(8 mg, 11%) as colorless oils.


Data for 5 : TLC: Rf=0.16. 1H NMR: d=2.33–2.38 (m, 4H), 2.27 (s, 3H),
1.94 (quintet, 3J(H,H)=6.4 Hz, 2H), 1.89 ppm (s, 3H); 13C{1H} NMR:
d=204.6, 197.1, 160.1, 139.9, 37.6, 32.4, 31.9, 21.9 ppm; IR (neat): ñ=
1701, 1662 cm�1 (C=O); elemental analysis calcd (%) for C9H12O2: C
71.03, H 7.95; found: C 70.90, H 7.83.


Data for 6 :[38] Enol/dione�15:1; 1H NMR: d=2.77–2.73 (m, 1H), 2.35–
2.31 (m, 2H), 2.18 (s, 3H), 1.84–1.75 (m, 1H), 1.72–1.60 (m, 3H),
1.10 ppm (d, 3J(H,H)=6.8 Hz, 3H); 13C{1H} NMR: d=198.3, 194.4,
113.2, 31.7, 30.3, 28.2, 24.2, 22.0, 17.0 ppm.


Cyclization of 4 (catalytic in Pd): A suspension of 4 (77 mg, 0.50 mmol),
2 (7 mg, 0.025 mmol), and CuCl2 (180 mg, 1.3 mmol) in DCE (5 mL) was
stirred at room temperature for 30 minutes. The reaction mixture was fil-
tered through a short plug of silica gel and eluted with diethyl ether
(30 mL). The resulting yellow solution was concentrated and subjected to
chromatography (hexanes/EtOAc=10:1!1:1) to give 5 (61 mg, 80%) as
a colorless oil.


Cyclization of 4 (catalytic in 2 and CuCl2): Alkenyl ketone 4 (77 mg,
0.50 mmol) was added over 3 h to a suspension of 2 (7 mg, 0.027 mmol),
CuCl2 (8 mg, 0.06 mmol), and HCl (2 N in Et2O, 40 mL 0.08 mmol) in
DCE (10 mL) under O2 (1 atm). Upon complete addition of 4, the result-
ing mixture was filtered through a short plug of silica gel and eluted with
diethyl ether (20 mL). The resulting solution was concentrated and sub-
jected to chromatography (hexanes/EtOAc=10:1!1:1) to give 5 (53 mg,
71%) as a colorless oil.


Cyclization of 7 by means of slow addition of substrate : Alkenyl dione 7
(91 mg, 0.50 mmol) was added by means of a syringe pump over 3 h to a
well-stirred suspension of CuCl2 (200 mg, 1.48 mmol) and 2 (7 mg,
0.027 mmol) in DCE (10 mL). Five minutes after addition of 7 was com-
plete, the reaction mixture was filtered though a plug of silica gel and
eluted with diethyl ether (30 mL). The resulting solution was dried
(MgSO4), concentrated, and subjected to chromatography (SiO2, hex-
anes/diethyl ether=5:1!1:2) to give 8 (86 mg, 96%) as a colorless oil.
TLC: Rf=0.22. 1H NMR: d=2.34–2.37 (m, 2H), 2.25 (s, 3H), 1.87 (s,
3H), 1.78 (t, 3J(H,H)=6.4 Hz, 2H), 1.08 ppm (s, 6H); 13C{1H} NMR: d=


Table 5. Conversion of 18-7[D1] to cyclohexenone 19-CH2D.


t [min] Conversion [%] 19-CH2D:19


3 18 94:6
10 40 92:8
25 56 87:13
45 60 78:22
75 64 68:32
300 78 46:54
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205.0, 202.1, 157.7, 138.2, 40.5, 35.5, 31.6, 29.5, 24.1, 21.6 ppm; IR (neat):
ñ=1662, 1626 cm�1 (C=O); elemental analysis calcd (%) for C11H16O2: C
73.30, H 8.95; found: C 73.16, H 9.01.


The remaining 2-acyl-2-cyclohexenones in Table 1 were synthesized by
employing a procedure analogous to that described for the cyclization of
4 with CuCl2 as the terminal oxidant (procedure A) or that described for
7 through slow addition of the substrate (procedure B). Cyclization of 15
and each of the 4-pentenyl b-keto esters depicted in Table 2 employed a
procedure similar to that described above for the cyclization of 7 with
the exception that the b-keto esters were cyclized at 70 8C.
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Complete Charge Pooling is Prevented in Viologen-Based Dendrimers by
Self-Protection


Filippo Marchioni,[a] Margherita Venturi,*[a] Paola Ceroni,[a] Vincenzo Balzani,[a]


Martin Belohradsky,[b] Arkadij M. Elizarov,[b] Hsian-Rong Tseng,[b] and
J. Fraser Stoddart*[b]


Introduction


Dendrimers are well-defined, treelike, monodisperse macro-
molecules, with a high degree of order and the possibility to
contain selected functional units in predetermined sites of
their structure.[1,2] They are currently attracting the interest
of a great number of scientists because of their unusual
chemical and physical properties and the wide range of their
potential applications. Dendrimers that contain photoac-


tive[3] and/or electroactive[4] units are of particularly interest,
since such units 1) offer a handle to probe the intricacies of
dendrimer structures and superstructures, 2) allow dendri-
mers to perform useful functions, such as light harvesting or
charge pooling, and 3) can be useful for sensing purposes
with signal amplification.


The 4,4’-bipyridinium (usually called viologen) dication is
a well-known electroactive unit.[5] It undergoes two succes-
sive, reversible, one-electron reduction processes at easily
accessible potentials, and its monoreduced form shows a
characteristic, very strong absorption in the visible region.
Viologen species have been extensively used as electron car-
riers in reduction processes,[6] as well as in photochemical
conversion cycles for hydrogen evolution.[7]


We have previously reported on the synthesis of two den-
drimers (A918+ and A2142+ , Scheme 1) based on a 1,3,5-tri-
substituted benzenoid core, containing 9 and 21 viologen
units, respectively, in their branches and terminated with tet-
raarylmethane groups.[8] We have also shown that, in
CH2Cl2, such highly charged polycationic species give rise to
the formation of strong host–guest complexes with the di-
anionic form of the red dye eosin.[8] Each viologen unit in
the dendrimers becomes associated with an eosin molecule,
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Abstract: We have investigated the
electrochemical behavior, and chemical
and photosensitized reduction of two
dendrimers based on a 1,3,5-trisubsti-
tuted benzenoid core, which contain 9
and 21 4,4’-bipyridinium (usually called
viologen) units, respectively, in their
branches and are terminated with tet-
raarylmethane groups. For comparison
purposes, the behavior of reference
compounds that contain a single violo-
gen unit have also been investigated.
We have found that only part of the vi-
ologen units can be reduced in the den-
drimer species. For the larger dendrim-
er, the number of reducible viologens


(out of the 21 present) is 14 in electro-
chemical experiments (in MeCN), 9 on
reduction with bis(benzene)chromium
(in MeCN), and 13 by photoinduced
electron transfer with 9-methylanthra-
cene as a photosensitizer and trietha-
nolamine as a sacrificial reductant in
CH2Cl2. The reduced viologen units un-
dergo partial dimerization. The photo-
chemical experiments have shown that


only monomeric, one-electron-reduced
viologen units are formed at the begin-
ning of the irradiation, followed by
dimer formation, until a photostation-
ary state is reached that contains 40%
nonreduced, 33% monomeric reduced,
and 27% reduced units associated in
the dimeric form. The results suggest
that, upon reduction of a fraction of
the viologen units, the dendrimer struc-
ture shrinks, with the result that the
bulky terminal groups protect other vi-
ologen units from being reduced.


Keywords: bipyridinium units ·
dendrimers · electrochemistry ·
photosensitization · redox chemis-
try · viologen
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so that the number of positions (“seats”) available for the
guest molecules in the hosting dendrimer is clearly establish-
ed; for example, 21 for the larger of the two dendrimers.
The host–guest interaction can be destroyed by addition of
chloride ions and re-established by successive addition of
silver ions, so that eosin molecules can escape from and re-
enter the dendrimerJs interior, a process that can be moni-
tored by fluorescence measurements.


This paper describes the redox reactions of dendrimers
A918+ and A2142+ . For comparison purposes, we have also
investigated the behavior of the simple viologen species
A12+ and A’12+ , as reference compounds for the viologen
units of the polyviologen dendrimers, and of compound S, as
a reference for the tetraarylmethane end groups (Scheme 1).
Electrochemical investigations on other dendrimers that
contain viologen units have recently been reported.[9–12]


Results and Discussion


Dendrimers A918+ and A2142+ are slightly soluble in MeCN
and CH2Cl2. The electrochemical and chemical reductions


Abstract in Italian: I risultati riportati in questo lavoro ri-
guardano la riduzione elettrochimica, chimica e fotochimica
di due dendrimeri formati da un�unit� centrale benzenica, da
unit� periferiche costituite da gruppi tetrafenilmetano e da ra-
mificazioni che contengono rispettivamente 9 e 21 unit� di
tipo 4,4’-dipiridinio (pi% comunemente noto come viologeno).
Lo studio, nell�ambito del quale ( stato anche investigato il
comportamento di appropriati composti di riferimento costi-
tuiti da una sola unit� viologeno, ha messo in evidenza che
non ( possibile ridurre tutte le unit� viologeno contenute nei
dendrimeri con nessuna delle metodiche utilizzate e che il
numero delle unit� riducibili cambia a seconda delle condi-
zioni impiegate. Nel caso del dendrimero pi% grande, ad
esempio, delle 21 unit� presenti, quelle che possono essere ri-
dotte per via elettrochimica (in acetonitrile) sono 14, mentre
sono solo 9 quelle riducibili chimicamente (usando dibenze-
necromo in acetonitrile) e 13 quelle ridotte fotochimicamente
(utilizzando 9-metilantracene come fotosensibilizzatore e trie-
tanolammina come agente sacrificale in acetonitrile). I risul-
tati ottenuti hanno anche mostrato che le unit� ridotte,
almeno in parte, dimerizzano e gli esperimenti fotochimici
hanno specificatamente evidenziato che all�inizio dell�irradia-
mento le unit� ridotte sono in forma monomerica e che solo
successivamente interviene il processo di dimerizzazione, il
cui grado di avanzamento determina poi la composizione
dello stato fotostazionario. Ad esempio, per il dendrimero
pi% grande lo stato fotostazionario contiene 40% delle unit�
viologeno non ridotte, 33% di unit� ridotte in forma mono-
merica e 27% di unit� ridotte coinvolte nella dimerizzazione.
Il comportamento in riduzione dei due dendrimeri studiati
pu. essere interpretato ammettendo che la riduzione di una
certa frazione di unit� viologeno induca una contrazione
della struttura dendritica a seguito della quale i gruppi termi-
nali, sufficientemente ingombranti, potrebbero svolgere un�a-
zione protettiva nei confronti delle unit� viologeno, impeden-
do cos/ il procedere della riduzione.


Scheme 1. Formulas of the examined compounds. The An2n+ symbols
used indicate the presence of electron-acceptor (A) units, their number
(n), and, as a superscript, the overall electric charge (2n) of each com-
pound.
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were carried out in MeCN, with A12+ as a reference com-
pound for the viologen units, while the photosensitized re-
duction experiments were performed in CH2Cl2, by using 9-
methylanthracene as the photosensitizer and A’12+ as a ref-
erence compound.


Absorption spectra : Figure 1 shows the absorption spectra
in MeCN of reference compounds A12+ and S. The inset in
this figure shows the strong fluorescence band exhibited by


S, which is no longer present in the dendrimers. This result
is an expected one, since the fluorescent excited state of tet-
raarylmethane derivatives can be quenched by the viologen
units through both energy and electron transfer.[13]


The absorption spectra of dendrimers A918+ and A2142+


are displayed in Figure 2. From this figure it is possible to


conclude that the absorption spectrum of A2142+ is notice-
ably more intense than the sum of the spectra of 21 A12+


and 12 S component units, and that broad and weak absorp-
tion features emerge in the visible spectral region from the
low-energy tail of the intense UV bands. These results con-
firm that A12+ is not a fully satisfactory model, at least
from a spectroscopic viewpoint, for the viologen units of
A918+ and A2142+ . Each viologen unit in the dendrimers
shares benzyl groups with other units (Scheme 1) and some
benzyl groups carry bismethyleneoxy substituents. The weak
charge-transfer bands in the visible region could derive from
interactions of the electron-acceptor viologen units with the
proximate (through bond) or remote (through space) elec-
tron-donor aryloxy units.


Electrochemical reduction : Electrochemical experiments
were carried out in MeCN. We have examined the electro-
chemical behavior of the dendrimers A918+ and A2142+ ,
and of 1,1’-dibenzyl-4,4’-bipyridinium (A12+) as a reference
compound.


The potential values and the number of exchanged elec-
trons are listed in Table 1. Figure 3 displays the cyclic vol-


tammetric patterns of A12+ , A918+ , and A2142+ . All the ex-
amined compounds show the two reversible reduction proc-
esses typical of viologen units.[5] The reduction potential
values for the three compounds are similar. In the case of
the two dendrimers the reduction scan shows sharp anodic
peaks (particularly the second one), indicating adsorption of
the reduced species on the electrode. The diffusion coeffi-
cients and the number of exchanged electrons have been ob-
tained (Table 1) from chronoamperometric experiments[14]


performed at the potential value of the first reduction pro-
cess. Simulations of the CV curve of the first reduction pro-
cess for the model compound A12+ and the dendrimer
A2142+ are shown in Figure 4. For the dendrimer A2142+ ,
the simulated curve based on the diffusion coefficient and
the number of exchanged electrons found by chronoamper-
ometry fits reasonably well the experimental curve, whereas
a very bad match is obtained by using the same diffusion co-
efficient and 21 exchanged electrons.[15]


The number of exchanged electrons is smaller than that
expected on the basis of the number of viologen units, an
observation which is also made in the case (Table 1) of the
A918+ dendrimer.


Figure 1. Absorption spectra of the reference compounds A12+ and S (in
MeCN). The inset shows the fluorescence band of S (in MeCN, lex=


250 nm).


Figure 2. Absorption spectra of the dendrimers A918+ and A2142+ (in
MeCN). The dashed curve represents the sum of the spectra of the
21 A12+ and 12 S component units of the larger dendrimer. The inset
shows an enlarged view of the tails of the absorption bands in the visible
region.


Table 1. Reduction potentials, diffusion coefficients and number of ex-
changed electrons (n).[a,b]


E1
1=2 E2


1=2 DL105 nel
[c] nchem


[d] nphot
[e,f] nex


[g]


[V vs SCE] [V vs SCE] [cm2s�1]


A12+ �0.35 �0.77 1.60 1 1 1[h] 1
A918+ �0.29 �0.75[i] 0.32 5 4 4 9
A2142+ �0.30 �0.76[i] 0.27 14 9 13 21


[a] In MeCN, unless otherwise noted. [b] The estimated error on the
number of exchanged electrons is �20%. [c] From electrochemical ex-
periments. [d] From chemical reductions. [e] From photochemical reduc-
tion. [f] In CH2Cl2. [g] Expected from the overall number of viologen
units present in the compound. [h] For A’12+ . [i] Estimated value, Epc


�30 mV.
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In conclusion, the results show that in the two dendri-
mers: 1) the viologen units are reduced at potential values
close to that of the A12+ model compound, 2) all the re-
ducible units are substantially equivalent, and 3) only a frac-
tion of the viologen units can be reduced. From points 1)
and 2), it follows that the charge-transfer interactions be-
tween the electron-acceptor viologen units and the electron-
donor aryloxy groups in the dendritic structures are very
weak. In relation to point 3), however, it is interesting to
note that, for similar polyviologen dendrimers carrying
�CH2�CH3 terminal groups in the place of the much longer
and bulkier ones that characterize the present dendrimers
(Scheme 1), all the viologen units can be reduced.[9] There-
fore, the lack of complete reduction for A918+ and A2142+


is apparently related to the presence of such terminal
groups.


Chemical reduction : Since reduced viologen is rapidly oxi-
dized by dioxygen, all the experiments were performed in a
glove box under a nitrogen atmosphere. The occurrence of
the reduction was followed by spectral measurements,


taking advantage of the fact that the viologen units are col-
orless, whereas the one- and two-electron reduced species
exhibit distinct absorption bands.[5,16]


Chemical reduction was performed on the dendrimers
A918+ and A2142+ and on the reference compound A12+ .
The reduction reactions were performed by addition of a
stoichiometric amount (relative to the viologen units) of
bis(benzene)chromium [Cr(h6-C6H6)2],


[17] to solutions of
A12+ (1.0L10�4


m), A918+ (9.3L10�6
m) and A2142+ (4.0L


10�6
m) in MeCN; these solutions contained about the same


concentration of viologen units. The results obtained are dis-
played in Figure 5.[18] Reduction of A12+ yielded a product
whose spectrum (Figure 5a: lmax=607 nm, e=


14000m�1 cm�1) is that expected[19] for the one-electron re-
duced form of A12+ . This result confirms that [Cr(h6-
C6H6)2], used in stoichiometric amount, is indeed a suitable
reductant to obtain the monoreduced form of viologen
units.[20] Reduction of the solution of A2142+ in MeCN with
[Cr(h6-C6H6)2] yielded the spectrum displayed in Figure 5b.
This spectrum is much less intense than that obtained upon
reduction of A12+ (Figure 5a) and shows the spectral fea-
tures for both monomeric (band with maxima at 396 and
607 nm) and dimeric[19] (bands with maxima at 355, 537, and
850 nm) monoreduced viologens. Since each dendrimer con-


Figure 3. Cyclic voltammetric patterns of A12+ (4.6L10�4
m), A918+ (5.2L


10�4
m), and A2142+ (2.2L10�4


m) [argon-purged MeCN, scan rate=
200 mVs-1, glassy carbon as working electrode].


Figure 4. Comparison between observed and simulated cyclic voltammer-
ic waves for the first reduction of A12+ (3.5L10�4


m) and A2142+ (5.8L
10�5


m) [argon-purged MeCN, scan rate=200 mVs-1, glassy carbon as
working electrode]. A12+ : solid line, observed wave; dashed line, simu-
lated curve based on one-electron reduction. A2142+ : solid line, observed
wave; dotted line, simulated curve based on the exchange of 21 electrons;
dashed line, simulated curve based on the exchange of 14 electrons. For
both the simulated curves, the diffusion coefficient obtained by chro-
noamperometric experiments (Table 1) has been used.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6361 – 63686364


FULL PAPER M. Venturi, J. F. Stoddart et al.



www.chemeurj.org





tains different types of viologen units, and, upon one-elec-
tron reduction, such units can presumably give rise to differ-
ent dimers,[21] a complete deconvolution of the spectrum of
Figure 5b into its components is impossible. Nevertheless,
some interesting pieces of information can be drawn from
the spectrum. To a first approximation, we can assume that
the spectrum of the reduced form of A12+ (Figure 5a) and
the spectrum of reduced viologen dimers reported by
Geuder et al.[19] are reasonably good models for the spectra
of the one-electron-reduced viologen monomers and dimers,
respectively, in the dendrimer. On this assumption, a quanti-
tative analysis shows that the spectrum of Figure 5b corre-
sponds (Table 2) to the presence of 2.4L10�5


m monomeric
VC+ , and 5.0L10�6


m dimeric (VC+)2 reduced viologen spe-


cies. For A2142+ , 1) only about 9 out of 21 viologen units
can be chemically reduced under conditions in which 21
A12+ species are fully reduced, and 2) several one-electron-
reduced viologens of the dendrimer associate to give dimers
in common with other polyviologen species.[5,9,19,21, 22] Once
again, we can conclude that only a fraction of the viologen
units contained in the dendrimers can be reduced.


Photosensitized reduction : It is well known that one-elec-
tron reduction of viologen compounds can be performed by
using suitable photosensitizers, that is, species that become
strong reductancts upon light excitation. This kind of photo-
induced process has been extensively exploited for hydrogen
generation from aqueous solutions,[7]as well as to power arti-
ficial molecular machines.[23,24] Photosensitized reduction of
viologen requires photoexcitation of a suitable photosensi-
tizer (PS) [Eq. (1)], an electron-transfer reaction during an
encounter between the photoexcited molecule and the violo-
gen [Eq. (2)], and fast reaction of the reduced photosensitiz-
er with a sacrificial reductant (RED) [Eq. (3)] to prevent
the back-electron-transfer reaction between the oxidized
photosensitizer and the reduced viologen [Eq. (4)]:[25]


PSþ hn !* PS ð1Þ


*PSþV2þ ! PSþ þVCþ ð2Þ


PSþ þRED ! PSþ products ð3Þ


PSþ þVCþ ! PSþV2þ ð4Þ


The most common photosensitizer used in this kind of
process is [Ru(bpy)3]


2+ and a commonly used sacrificial re-
ductant is triethanolamine (TEOA).[26] We performed some
experiments irradiating degassed solutions of [Ru(bpy)3]


2+


(5.0L10·5m), TEOA (1.0L10�2
m), and A12+ (1.0L10�4


m) or
A2142 (4.7L10�6


m)+ in MeCN with 450 nm light. In both
cases, we observed an increase of absorbance in the near
UV and visible spectral regions in line with the formation of
one-electron-reduced viologen. The overlap with the
[Ru(bpy)3]


2+ absorption bands, however, made it difficult 1)
to evaluate the amount of reduced viologen produced by
the photoreaction and 2) to distinguish between monomeric
and dimeric reduced species.


We have therefore decided to use 9-methylanthracene,[27]


which is soluble in CH2Cl2, as a sensitizer. In this solvent,
we had to use 1,1’-dioctyl-4,4’-bipyridinium, A’12+ ion
(Scheme 1), as a reference species. Figure 6a displays the
spectral changes obtained upon irradiation of a degassed so-
lution of 9-methylanthracene (1.2L10�4


m), TEOA (5.0L
10�2


m), and A’12+ (6.7L10�5
m) in CH2Cl2 with 365 nm light.


The spectral features and the final absorbance values are
quite similar to those exhibited by the spectrum of the
chemically reduced monomeric form of A12+ (Figure 5a)
and show that all the A’12+ molecules have been reduced
when a plateau is reached. Figure 6b shows the spectral
changes obtained under the same conditions for a solution
containing A2142+ (4.0L10�6


m) in the place of A’12+ (6.7L
10�5


m) (so that both solutions contain about the same


Figure 5. Absorption spectra (optical path=1 cm) obtained after addition
of a stoichiometric amount (relative to the number of viologen units) of
[Cr(h6-C6H6)2] to deaerated solutions of a) A12+ (1.0L10�4


m) and b)
A2142+ (4.0L10�6


m) in MeCN. For more details, see the text.


Table 2. Percentages of reduced (monomeric and dimeric species) and
not reduced viologen units obtained in the chemical (in MeCN) and pho-
tochemical (in CH2Cl2) experiments.


% VC+ % VC+ % V2+


(monomeric) (dimerized) (unreduced)
chem phot chem phot chem phot


A12+ or A’12+ 100 100 0 0 0 0
A918+ 31 26 12 22 57 52
A2142+ 29 33 12 27 59 40
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number of viologen units). In this experiment, the spectral
features that arise upon irradiation (Figure 6b) are quite dif-
ferent from those shown in Figure 6a and recall those ob-
tained upon chemical reduction (Figure 5b). According to
the above discussion, we conclude that the photosensitized
reaction causes the formation of both monomeric and di-
meric reduced viologen species. Looking at the spectral
changes at different irradiation times, it is also apparent that
the fraction of monomeric and dimeric reduced units
changes (Figure 7) with increasing irradiation time. At the


photostationary state, only 60% of the viologen units are re-
duced, almost equally distributed as monomeric (55%) and
dimerized (45%) units.


Comparison of the spectra in Figures 5b and 6b shows
that, at the end of the irradiation, the number of reduced
units is slightly higher than that produced by chemical re-
duction, with a slightly larger dimer/monomer ratio
(Table 2).


Conclusions


From the studies reported so far,[9–12,28–33] it is unclear wheth-
er or not all the redox units present in a dendrimer can be
involved in electron-transfer processes. The results reported
in this paper from electrochemical, chemical, and photosen-
sitized reduction experiments concur in showing that only a
fraction of the viologen units contained in dendrimers A918+


and A2142+ can be reduced. This finding is consistent with
the incomplete reduction of viologen groups appended at
the periphery of poly(amidoamine) dendrimers already re-
ported by Crooks et al.[10] Another result pertinent to our
discussion, however, is that, in viologen-based dendrimers
like those discussed in this paper, but carrying much smaller
(�CH2�CH3) terminal groups, all the viologen units can be
reduced.[9]


Incomplete reduction of the dendrimers cannot be attrib-
uted to wrong constitutions, since we have previously shown
that the A918+ and A2142+ do contain 9 and 21 viologen
units, respectively.[8] We have found indeed that, in CH2Cl2,
A’12+ gives rise to a 1:1 complex with eosin, and that A918+


and A2142+ associate with 9 and 21 eosin molecules, respec-
tively. We believe that the lack of complete reduction for
A918+ and A2142+ could be related to the presence of the
bulky terminal groups. Upon one-electron reduction of a
large fraction of the viologen units, the dendrimer structure
is expected to shrink for several concomitant reasons,
namely: 1) the strong decrease in the electric charge, 2) the
decreased number of counterions and polar solvent mole-
cules needed within the dendrimer, 3) the tendency of
monoreduced viologens to form dimers, and 4) the occur-
rence of donor–acceptor interactions between the bulky
electron-donating stoppers and the not-yet-reduced viologen
units. Structural folding could result in the encapsulation of
a fraction of viologen units, thereby preventing their reduc-
tion. That the actual number of reducible viologen units is
different for different reduction conditions (solvent) and
methods (electrochemical, chemical, and photochemical) is
not surprising.


Experimental Section


Materials : 1,1’-Dibenzyl-4,4’-bipyridinium (dibenzylviologen, A12+) as its
hexafluorophosphate salt, 9-methylanthracene, triethanolamine, and bis-
(benzene)chromium, [Cr(h6-C6H6)2] were all high-quality commercial
products. The tetraarylmethane derivative D and the hexafluorophos-
phate salt of tris(2,2’-bipyridine)ruthenium(ii), [Ru(bpy)3](PF6)2, were
available from previous studies. 1,1’-Dioctyl-4,4’-bipyridinium (dioctyl-
viologen, A’12+) as its hexafluorophosphate salt was kindly supplied by


Figure 6. Spectral changes (optical path=1 cm) observed upon irradia-
tion of degassed solutions of 9-methylanthracene (1.2L10�4


m), TEOA
(5.0L10�2


m), and a) A’12+ (6.7L10�5
m) and b) A2142+ (4.0L10�6


m) in
CH2Cl2 with 365 nm light. The solid line corresponds to the photostation-
ary state reached in about ten minutes. A solution containing 1.2L10�4


m


9-methylanthracene was used as reference.


Figure 7. Changes in the percentages of the monomeric (solid circles) and
dimerized (open circles) monoreduced viologen units on increasing the
irradiation time for the dendrimer A2142+ . For the reference compound
A’12+ (solid triangles), only the monomeric form is obtained.
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Prof. A. Arduini (University of Parma). The preparation, characteriza-
tion and properties of dendrimers A918+ and A2142+ (all as their hexa-
fluorophosphate salts) have been previously described.[8]


Photophysical experiments : The equipment and procedures used have
been previously described.[8, 13, 23d]


Electrochemical experiments : Cyclic voltammetric (CV) experiments
were carried out in argon-purged MeCN (Romil Hi-DryTM) solutions at
room temperature with an Autolab 30 multipurpose instrument inter-
faced to a personal computer. The working electrode was a glassy carbon
electrode (0.08 cm2, Amel); its surface was routinely polished with 0.3 mm
alumina-water slurry on a felt surface, immediately prior to use. In all
cases, the counter electrode was a Pt spiral, separated from the bulk so-
lution with a fine glass frit, and an Ag wire was used as a quasi-reference
electrode. Ferrocene (E1/2=++0.395 V vs SCE) was present as an internal
standard. In all the electrochemical experiments the concentration of the
compounds was in the range 5L10�4–5L10�5


m, and tetrabutylammonium
hexafluorophosphate with 100 times higher concentration was added as
the supporting electrolyte. Cyclic voltammograms were obtained with
sweep rates in the range 0.02–1.0 Vs�1; the IR compensation implement-
ed within the Autolab 30 was used, and every effort was made through-
out the experiments in order to minimize the resistance of the solution.
In any instance, the full reversibility of the voltammetric wave of ferro-
cene was taken as an indicator of the absence of uncompensated resis-
tance effects. The reversibility of the observed processes was established
by using the criteria of 1) separation of 60 mV between cathodic and
anodic peaks, 2) the close to unity ratio of the intensities of the cathodic
and anodic currents, and 3) the constancy of the peak potential on chang-
ing sweep rate in the cyclic voltammograms. The experimental error on
the potential values was estimated to be �10 mV.


The diffusion coefficients and the numbers of exchanged electrons were
obtained independently by chronoamperometry as described in refer-
ence [14]. A Pt disk with a diameter of 50 mm was used as a working
electrode and the experiments were carried out for 5 s, with 0.05 s sample
time, at the following potential values: �0.40 V for A12+ and �0.35 V
for A918+ and A2142+ . The current intensities in steady-state conditions
were determined from CV experiments by using the same working elec-
trode of the chronoamperometric experiments and sweep rate of
10 mVs�1.


Digital simulation of the experimental CVs were obtained by using the
software package DigiSim 3.05.[34]


Chemical reduction : The experiments were performed in deaerated
MeCN under nitrogen atmosphere in a glove box. Known amounts of
bis(benzene)chromium, [Cr(h6-C6H6)2], were added to solutions of A12+ ,
A918+ , or A2142+ in MeCN.


Photochemical reduction : The experiments were performed in solutions
of A’12+ , A918+ , or A2142+ in CH2Cl2, with 9-methylanthracene as a pho-
tosensitizer and triethanolamine as a sacrificial reductant. The solutions
(3 mL) were degassed by repeated freeze-pump-thaw cycles and then ir-
radiated with 365 nm light obtained from a medium pressure Hg lamp
and an interference filter.


Concentrations of the monomeric and dimeric forms of the monoreduced
viologens : The monomer (cM) and dimer (cD) concentrations were deter-
mined from the absorbance at 605 and 537 nm (A605 and A537, respective-
ly) by using Equations (5) and (6):


cM ¼ ðA605eD537�A537eD605Þ=ðeM605eD537�eM537eD605Þ ð5Þ


cD ¼ ðA537eM605�A605eM537Þ=ðeM605eD537�eM537eD605Þ ð6Þ


in which eD537 and eD605 represent the molar absorption coefficients of the
dimer at the two selected wavelengths; their values were taken from ref-
erence [19] and correspond to 29000 and 2350m�1 cm�1, respectively. For
eM605 and eM537, the molar absorption coefficients of the monomer, the
values used were 14000 and 5770m-1 cm-1, respectively, in agreement with
those reported in reference [19]. The concentration of the dimerized one-
electron-reduced viologen units corresponds to 2LcD.
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Synthesis of Branched Oxime-Linked Peptide Mimetics of the MUC1
Containing a Universal T-Helper Epitope


Ga#lle-Anne Cremer, Nicole Bureaud, Dominique Leli*vre, V,ronique Piller,
Friedrich Piller, and Agn*s Delmas*[a]


Introduction


In recent years, the cell surface mucin MUC1 has generated
great interest as a potential target for the immunotherapy of
human tumors of epithelial origin.[1] The MUC1 protein is a
highly glycosylated protein whose peptide backbone mainly
consists of a 20-amino acid sequence repeated in tandem 30
to 90 times.[2] A number of adenocarcinomas abundantly ex-
press on their cell surface and secrete an underglycosylated
form of the MUC1 tandem repeat sequence. Underglycosy-
lation exposes on cancer cells the immunodominant


APDTRPA peptide sequence that is cryptic on normal cells
as well as tumor-associated saccharide antigens such as Tn-
(GalNAcaSer/Thr), sialyl-Tn-(NeuAca2,3GalNAcaSer/Thr)
and T-(Galb-1,3GalNAcaSer/Thr) antigens.[3] These cancer
specific modifications make the MUC1 protein a good
target for immune intervention.[4] Therapeutic vaccination
attempts were carried out with the MUC1 protein, as either
the underglycosylated protein isolated from tumoral tissues,
the recombinant proteins or synthetic peptides of different
lengths.[5] It has been reported that a linear peptide chain
has to be composed of at least four repeat units in order to
be immunogenic.[6] However, MUC1 peptides corresponding
to only one repeat of the 20-amino acid sequence linked to
KLH were able to induce an effective immune response in
women suffering from breast cancer.[7] These results strongly
suggest that an artificial presentation of the MUC1 repeat
peptide is able to improve the immune response. Neverthe-
less, the use of KLH, a very immunogenic protein, generates
undesirable immune responses, such as carrier-induced epi-
tope suppression and irrelevant antibody production.[8] In
addition, the structure of the immunogen is completely un-
defined. As an alternative, it is possible to couple a peptide
or a glycopeptide to a universal T-helper epitope,[9] that is, a
T-helper epitope able to bind to many human MHC class II
proteins in order to be efficient in a large population.[10]


Our long-term goal has been to develop glycoprotein
mimics of MUC1, highly immunogenic to induce an efficient
immune response against the tumor-associated form of the


[a] G.-A. Cremer, N. Bureaud, D. Leli<vre, Dr. V. Piller, Dr. F. Piller,
Dr. A. Delmas
Centre de Biophysique Mol?culaire, CNRS UPR 4301
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rue Charles Sadron, 45071 Orl?ans Cedex 02 (France)
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Supporting infor-
mation: Figures S1 and S2: Analytical chromatograms of crude Aoa-
Muc 3 and Aoa-PADRE 4. Figure S3: Analytical HPLC profile of
the ligation reaction leading to 6 after 18 h. Figure S4: Analytical
HPLC profile of Muc(Muc)acetal 6 after 6 min-TFA treatment.
Figure S5: Analytical HPLC profile of Muc(Muc)acetal 6 after lyo-
philization in the presence of Aoa-PADRE 2. Figure S6: Analytical
HPLC profile of Muc(Muc)Aoa 7.


Abstract: Our goal was to develop
mimics of MUC1, highly immunogenic
to induce an efficient immune response
against the tumor-associated form of
MUC1, and sufficiently different from
the natural antigen to bypass the toler-
ance barrier in humans. With the aim
of obtaining a well-defined peptide
construct as a means of evoking the
precise immune responses required in
immunotherapy, we synthesized artifi-
cial mimics of the MUC1 protein com-


posed of two MUC1 repeat units of in-
verse orientation and a universal T-
helper epitope. To synthesize these het-
eromeric peptide constructs, we fol-
lowed a convergent approach using
chemoselective ligation based on
oxime chemistry. A stem peptide was
first synthesized bearing two orthogo-


nally masked aldehydes. After succes-
sive deprotection, two oxime bonds can
be specifically generated. The proposed
strategy proved to be concise and
robust, and allowed the synthesis of the
tri-branched protein in a very satisfac-
tory yield. The different constructs
were tested for their ability to generate
antibodies able to recognize the MUC1
protein.Keywords: antibodies · chemo-


selective ligation · oxime · peptides
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MUC1, and sufficiently different from the natural antigen to
bypass the tolerance barrier in humans. With the aim of ob-
taining a well-defined peptide construct as a means of evok-
ing the precise immune responses required in immunothera-
py, we decided to develop, at first, the synthesis of unglyco-
sylated artificial mimics of the MUC1 protein composed of
two MUC1 repeat units and a universal T-helper epitope. To
be different from tumor-related antigens, the two repeat
units and the T-helper epitope are presented on a tri-
branched construct with the two MUC sequences being in-
versely oriented, that is, one with a free N-terminus, the
other with a free C-terminus (Figure 1). In addition, the
branches are linked through pseudopeptide bonds to each
other and to the T-helper epitope to render the artificial
tumor antigen slightly different from the endogenous anti-
gen with the aim of bypassing the immunological tolerance.
For the T-helper epitope, we chose PADRE (Pan DR Epi-
tope), an artificial peptide sequence engineered to be a
highly efficient universal T-helper epitope.[11] In addition to
being recognized by many human DR alleles, it also binds
to several murine alleles including those from C57Bl/6 mice
which were used to test the immune response in vivo.


To synthesize these small proteins, we followed a conver-
gent approach using chemoselective ligation based on oxime
chemistry, that is, the condensation of an unprotected pep-
tide aldehyde to an unprotected aminooxypeptide.[12] Oxime
bonds were chosen for chemical and biological reasons. The
high efficiency and selectivity of oximation reactions have
been demonstrated successfully[13] as well as its stability in a
wide range around the physiological pH.[14] Moreover, the
introduction of the surrogate oxime bond in the peptide
backbone of an immunogenic synthetic protein is compati-
ble with the in vivo induction of humoral and cellular
immune responses.[15]


It is possible to successively generate two oxime bonds on
a stem peptide by orthogonally protecting either the amine
of the aminooxy partner[16] or the aldehyde partner.[17] As
the latter presents the interesting feature of installing a reac-
tive aldehyde group at the C-terminus, we decided to ex-
plore this strategy. The critical point of our approach, be-
sides the synthesis of the stem peptide bearing two masked


aldehydes (Figure 1), was the order of unmasking the alde-
hyde functions for two successful chemoselective ligations.
The proposed strategy proved to be concise and robust, and
allowed the synthesis of the tri-branched protein in a very
satisfactory yield. The different constructs were tested for
their ability to induce the generation of antibodies which
recognize the MUC1 protein.


Results and Discussion


To afford the tri-branched heteromeric construct 1, three
starting building blocks were needed (Figure 1): two pepti-
des bearing an (aminooxy)acetyl (Aoa) group, that is, Aoa-
Muc 3 and Aoa-PADRE 2 and the Muc peptide bearing two
masked aldehydes 4, a 2-amino alcohol (a serine installed at
the e-NH2 of an additional C-terminal lysine) and an acetal
(a glycinal masked as an acetal at the C-terminus). Our syn-
thetic strategy was based on two key features: i) the synthe-
sis of the stem peptide bearing two masked aldehydes, one
of which is located at the C-terminus; ii) the successive for-
mation of two oxime bonds.


The elongation of Aoa-PADRE 2 and Aoa-Muc 3 was
carried out by a Fmoc/tBu strategy starting from a 4-(2’,4’-
dimethoxyphenyl-Fmoc-aminomethyl)-phenoxy resin (Rink-
amide resin)[18] and a p-benzyloxybenzyl alcohol resin
(Wang resin),[19] respectively. The purity was estimated by
HPLC integration to 82% for 2 and 80% for 3. Taking into
account the excellent purity of the crude peptide and the
high reactivity of the Aoa group with carbonyl-containing
compounds even present as traces in solvents,[13a,20] peptides
2 and 3 were engaged in an oximation reaction without
HPLC purification.


For the synthesis of 4, two masked aldehydes were instal-
led on a stem peptide. Besides the classical generation of an
aldehyde by 2-amino alcohol oxidation,[21] the second alde-
hyde was introduced at the C-terminus by nucleophilic dis-
placement of the ester bond between the peptide and the
PAM linker with aminoacetaldehyde-dimethylacetal.[22] The
PEGA resin was used as a polymeric matrix to facilitate the
aminolysis of a peptide longer than ten amino acids.[22b] The


Figure 1. Synthesis of the tri-branched peptide Muc(Muc)Padre 1 (Muc: PPAHGVTSAPDTRPAPGSTA; an additional alanyl residue (A) was added at
the N-terminus of the stem peptide dialdehyde 4 ; PADRE: aKXVAAWTLKa with a being the d-Ala and X the cyclohexylalanyl residue).


G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6353 – 63606354


FULL PAPER



www.chemeurj.org





synthesis of the stem peptide 4 with two masked aldehydes
was proceeded as shown in Scheme 1. The PAM linker was
attached on the PEGA resin by using, this time, the com-
mercially available Boc-Ala-4-(oxymethyl)phenylacetic acid
linker. The completion of the reaction was checked by Kai-
serLs test.[23] The use of the in situ protocol described for
Fmoc-chemistry[24] was needed to afford a quantitative cou-
pling whereas the classical preactivation protocol afforded
an incomplete reaction even after a double coupling. After
Boc removal by TFA treatment and DIEA neutralization,
the elongation was carried out following the Fmoc/tBu strat-
egy. To quantitatively install the seryl residue at the N e-Lys,
several protecting groups were tested to be orthogonal to
the Fmoc/tBu strategy and the PAM linker. In a first at-
tempt, the seryl residue was introduced before the end of
the elongation. Taking advantage of the PAM linkerLs prop-
erty of being stable to TFA and piperidine treatment,[25] the
lysyl residue was introduced as the inexpensive Fmoc-
Lys(Boc)-OH derivative, and Boc was removed with 50%
TFA followed by the in situ neutralization coupling of Boc-
Ser(tBu)-OH with PyBOP.[26] Completion of the reaction
was checked by KaiserLs test.[23] Further elongation revealed


a sharp decrease in the substitution level suggesting a pre-
mature removal of N a-Fmoc by the basic e-amine in spite of
the recommended in situ neutralisation coupling proce-
dure.[27] In a second attempt, the lysyl residue was incorpo-
rated as Fmoc-Lys(Dde)-OH. After completion of the elon-
gation with the last residue being N a-Boc protected, the
elimination of Dde by 2% N2H4 treatment in DMF was fol-
lowed by Fmoc-Ser(tBu)-OH coupling. UV measurement of
the fluorenylmethyl-piperidine adduct revealed the incorpo-
ration of the seryl residue in 50–75% yield only. This fact
could indicate a partial deprotection of the peptide chain
from the resin by hydrazinolysis. Finally, we used the Fmoc-
Lys(Mtt)-OH and removal of Mtt by treatment with 1%
TFA in dichloromethane, but in the presence of Et3SiH as a
cation scavenger to avoid retritylation.[28] The yield corre-
sponding to the removal of Trt and introduction of Fmoc-
Ser(tBu)-OH was estimated after piperidine treatment to be
90%. After deprotection of the side chain with TFA treat-
ment followed by DIEA neutralization, the aminolysis with
aminoacetaldehyde dimethylacetal was carried out to install,
at the C-terminus, the aldehyde function protected as an
acetal.[22b] HPLC and MS analyses revealed by-products


Scheme 1. Synthesis of the masked stem peptide dialdehyde Muc(Ser)acetal 4 : i) 1) HBTU (5 equiv), iPr2NEt (6 equiv), 4 h; 2) DMF/Ac2O/iPr2NEt
2:2:1, 2M10 min; ii) 1) TFA/CH2Cl2 50:50, 30 min; 2) iPr2NEt/NMP 1:9; 3) Fmoc/tBu elongation; iii) 1) TFA/CH2Cl2/iPr3SiH 1:98:1, ~30M2 min; 2) Fmoc-
Ser(tBu)-OH (5 equiv), HBTU (5 equiv), DIEA (6 equiv), 4 h; iv) piperidine/NMP 2:8; v) 1) TFA/H2O/iPr3SiH 95:2.5:2.5, 2 h; 2) iPr2NEt/NMP 1:9;
vi) H2N-CH2-CH(OCH3)2: DMF (2:1) 18 h, 40 8C.
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with a Dm of +96 Da attributed to a trifluoroacetylation
which were easily removed by treatment with piperidine.[29]


The purity of the target peptide 4 with two masked alde-
hydes was estimated at 75% (Figure 2). The main impurity
displayed a Dm of �163 Da. Considering that no drop in the
UV recording of the fluorenylmethyl piperidine adduct was
observed and that the elongation yield was 95%, we as-
sumed that the by-product was due to the loss of the N-ter-
minal dipeptide (Ala-Pro) during either the TFA treatment
or the aminolysis step.


With the stem peptide 4 in hand, two strategies for the
construction of the final target 1 were envisioned: (Figure 3,
pathway 1) after acetal deprotection and formation of the
methyl-oxime bond with Aoa-PADRE 2, the oxidation of
the seryl residue was carried out followed by the formation
of the keto-oxime bond with Aoa-Muc 3 ; (Figure 3, path-
way 2) inversely, the periodic oxidation first performed, fol-
lowed by the ligation with Aoa-Muc 3 and, second, depro-


tection of the acetal followed by the ligation with Aoa-
PADRE 2. Based on preliminary results,[17] the former strat-
egy has been explored. It was shown that the formation of
the keto-oxime ligation was more sluggish than that of the
methyl-oxime bond. As a likely consequence, transoxima-
tion of the methyl-oxime bond occurred during the forma-
tion of the keto-oxime. We thus decided to start the conden-
sation of the building blocks by the keto-oxime bond forma-
tion (Scheme 2). Masked peptide dialdehyde 4 was oxidized
by NaIO4 to afford keto-aldehyde 5 which was then filtrated
on a C18 Sep-Pak cartridge to remove the formaldehyde
formed as a by-product during the reaction. The cartridge
was copiously rinsed with water and 5 was eluted with


Figure 2. Analytical HPLC profile of Muc(Ser)acetal 4 (elution with gra-
dient A).


Figure 3. Possible pathways for successive unmasking of stem peptide di-
aldehyde 4.


Scheme 2. Synthesis of the tri-branched peptide Muc(Muc)Padre 1: double ligation strategy i) 1) NaIO4, 2 equiv in 0.1m phosphate buffer pH 6.5, 10 min;
2) HO-(CH2)2-OH, 2 equiv, 10 min; 3) Sep-Pak purification; ii) 1) Aoa-Muc 3, 1 equiv in 0.1m NaOAc pH 4.6, 18 h; 2) HPLC purification iv) 1) TFA/
H2O 60:40, 1 equiv Aoa-PADRE 4, 6 min; 2) evaporation of TFA in vacuo; 3) 0.1m NaOAc pH 4.6; 4) HPLC purification.
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CH3CN/H2O (without TFA). After evaporation under
vacuum, keto-aldehyde 5 was engaged in an oximation reac-
tion with Aoa-Muc 3 in a 0.1m NaOAc buffer, pH 4.6. The
reaction was complete after 16 h and 6 was purified by
HPLC.


After lyophilization, the acetal of 6 was removed by TFA
treatment. HPLC analysis showed the presence of a by-
product (40%) corresponding to Muc(Muc)-Muc. TFA de-
protection led to a free aldehyde in the presence of a pre-
formed keto-oxime bond. TFA-promoted reactivity of pep-
tide aldehydes[30] probably induced the transoximation reac-
tion as was reported for the levulinic acid[31a] and the pyruvic
acid[31b] in acid medium. To circumvent the latter, we envi-
sioned taking advantage of the TFA-promoted reactivity of
the peptide aldehyde reasoning that the highly reactive alde-
hyde would preferentially react with Aoa-PADRE 2 if pres-
ent in the medium during the TFA treatment. As partial de-
protection of the acetal was observed during the purifica-
tion–evaporation–lyophilization steps of 6, compound 2 was
added to the pool of HPLC fractions collected in an ice
bath. After evaporation under vacuum and lyophilization,
some of the final target compound 1 had already been pres-
ent. The second ligation was completed after brief TFA
treatment followed by evaporation under vacuum and addi-
tion of 0.1m NaOAc up to pH 4.6.


Under these conditions, transoximation was prevented
and the reaction was immediate and quantitative after addi-
tion of TFA. The target peptide 1 was eluted as a double
peak corresponding to the syn and anti isomers of the oxime
bond (Figure 4). They were well separated due to the very


different and hydrophobic nature of the PADRE peptide
when compared to the Muc peptide. The same procedure
was followed for the synthesis of Muc(Muc)-Aoa 7 which
contains just a simple Aoa residue instead of the Aoa-
PADRE 2.


After optimization of the ligation and purification steps,
the overall yield of the tri-branched constructs ranged from
10% to 25%. The differences in yields were due to the last
purification, depending on the hydrophobicity of the ligated
compound. The use of the hydrophobic PADRE epitope in
construct 1 gave a 10% overall yield whereas the use of
Aoa gave Muc(Muc)-Aoa 7 in a 25% overall yield.


Evaluation of the immune response in mice : Mice were im-
munized with Muc(Muc)-PADRE 1 and the generated
immune response was compared to that of Muc(Muc)-Aoa
7 (Figure 5). The monomeric peptide and the linear dimeric
peptide with a C-terminal aldehyde engaged in an oxime
bond with an Aoa residue, that is, Muc-Aoa 8 and MucMuc-
Aoa 9, respectively, were included in the trial. They did not
induce the production of antibodies which recognized the
MUC1 protein. This was expected since previous studies on
MUC1 repeat units reported that at least four repeats were
required to induce a measurable antibody response.[6] Inter-
estingly, the presentation of the MUC1 units in a branched
form, Muc(Muc)-Aoa 7, with opposite orientations of the
two monomers, stimulated the murine immune system to
producing antibodies which strongly reacted with a recombi-
nant unglycosylated MUC1 protein. Thus the different ori-
entations of the monomers or the branching were sufficient
to reduce the minimal requirement for the stimulation of
antibody production from four repeats for the linear form to
only two repeats in the branched form. The addition of the
PADRE T-helper epitope to this short sequence of two
MUC1-related antigens further increased the MUC1 specific
humoral immune response in mice.


Figure 4. a) Analytical C18 RP-HPLC profile of Muc(Muc)PADRE 1
after purification. (gradient B). b) Mass spectrum of 1 analyzed by ESI-
MS.


Figure 5. Serum antibody titers of mice immunized with MUC1 related
peptides. C57Bl/6 mice were immunized subcuteanously with Muc-Aoa 8
(*), MucMuc-Aoa 9 (!), Muc(Muc)-Aoa 7 (&) and Muc(Muc)-PADRE
1 (&). The mean values from three immunized mice are shown.
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Conclusion


The results underline the strength of using chemoselective
ligations based on oxime chemistry for the total chemical
synthesis of the heteromeric tri-branched peptide construct.
We have shown that a multi-ligation scheme based on suc-
cessive unmaskings of the aldehyde group can be effective
for the successive generations of the oxime bond. Besides
the classical N-terminal specific ligation method, our liga-
tion scheme employs the more challenging C-terminal liga-
tion. We have also shown that our original tri-branched pep-
tide construct is able to generate antibodies which recognize
a recombinant MUC1 protein. These results open the way
to new perspectives for the design of heteromeric branched
peptides towards artificial proteins. The flexibility of this ap-
proach is being studied not only to test different universal
T-helper epitopes but also to introduce Muc peptides di-
versely glycosylated in order to document the influence of
the saccharide on the immune response against the tumor-
associated MUC1.


Experimental Section


Abbreviations : dde: 1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl,
Fmoc: 9-fluorenylmethoxycarbonyl, GalNAc: 2-acetamido-2-deoxy-d-gal-
actose, HATU: O-(benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate, HBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate, HOBt: 1-hydroxybenzotriazole, Mtt: 4-
methyltrityl, PAM: phenylacetamidomethyl, PEGA: polyethylene glycol
dimethylacrylamide co-polymer, PyBOP: 1-benzotriazolyloxy-tris-pyrroli-
dinophosphonium hexafluorophosphate.


General methods : Organic solvents were from SDS (Peypin, France) or
Carlo Erba, with CH2Cl2, NMP, and piperidine being synthesis grade, and
CH3CN and MeOH being HPLC grade. Diethyl ether was from SDS
(Peypin, France) and the higher purity from Acros (> 99.5). DMF was
from Applied Biosystems (Courtaboeuf, France). TFA was from SDS
(Peypin, France). Water was purified on a Milli-Q reagent system (Milli-
pore). Boc-Ala-4-(oxymethyl)-phenylacetic acid linker was from Neosys-
tem (Strasbourg, France). Fmoc-Rink-amide linker (p-{(R,S)-a-[1-(9H-
Fluoren-9-nyl)-methoxyformamido]-2,4-dimethoxybenzyl}phenoxyacetic
acid), Fmoc-Ala-Wang-resin and PEGA resin were purchased from No-
vabiochem (Meudon, France). Fmoc-protected amino acids were ob-
tained from Senn Chemicals (Gentilly, France) or Novabiochem
(Meudon, France). Aminoacetaldehyde-dimethylacetal and aminooxy
acetic acid (Aoa) were from Sigma (St Quentin Fallavier, France). N a-
Boc protected Aoa was obtained according to Offord et al.[32] Coupling
reagents were purchased from commercial sources and were of the high-
est purity available.


Analytical and semi-preparative RP-HPLC were performed using a
Merck-Hitachi L7100 pump equipped with a C18 column, nucleosil
300 Q (5 mm, 250M4.6 mm) or a C18 column, Nucleosil 300 Q (5 mm,
250M10.5 mm) or a C4 column Vydac 300 Q (250M10.5 mm), a L-7455
diode array detector and a Merck-Hitachi interface D-7000. Peptides
were eluted with a linear gradient of CH3CN/H2O/0.1%TFA. Buffer A
was water containing 0.1% TFA, buffer B was CH3CN containing 0.1%
TFA. Gradient A: 10–60% of B over 80 min. Gradient B: 10% of B for
10 min and 10–60% of B over 80 min. Gradient C: 15% of B for 6 min
and 15–27% of B over 30 min. The elution was followed at 215 nm.


Electrospray mass spectrometry (ESI-MS) analyses were performed on a
triple quadrupole mass spectrometer (Quattro II, Micromass, Manches-
ter, UK). The calculated masses given correspond to the average isotope
composition. Depending on the voltage applied to the sample cone, the
peptide acetals lose one or two CH3OH. For more details concerning this
phenomenon, see a previous study.[33] We report herein only the data cor-


responding to the unfragmented peptides. MALDI-TOF mass spectrome-
try was performed on an Autoflex (Bruker).


General procedure for automated solid-phase synthesis : Solid-phase pep-
tide synthesis was run on an automated synthesizer 433A from Applied
Biosystem using Fmoc/tBu chemistry at 0.1 mmol scale with HBTU/
HOBt as coupling reagents. 10-Fold excess was used for protected amino
acids and coupling reagents. The side-chain protecting groups used were
Lys(Boc), Asp(OtBu), Ser(tBu), Thr(tBu), His(Trt), Arg(Pbf), Trp(Boc).
The 0.1 mmol scale program purchased from the manufacturer was used,
with a single coupling followed by capping with acetic anhydride so-
lution.


General procedure for manual coupling : Protected amino acid or linker
(5 equiv) and HBTU (5 equiv) were dissolved in DMF. The solution was
then transferred on resin (1 equiv) placed in a syringe equipped with a
frit and iPr2NEt (6 equiv) was added after 5 min of stirring. After 4 h, the
reactants were removed by filtration and the resin was washed with
DMF (3M).


Aoa-PADRE 2 : H2N-O-CH2-CO-aKXVAAWTLKa-NH2 (a: d-Ala; X:
cyclohexylalanine): Fmoc-Rink linker (250 mg, 0.46 mmol) was manually
coupled on an aminomethyl Tentagel resin (227 mg, 0.44 mmolg�1) 2M
8 h. Elongation of the PADRE sequence was performed according to the
general procedure with 78% yield. Peptidyl-resin (110 mg, 0.021 mmol)
was introduced in a syringe equipped with a frit and Boc-Aoa-OH
(20 mg, 0.107 mmol) was manually introduced using the general proce-
dure with HATU[34] (38 mg, 0.107 mmol) instead of HBTU. Peptidyl-
resin (40 mg) was washed with CH2Cl2 (3M), and treated with TFA/H2O/
iPr3SiH 95:2.5:2.5. Peptide was then precipitated and washed with ice-
cold diethyl ether without carbonyl-containing compounds. The crude
peptide (11 mg) was obtained. tR (gradient B): 47.58 min; ESI-MS: m/z :
calcd for C64H107N17O15: 1354.66; found: 1354.10�0.19 [M]+ .


Aoa-Muc 3 : H2N-O-CH2-CO-PPAHGVTSAPDTRPAPGST-OH: Com-
pound 3 was prepared by using Fmoc-Ala-Wang-resin (250 mg,
0.44 mmolg�1). Elongation (except for Aoa) was performed according to
the general procedure in 95% yield. Peptidyl-resin (240 mg, 0.052 mmol)
was introduced in a syringe equipped with a frit and Boc-Aoa-OH
(49.7 mg, 0.26 mmol) was manually introduced using the general proce-
dure with HATU (99 mg, 0.26 mmol) instead of HBTU. Peptidyl-resin
(41 mg) was washed with CH2Cl2 (3M), and treated with TFA/H2O/
iPr3SiH 95:2.5:2.5. The peptide was then precipitated and washed with
ice-cold diethyl ether without carbonyl-containing compounds. The crude
peptide (14 mg) was obtained corresponding to a yield of 87%. tR (gradi-
ent A): 14.57 min; ESI-MS: m/z : calcd for C82H130N26O30: 1960.09; found:
1959.51�0.06 [M]+ .


Muc(Ser)acetal 4 : APPAHGVTSAPDTRPAPGSTAK(S)A-NH-CH2-
CH(OCH3)2: The Boc-Ala-4-(oxymethyl)phenylacetic acid linker
(168.7 mg, 0.5 mmol) was manually coupled to the amino methyl PEGA
resin (0.4 mmolg�1; 4 g of wet resin) using the general procedure fol-
lowed by capping with DMF/Ac2O/iPr2NEt 2:2:1 (2M10 min). The Boc-
Ala-PAM-PEGA resin was deprotected with TFA/CH2Cl2 5:5 for 30 min.
The Ala-PAM-PEGA resin was introduced into a reactor for solid-phase
synthesis. The lysyl residue was introduced as Fmoc-Lys(Mtt)-OH. UV
spectroscopy of the fluorenylmethyl-piperidine adduct at 301 nm (e=
7800 mol�1 dm3cm�1) after removing the N a-Fmoc gave the initial
amount of amine available for elongation (0.076 mmol). The elongation
of the A-Muc sequence was conducted as described in the general proce-
dure. The N-terminal amino acid was introduced as Boc-Ala-OH. The
dry peptidyl-resin (188 mg, 0.025 mmol) was introduced into a syringe
equipped with a frit and treated with TFA/CH2Cl2/iPr3SiH 1:98:1 (~30M
2 min, until the resin was colorless). Fmoc-Ser(tBu)-OH (47.9 mg,
0.125 mmol) was manually coupled to the peptidyl resin using the general
procedure. After three washings with NMP, the N a-Fmoc of the serine
was manually removed by 20% piperidine in NMP (3M) followed by the
washing of the resin with CH2Cl2 (3M). The absorbance of the fluorenyl-
methyl-piperidine adduct was measured at 301 nm (e=
7800 mol�1 dm3cm�1) giving 0.021 mmol. The total elongation yield (back-
bone elongation and introduction of the branched serine) was 85% start-
ing from the initial amount of amine.


The Muc(Ser)PAM-PEGA resin was washed with CH2Cl2 (3M). The a-
NH2 and side chains were deprotected with TFA/H2O/iPr3SiH 95:2.5:2.5
for 2 h. The resin was washed with CH2Cl2 (3M) and NMP (3M) and neu-
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tralized with iPr2NEt/NMP 1:9 followed by washings with DMF (3M).
Aminoacetaldehyde-dimethylacetal (3.2 mL) and DMF (1.6 mL) were
added to the peptidyl-resin and left under gentle stirring in an oven for
18 h at 40 8C. To recover the peptide acetal, the resin was drained and
washed with DMF (3M) and H2O (3M). The filtrates were pooled and
evaporated under vacuum and, then, 20% piperidine in H2O (1.2 mL)
was added and left under stirring for 90 min. After evaporation under
vacuum, the resulting oil was dissolved in distilled water (12 mL) and
submitted to analytical C18-RP-HPLC. tR (gradient A): 14.66 min; ESI-
MS: m/z : calcd for C99H163N31O34: 2331.57; found: 2330.17�0.66 [M]+ .


Muc(CHO)acetal 5 and Muc(Muc)acetal 6 : Muc(Ser)acetal 4
(0.014 mmol) was dissolved in a 0.1m phosphate buffer, pH 6.5 (8 mL).
NaIO4 (6.05 mg, 0.028 mmol) was added and the solution was left under
stirring for 10 min. Ethane-diol (31.62 mL, 0.056 mmol) was added to
quench the reaction. The peptide was semi-purified by filtration on C18
Sep-Pak. After evaporation under vacuum, Muc(CHO)acetal 5 was dis-
solved in 0.1m NaOAc, pH 4.5 (4.8 mL) and submitted to C18-RP-
HPLC. tR (gradient A): 16.08 min; ESI-MS: m/z : calcd for C98H158N30O34:
2300.51; found: 2300.27�1.09 [M]+ . Aoa-Muc 3 (30 mg, 0.015 mmol) was
added to the solution of 5 and the reaction mixture was left under stirring
for 18 h. Peptide conjugate 6 was purified by C18-RP-HPLC. HPLC frac-
tions were kept in an ice bath, evaporated under vacuum and lyophilized
in the presence of Aoa-PADRE 2 (3.3 mg, 0.0024 mmol). tR (gradient A):
21.58 min; ESI-MS: m/z : calcd for C180H286N56O63: 4242.59; found:
4241.82�0.64 [M]+ .


Muc(Muc)PADRE 1: Peptide acetal 6 in the presence of Aoa-PADRE 2
was treated with TFA/H2O 4:6 (10 mL) for 6 min. After evaporation of
the TFA under vacuum, the product was dissolved in 0.1m NaOAc,
pH 4.6 (6 mL) and immediately submitted to C18-RP-HPLC. Peptide 1
was purified by C4 RP-HPLC as a double peak and was recovered after
lyophilization as a white powder (5.6 mg) with an overall yield of 10%.
tR (gradient B): double peak: 45.42/46.29 min; ESI-MS: m/z : calcd for
C242H385N73O76: 5533.16; found: 5533.46�0.45 [M]+ .


Muc(Muc)Aoa 7: Peptide acetal 6 in the presence of Aoa (1.4 mg) as
treated with TFA/H2O 4:6 (10 mL) for 6 min. After evaporation of the
TFA under vacuum, the product was dissolved in 0.1m NaOAc, pH 4.6
(6 mL) and immediately submitted to C18-RP-HPLC. Peptide 7 was pu-
rified by C18-RP-HPLC and was recovered after lyophilization with an
overall yield of 25% (20.3 mg). tR (gradient B): 30.01 min; ESI-MS: m/z :
calcd for C180H283N57O64: 4269.52; found: 4267.67�0.88 [M]+ .


Muc-Aoa 8 and MucMuc-Aoa 9 : Muc-Aoa 8 : APPAHGVTSAPDTR-
PAPGSTAKA-NH-CH2-CH=NO-CH2-COOH; MucMuc-Aoa 9 :
A(PPAHGVTSAPDTRPAPGSTA)2-NH-CH2-CH=NO-CH2-COOH:
After elongation, peptide-PAM-PEGA resin (0.024 mmol) was washed
with CH2Cl2 (3M). The a-NH2 and side chains were deprotected with
TFA/H2O/iPr3SiH 95:2.5:2.5 for 2 h. The resin was washed with CH2Cl2
(3M) and NMP (3M) and neutralized with iPr2NEt/NMP 1:9 followed by
washings with DMF (3M). Aminoacetaldehyde-dimethylacetal (3.2 mL)
and DMF (1.6 mL) were added to the peptidyl resin and left under
gentle stirring in an oven for 18 h at 40 8C. The resin was drained and
washed with DMF (3M) and H2O (3M). Filtrates were pooled and evapo-
rated under vacuum. The resulting oil was dissolved in distilled water
(15 mL) and purified by C18-RP-HPLC. The peptide acetal (0.008 mmol)
was then treated with TFA/H2O 3:5 (8 mL) for 6 min. After evaporation
under vacuum, the product was dissolved in 0.1m NaOAc, pH 4.6
(10 mL). Aoa (3.5 mg, 0.018 mmol) was added and the solution was im-
mediately submitted to C18-RP-HPLC. Muc-Aoa 8 : tR (gradient A):
16.66 min; ESI-MS: m/z : calcd for C96H156N31O33: 2272.48; found:
2270.47�0.15 [M]+ ; MucMuc-Aoa 9 : tR (gradient C): 26.5 min; ESI-MS:
m/z : calcd for C167H263N53O58: 3941.25; found: 3942.24�2.07 [M]+ .


Immunological tests : The immunological tests were carried out as descri-
bed.[35] For each peptide, three C57Bl/6 mice were subcutaneously immu-
nized with 100 mg of the peptide emulsified in incomplete FreundLs adju-
vant. The immunizations were repeated twice with two week intervals.
Ten days after the last injection, blood was drawn from the retro-orbital
vein and the antibody titers of the sera determined by ELISA on micro-
titer plates coated with unglycosylated recombinant MUC1 tandem re-
peats (160 aa). Goat anti-mouse IgG (H+L) conjugated to horse radish
peroxidase (Bio-Rad, Marnes la Coquette, France) was used as secondary


antibody and revealed by a colorimetric detection with 4-chloro-1-naph-
tol. All ELISA tests were performed in triplicate.
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Novel Formulations of Vitamins and Insulin by Nanoengineering of
Polyelectrolyte Multilayers around Microcrystals


Zhifei Dai,*[a, c] Anne Heilig,[a] Heidi Zastrow,[a] Edwin Donath,[b] and
Helmuth Mçhwald[a]


Introduction


Microencapsulation as a technique for the formulation of
drugs offers many advantages, such as tailored release, site-
specific drug delivery, minimizing deleterious side effects,
prolonging time of activity, protecting sensitive drugs from
enzymatic or acidic degradation in the GI tract, and taste
masking.[1–11] Because of the various requirements of drug
development, several conventional encapsulating systems,
such as liposomes, microparticles, and microemulsions, are
used for the fabrication of micro- and nanosized shells.[12–23]


Unfortunately, many of these techniques do not readily


permit the manipulation of permeability, mechanical and
chemical stability, surface charge, and biocompatibility.
Moreover, all of these techniques are associated with the
use of organic solvents,[24] incomplete release, and the initial
burst effect.[25]


A well-controlled and economical system for drug deliv-
ery can be achieved by taking advantage of the nature of
crystalline structures, which protect the integrity (biological,
physical, and/or chemical) of the therapeutic agent within
the lattice structure during processing, upon storage, and
after drug delivery.[26] Low crystal solubility in the intestinal
fluid is also essential for sustained and effective release.[27]


The human body is dependent on a total of 13 vitamins,
many of which are unstable or can be destroyed during
modern food-processing practices.[28] To prevent vitamin de-
ficiencies and to maintain adequate vitamin stores, many
people take daily vitamin supplements in the form of a
tablet or capsule. In view of this and the use of various vita-
mins in the pharmaceutical and food industries, it is vital to
study the stability and dispersion of vitamins within complex
matrices, such as drugs and foodstuffs.


Hydrophobic VK3 is absorbed by humans through the
small and large intestines.[29,30] This process is initiated by
the high solubility of VK3 in fats. Due to the current trend
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Abstract: Microcapsules loaded with
vitamin K3 (VK3), biotin, or insulin
were prepared by using a novel coating
technology based on the layer-by-layer
(LbL) deposition of oppositely charged
polyelectrolytes onto microcrystal tem-
plates. This produced multilayered,
polymeric shells of varying thickness
around the crystalline cores. Dissolu-
tion of the core material (VK3 with
ethanol, biotin with basic solution, and
insulin with acidic solution), resulted in
its release through the shells. Micro-
electrophoresis was employed to moni-
tor the microcrystal coating process;
confocal laser scanning microscopy


(CLSM) and atomic force microscopy
(AFM) were used to verify multilayer
coating and the formation of hollow
polymer shells following removal of
the microcrystal templates. The release
rates of both VK3 and insulin de-
creased as the wall thickness (the
number of polyelectrolyte layers de-
posited onto the microcrystal cores),
increased. The release time could be


varied by a factor of more than ten, de-
pending on the number of polyelectro-
lyte layers applied. Following the addi-
tion of 70mass% ethanol, the solubility
of VK3 increased by as much as 170-
fold, resulting in an increased rate of
VK3 release. By selecting appropriate
polymer materials for the shells, and by
controlling the number of polyelectro-
lyte layers applied, shells of various
thickness, stiffness, aqueous solubility,
dispersibility, biocompatibility, and per-
meability can be constructed.


Keywords: adsorption · controlled
release · drug delivery · micro-
capsules · UV/Vis spectroscopy ·
vitamins
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of reducing dietary fat intake, the occurrence of fat-soluble-
vitamin deficiencies is likely to increase.[31] Vitamin supple-
mentation may reduce the risk of deficiency, but only if the
vitamins are solubilized and absorbed through the digestive
tract. Thus, there has been an intense interest in strategies
to deliver hydrophobic VK3 microcrystals in a stable and
aqueous form.[32,33]


Formulating therapeutic insulin for delivery at both con-
trolled rates and for prolonged periods presents many chal-
lenges.[34] The preservation of insulinGs native conformation
is a prerequesite for the maintenance of its biological activi-
ty.[34,35] However, the greatly enhanced stability of the crys-
talline state observed for small molecules may not apply to
a crystalline protein. It has been found that crystalline insu-
lin is less stable than the corresponding amorphous
form.[36,37] Crystals may rapidly “melt” or dissolve when ex-
posed to an environment different from their supersaturated
crystallization medium.[37] Moreover, crystals may loose
their integrity upon mechanical processing, such as stirring
or shaking, or simply during transfer by, for example, pipet-
ting.[38] Therefore, neither crystallization nor traditional en-
capsulation alone may be sufficient to formulate insulin with
both desirable release characteristics and sufficient physical
robustness to allow it to be handled as a solid dosage
form.[39]


One strategy to overcome these difficulties is the use of
the layer-by-layer (LbL) technique, based on the assembly
of alternating layers of oppositely charged species onto the
surface of drug microcrystals.[40] The thickness of the result-
ing capsule wall is adjustable on the nanometer scale and,
together with wall composition, affects wall permeability.[42]


The availability of a large variety of polyelectrolyte species
for coating means that appropriately paired layers can be se-
lected to reach the desired stability and compatibility.[41]


In this study, the colloidal templating LbL technique was
used to encapsulate VK3 and insulin microcrystals with bio-
degradable and environmentally benign polyelectrolytes, at
a moderate temperature without the use of organic solvent.
The release rate of the drugs was controlled by varying the
number of polyelectrolyte layers and the ratio of ethanol to
water. This approach was also extended to the encapsulation
of another vitamin, biotin. The purpose of this study was to
achieve a better understanding of the properties of permea-
tion of vitamins and insulin through multilayer capsules, and
to evaluate the prospects of polyelectrolyte microencapsula-
tion for use in controlled drug release.


Results and Discussion


The sequential deposition of the oppositely charged poly-
electrolyte layers on the microcrystal templates was con-
firmed by enhanced dispersability and microelectrophoresis
measurements. Figure 1 shows the z-potential as a function
of the number of polymer coating layers for VK3 microcrys-
tals. VK3 crystals exhibited a value of around �50 mV when
exposed to poly(sodium 4-styrenesulfonate) (PSS), indicat-
ing that the VK3 crystal surface is covered with negatively
charged PSS. On the other hand, when the positively


charged poly(allylamine hydrochloride) (PAH) formed the
outermost layer, a z-potential of around +50 mV was mea-
sured. This data confirms the recharging of the microcrystal
surface due to adsorption of the polyelectrolytes onto each
layer, explaining the dispersability of the microcrystals in
aqueous solution. The adsorbed polyelectrolyte multilayers
coat the microcrystals, thereby protecting them from aggre-
gation by ionic and/or steric interactions of the thin coating
already associated with each microcrystal particle. VK3 mi-
crocrystals could not be readily dispersed when the polyelec-
trolyte PAH was used; however, they could be dispersed by
exposure to PSS, which can be explained by the presence of
hydrophobic interactions between PSS and the microcrys-
tals. It has been suggested that the hydrophobic aromatic
groups of PSS are associated with the hydrophobic surface
of the VK3 microcrystal, and that the ionic groups of PSS
enable the successful adsorption and consequent charging of
the crystal surface.[40a]


Insulin, a 51-amino-acid polypeptide of MW 5800, exhibits
an apparent polydispersity index (pI) of 5.3. The use of posi-
tively charged poly-l-lysine hydrobromide (PLL) or PAH as
a first layer to coat insulin crystals results in polycation dep-
osition on the surface of the negatively charged insulin. This
may be accounted for by electrostatic interaction. The insu-
lin microcrystals coated with alternate layers of PLL and al-
ginic acid sodium salt (AAS) yielded alternating z-potentials
of approximately +30 to +40 mV for those having an out-
ermost PLL layer, and approximately �40 to �50 mV for
particles with outermost AAS layers (Figure 1). For both
PSS/PAH and AAS/PLL systems, the sign of the values ob-
tained is in accordance with the charge on the species de-
posited. This data clearly demonstrates a reversal of the sur-
face charge, which is characteristic of polyelectrolyte multi-
layer growth on colloidal templates.[40a,41a]


Confocal laser scanning microscopy (CLSM) was em-
ployed to investigate the morphology of the microcrystals
and to verify their coating with polymer multilayers. Be-
cause insulin is nonfluorescent, a fluorescently labeled poly-
electrolyte, PAH labeled with rhodamine B isothiocyanate
(PAH–RITC), was used as the outermost layer. Figure 2a
and Figure 3a show how VK3 and insulin microcrystals, re-


Figure 1. z-Potential of PSS/PAH multilayers on VK3 microcrystals (*)
and PLL/AAS multilayers on insulin microcrystals (&) as a function of
the number of layers. Surface charge reversal is due to adsorption of
each subsequent polyelectrolyte layer. Negative values; PSS or AAS de-
position, positive values; PAH or PLL adsorption.
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spectively, have been well separated from each other as a
result of the colloidal stabilization of the polyelectrolyte
multilayer (PEM) coating. No noticeable changes in the size
or shape of the drug crystals within the PEM capsule were
observed upon coating by using the stepwise, regular assem-
bly of oppositely charged polyelectrolyte layers.


Exposure of the coated VK3 crystals to ethanol, or of the
enveloped insulin crystals to 0.01n HCl, resulted in the suc-
cessful formation of hollow polymer capsules (Figure 2b and
Figure 3b). The pores in the polymer microcapsules are
large enough to permit the bulk solution to diffuse into the
capsules, where it dissolves the drug crystals, and also for
the dissolved VK3 or insulin molecules to diffuse out
through the capsule walls rather than by breaking open the
capsules. Close inspection of the capsules reveals a slight
swelling of the shells caused by the increased osmotic pres-
sure during crystal dissolution. Following complete dissolu-
tion, the capsules shrink as a consequence of the equilibrium
established between the osmotic pressure inside and outside
the capsules. The remaining polyelectrolyte shells of the mi-
crocrystals are now clearly visible.


Important advantages of this VK3 crystal templating pro-
cedure are its versatility and its general applicability. This
process was extended to encapsulate biotin. The exposure of
the coated biotin crystals to 2m NH4OH resulted in the
shrinking of the crystal cores, demonstrating the dissolution
of biotin inside the shells within a few seconds (Figure 4a).


These results are consistent with the observation that the
turbidity of the polymer-coated microcrystal suspensions de-
creased upon addition of the corresponding solvent. The re-


sulting hollow capsules preserve their integrity and the
shapes of the original crystals, as shown in Figure 4b. This
indicates that, during removal of the core, only a low osmot-
ic pressure is transiently established, which can be resisted
by the polymer. This finding is consistent with earlier re-
ports that polymer multilayers are permeable to low molec-
ular weight species.[40]


The representative atomic force microscopy (AFM)
image of a hollow microcapsule of air-dried polymer (PLL/
AAS)4 templated onto insulin microcrystals is shown in


Figure 5. Despite the creases and folds caused by capsule
collapse, the capsule surface appears quite smooth. By
measurement of the narrowest part of the capsule (32�
5 nm), assumed to be twice the thickness of the polymer
capsule wall, the average thickness per polyelectrolyte layer
was estimated to be approximately 2.0�0.3 nm, similar to
the value in previous reports.[40,41a] On the basis of this data,
the thickness of the polyelectrolyte multilayers is estimated
to range from around 2 to 40 nm, that is, thin-walled micro-
capsules composed of 1–20 polyelectrolyte layers. Accord-


Figure 2. CLSM transmission images: a) VK3 crystals coated with (PSS/
PAH)4 multilayers, and b) the resulting hollow polymer capsule following
dissolution of the crystal core in ethanol.


Figure 3. a) CLSM transmission image of insulin microcrystals coated
with (PLL/AAS)4/PAH–RITC multilayers. b) CLSM fluorescence image
of the hollow (PLL/AAS)4/PAH–RITC capsules following dissolution of
the crystal cores in 0.01n HCl.


Figure 4. CLSM transmission images: a) Biotin crystals coated with (PSS/
PAH)4 multilayers in dissolution, and b) the resulting hollow capsule fol-
lowing dissolution of the crystal core in 2m NH4OH.


Figure 5. AFM image of an air-dried hollow polymer capsule, produced
by coating insulin microcrystals with four bilayers of PLL/AAS, followed
by acid dissolution of the core.
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ingly, the release rate of encapsulated substances would be
expected to decrease as the shell thickness increases. The
thickness of the polyelectrolyte multilayer shell can be con-
trolled with nanometer precision simply by varying the
number of polyelectrolyte layers deposited.


Due to its speed, sensitivity, and feasibility,[40d,43] the spec-
trophotometric method was selected to monitor the release
of insulin and VK3 molecules through the polymer capsule
wall following dissolution of the core templates. Figure 6


shows the release-time profiles for insulin microcapsules,
coated with a different number (0, 5, 10, 15) of (PLL/AAS)
bilayers, in a PBS buffer solution of pH 7.4. The release
time increases as the number of polyelectrolyte multilayers
deposited onto the microcrystals increases. For example, the
time required for the release of 80% of the insulin micro-
crystals coated with 15 (PLL/AAS) bilayers is more than ten
times that required for the uncoated crystals.


Figure 7 shows the release-time profiles for VK3 micro-
crystals, coated with a different number (0, 5, 10, 15) of
(AAS/PLL) bilayers, in 70% ethanol. The bare VK3 micro-
crystals dissolve faster than the encapsulated crystals. As ex-
pected, the release rate of the VK3 crystals decreases as the
wall thickness increases. The release of 95% of the crystals
enveloped with 0, 5, 10, and 15 bilayers of AAS/PLL takes
approximately 80�10, 125�10, 240�10, and 335�10 s, re-
spectively. Clearly, the first five layers have a smaller effect
on the delay of release than the subsequent layers, indicat-
ing that these initial layer pairs have a greater permeability.
This is especially true for the release of the final 20% of
VK3 crystals, which diffuse into the bulk solution at a much
lower rate than the initial 80%. There are clearly two differ-
ent release mechanisms at work here. Due to the high solu-
bility of VK3 in 70% ethanol, a large osmotic pressure gra-
dient between the capsule interior and the bulk solution is
established. This may result in a pressure-driven convective
flow, perhaps through transient pores created by the widen-
ing of the mesh within the polyelectrolyte multilayer. How-
ever, at an advanced state of release, diffusion of the drug


molecules becomes the prevalent mechanism, leading to a
naturally much slower rate of release.


Further experiments were conducted to clarify the influ-
ence of solubility on release. The release of VK3 from poly-
electrolyte-coated microcrystals was studied as a function of
the ratio of ethanol to water in the dissolution medium.
Figure 8 shows the VK3 release-time profiles for capsules
coated with 15 polyelectrolyte bilayers of AAS/PLL in sol-


vents with different ethanol/water ratios. The release rate is
much faster in pure ethanol than in pure water. As the etha-
nol/water ratio increases, the rate of release increases. In
pure water, the release of 95% of the drug takes approxi-
mately 5 h (data not shown), compared with less than 1 min
in pure ethanol. The dramatic difference in release rates can
be attributed mainly to differences in solubility: In pure
water, VK3 has a very low solubility of 151 mgL�1; however,
in 10% ethanol, the solubility increases approximately 2-
fold, and by addition of 70% ethanol, solubility is enhanced


Figure 6. Release-time profiles of insulin microcrystals, coated with 0, 5,
10, and 15 bilayers of PLL/AAS, in pH 7.4.


Figure 7. Release-time profiles of VK3 microcrystals, coated with 0, 5, 10,
and 15 bilayers of AAS/PLL, in 70% ethanol.


Figure 8. Release-time profiles of VK3 microcrystals, coated with 15 bi-
layers of AAS/PLL, in 30, 50, 70, and 100% ethanol.
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by a factor of about 170.[33]Another contributing factor may
be swelling of the coating in ethanol.


The dramatic increase in release times with decreasing
solubility of the drug supports suggestions of a two-stage re-
lease mechanism. Moreover, the curves in Figure 8 are in-
consistent with monoexponential behavior. It is expected
that at the early stages of release, the drug concentration
within the capsules is very high, presumably close to its satu-
ration solubility in bulk solution.[40] This results in a large
concentration gradient across the capsule wall and a conse-
quently high osmotic pressure within the capsule. The drug
molecules, together with the solvent, are then forced
through the capsule wall as a result of the quasi-stationary
hydrostatic pressure difference. This convective flow may
occur through some pores that had been created by the in-
duced lateral wall tension. Notably, during the first stage,
the solvent crosses the wall in both directions; coming in by
diffusion and leaving mostly by convective flow. At a later
stage, the pressure gradient drops, existing pores may reseal,
and a comparatively slow diffusion mechanism finally takes
over, which is responsible for the release of the remaining
drug molecules.


Therefore, drug release is governed simultaneously by the
saturation solubility of the drug, the permeability of the
PEM capsule, and, possibly, its resistance to the opening of
pores. This explains why the release rate increases as the
saturation solubility of the encapsulated drug increases, but
decreases as the thickness of the capsule wall increases. The
dependence on shell thickness may be explained by either
the existence of pores that are successively closed by the
deposition of further layers, or by thickness-dependent diffu-
sion. Accordingly, the release rate of encapsulated substan-
ces is expected to decrease as shell thickness increases.


From the mechanism of release discussed above, it follows
that, to effectively slow down the release of highly soluble
compounds, it is necessary to first of all reduce the permea-
bility of the capsule wall to the solvent. By reducing this, a
greater overall effect on the release of highly soluble drugs
is expected than by simply reducing the diffusion of the
drug itself through the wall. This study demonstrates the
limitations of novel capsule technology, but also suggests
possibilities of how to develop capsules with desirable re-
lease features.


Conclusion


The microencapsulation of drugs by the LbL method avoids
harsh preparative procedures and the use of organic solvent
or high temperatures, thus minimizing the potential loss of
drug activity. The drugs incorporated into the microcapsules
during this procedure suffered no alteration with respect to
the pure, standard drug. Many problems of drug formula-
tion, such as release, delivery, control of concentration in
the organism, and duration of effect, may be solved by the
customized formation of microcrystal shells. The drug re-
lease rate decreases as the thickness of the wall increases,
but increases as the solubility of the drug in the dispersion
solution increases. Although the capsule walls are very thin


(on the nanometer scale), comprising only about 1% by
weight of the capsule, they are tough and homogeneous.
Therefore, no initial burst of the encapsulated drug is ob-
served for PEM microencapsulation systems. The release of
VK3 from the PEM is heavily dependent on solvent, exhibit-
ing minimum release in water and maximum release in etha-
nol. The encapsulated VK3 crystals display high dispersabili-
ty in aqueous solutions and high stability during storage.
This technique may also be an elegant method for the prep-
aration of injectable forms of substances that are insoluble
in water.


As the organic templates are in the solid crystalline state
and, therefore, at their maximum density, the loading ca-
pacity of layer-by-layer encapsulations is very high. The high
density of material within the capsule, combined with a
nanometer-thin capsule wall, results in an extremely high
ratio of encapsulated material mass to wall mass. In addi-
tion, the ratio of bioactivity to capsule volume surpasses
that of all other techniques. Reduced interference to the
host organism is expected due to the small amount of capsu-
le material needed, which is of particular interest for in vitro
applications. Furthermore, the wall materials are nontoxic
and nonaggressive. In summary, the layer-by-layer engineer-
ing of PEM coating on vitamins and insulin crystal tem-
plates represents a new route for the development of special
formulations to optimize drug delivery and availability.


Experimental Section


Materials : Bovine insulin (MW 5734), biotin, vitamin K3, poly-l-lysine
hydrobromide (PLL, MW 30000–70000), and alginic acid sodium salt
(AAS) were all obtained from Sigma. Poly(sodium 4-styrenesulfonate)
(PSS, MW 70000) and poly(allylamine hydrochloride) (PAH, MW 8000–
11000) were purchased from Aldrich. PAH labeled with rhodamine B
isothiocyanate (PAH–RITC) was synthesized according to a method re-
ported previously.[40a] The sterilized phosphate buffer was purchased from
Cellgro. The aqueous solutions were prepared by using ultrapure water
with a resistivity greater than 18.2 MW, obtained by means of a USF
Deutschland GmbH Purelab Plus purification system.


Encapsulation of microcrystals : Crystals (200 mg) were finely ground by
using an agate mortar and a small amount of dispersant (2 mgmL�1 algi-
nate for VK3, 2 mgmL�1 poly-l-lysine for insulin or biotin). The ground
crystals were then dispersed in deionized (100 mL) water. The dispersion
was ultrasonicated for 3 min and allowed to stand for a suitable time,
during which time the larger crystals sedimented. The resulting products
were washed twice with water. The precharged microcrystals were then
coated by the consecutive adsorption of poly-l-lysine and alginate, with
slight modifications to the procedure reported previously.[40] A poly-l-
lysine solution (1.5 mL of 2 mgmL�1, containing 0.5m NaCl) was added
to a 2-mL centrifuge tube containing microcrystals (50 mg), to which algi-
nate had been added as the first layer. Similarly, an alginate solution
(1.5 mL of 2 mgmL�1, containing 0.5m NaCl) was added to microcrystals,
to which poly-l-lysine had been adsorbed as the first layer. After an ad-
sorption time of 10 min, the dispersion was centrifuged at 3000 g for
5 min. The supernatant was removed by careful decantation and the
coated microcrystals were washed twice in water to remove any unbound
polyelectrolyte. Alternating polyelectrolyte layers were deposited until
the desired number of multilayers was reached.


Release of VK3 : The release of the polyelectrolyte-multilayer-coated
crystals was conducted in a 1-cm quartz cuvette under constant magnetic
stirring at room temperature (ca. 20 8C). The kinetics of the process were
monitored by recording the change in absorbance at 335 nm. The total
drug concentration was kept below the saturation solubility (151 mgL�1
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in pure water), so that the solution would not reach saturation during the
release process.


Release of insulin : The insides of the test tubes and cuvettes used were
initially coated with Sigmacote (Sigma) to prevent adsorption of the re-
leased peptides. Polyelectrolyte-multilayer-coated insulin crystals (50 mg)
were then suspended in a phosphate buffer solution (10 mL of 0.01m
PBS, pH 7.4) in glass test tubes and maintained at room temperature
under constant stirring. Supernatants were collected at appropriate time
intervals by centrifugation at 3000 g for 5 min. Fresh buffer (10 mL) was
added to the pellets and incubation continued. The insulin content of the
supernatants was determined by using a UV/Vis spectrophotometer at
276.4 nm.


The microelectrophoretic mobilities were measured in pure water by
using a Malvern Zetasizer 3000HS. The mobilities u were converted into
the z-potentials by using the Smoluchowski relation z=uh/e0e, in which h


and e0e are the viscosity and permittivity of the solution, respectively.


Confocal micrographs were taken by using a confocal laser scanning
system TCS NT “Aristoplan” from Leica, equipped with a 100N1.4 oil
immersion objective.


The AFM images were obtained by means of a Digital Instruments
Nanoscope IIIa in tapping mode. Samples were prepared by applying a
drop of the capsule solution onto a freshly cleaved mica substrate. After
the capsules were allowed to settle, the substrate was extensively rinsed
in pure water and then dried under a gentle stream of nitrogen.


All drug release measurements were carried out on a Cary model 4E
UV/Vis spectrophotometer (Varian).
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Abstract: In pursuit of a neutral bi-
stable [2]rotaxane made up of two tetra-
arylmethane stoppers—both carrying
one isopropyl and two tert-butyl groups
located at the para positions on each of
three of the four aryl rings—known to
permit the slippage of the p-electron-
donating 1,5-dinaphtho[38]crown-10
(1/5DNP38C10) at the thermodynamic
instigation of p-electron-accepting rec-
ognition sites, in this case, pyromellitic
diimide (PmI) and 1,4,5,8-naphthalene-
tetracarboxylate diimide (NpI) units
separated from each other along the
rod section of the rotaxaneFs dumbbell
component, and from the para posi-
tions of the fourth aryl group of the
two stoppers by pentamethylene
chains, a modular approach was em-
ployed in the synthesis of the dumb-
bell-shaped compound NpPmD, as well
as of its two degenerate counterparts,
one (PmPmD) which contains two PmI
units and the other (NpNpD) which
contains two NpI units. The bistable
[2]rotaxane NpPmR, as well as its two
degenerate analogues PmPmR and
NpNpR, were obtained from the corre-
sponding dumbbell-shaped compounds
NpPmD, PmPmD, and NpNpD and


1/5DNP38C10 by slippage. Dynamic
1H NMR spectroscopy in CD2Cl2
revealed that shuttling of the
1/5DNP38C10 ring occurs in NpNpR
and PmPmR, with activation barriers
of 277 K of 14.0 and 10.9 kcalmol�1, re-
spectively, reflecting a much more pro-
nounced donor–acceptor stabilizing in-
teraction involving the NpI units over
the PmI ones. The photophysical and
electrochemical properties of the three
neutral [2]rotaxanes and their dumb-
bell-shaped precursors have also been
investigated in CH2Cl2. Interactions be-
tween 1/5DNP38C10 and PmI and NpI
units located within the rod section of
the dumbbell components of the [2]ro-
taxane give rise to the appearance of
charge-transfer bands, the energies of
which correlate with the electron-ac-
cepting properties of the two diimide
moieties. Comparison between the po-
sitions of the visible absorption bands
in the three [2]rotaxanes shows that,
in NpPmR, the major translatio-


nal isomer is the one in which
1/5DNP38C10 encircles the NpI unit.
Correlations of the reduction potentials
for all the compounds studied confirm
that, in this non-degenerate [2]ro-
taxane, one of the translational isomers
predominates. Furthermore, after deac-
tivation of the NpI unit by one-electron
reduction, the 1/5DNP38C10 macrocy-
cle moves to the PmI unit. Li+ ions
have been found to strengthen the in-
teraction between the electron-donat-
ing crown ether and the electron-ac-
cepting diimide units, particularly the
PmI one. Titration experiments show
that two Li+ ions are involved in the
strengthening of the donor–acceptor in-
teraction. Addition of Li+ ions to
NpPmR induces the 1/5DNP38C10
macrocycle to move from the NpI to
the PmI unit. The Li+-ion-promoted
switching of NpPmR in a 4:1 mixture
of CD2Cl2 and CD3COCD3 has also
been shown by 1H NMR spectroscopy
to involve the mechanical movement of
the 1/5DNP38C10 macrocycle from the
NpI to the PmI unit, a process that can
be reversed by adding an excess of
[12]crown-4 to sequester the Li+ ions.


Keywords: bistable switches ·
molecular devices · rotaxanes ·
self-assembly · template synthesis
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Introduction


During the past decade, supramolecular chemistry[1] has pro-
vided synthetic chemists with a powerful methodology in
the form of template-directed protocols[2] to construct mo-
lecular-scale machines.[3,4] The opportunity to incorporate
wholly synthetic motor molecules, as the active components
during the engineering of nanoelectromechanical systems[5]


and in the fabrication of nanoelectronic devices,[6] makes it
feasible to consider a bottom-up approach for the miniaturi-
zation of devices. Some of us at UCLA have helped to real-
ize molecular-switch tunnel junctions (MSTJs)[6c] based on a
series of amphiphilic, bistable [2]rotaxanes,[7] in which a tet-
racationic ring component, cyclobis(paraquat-p-phenylene)
(CBPQT4+), is located around a neutral dumbbell compo-
nent, containing two recognition sites—a tetrathiafulvalene
(TTF) unit and a 1,5-dioxynaphthalene (DNP) ring
system—for the cyclophane situated some way apart from
each other within the central polyether section of the dumb-
bell, which is terminated by a hydrophobic stopper at one
end and by a hydrophilic stopper at the other. Although the
amphiphilic character of these bistable [2]rotaxanes allows
them to be self-organized[6c,8] at the air–water interface in a
Langmuir trough, before being transferred as uniform mon-
olayers into the MSTJs of functioning devices, there is some
evidence[7] from electrochemical experiments carried out by
some of us in Bologna, supported by 1H NMR spectroscopic
data obtained at UCLA, that some of these (amphiphilic)
bistable [2]rotaxanes adopt folded conformations in solution
(Figure 1). Also, since the thicknesses of the Langmuir–
Blodgett (LB) monolayers are always considerably less than
might be predicted on the basis of essentially linear amphi-
philes, it is not unlikely that some of the solution-state,
structural features of the molecules will be present, even in
compressed films at the air–water interface. Indeed, there is
some circumstantial evidence[9] from in-depth studies of am-
phiphilic, bistable [2]rotaxanes with a variety of constitu-
tionally different (more and less) hydrophilic tails, that 1)
the thinner than expected LB films, 2) the observed foot-
prints in the first liquid-condensed and second highly con-
densed phases, and 3) their area differential, all compared
as a function of the constitution of the hydrophilic tails, are
consistent with the presence in the Langmuir films of an
equilibrium (Figure 2) between folded and unfolded confor-
mations. Moreover, the pressure–area isotherm data are


consistent with a model in which, as the hydrophilicities of
the rotaxanesF tails or the surface pressure of the Langmuir
films are increased, the equilibria lie closer to the unfolded
conformations.


Notwithstanding all the potential problems associated
with the self-organization of these positively charged, am-
phiphilic [2]rotaxanes at the air–water interface and their
transfer employing the LB technique, MSTJs have been fab-
ricated[6c,8] by sandwiching self-organized monolayers of the
amphiphilic, bistable [2]rotaxanes between bottom polysili-
con electrodes and top electrodes of titanium covered with
aluminum. The devices have been shown[6c] to exhibit hyste-
retic current–voltage responses on account of marked differ-
ences in conductance[10] between the ground (low) state,
when the CBPQT4+ ring encircles the TTF unit, and the
metastable (high) state, when the CBPQT4+ ring encircles
the DNP ring systems, of a range of amphiphilic, bistable
[2]rotaxanes.[7] However, the tetracationic nature of the
CBPQT4+ ring component may introduce complications
during the LB stage of the device fabrication (Figure 2) or
the supporting counterions, which are supplied as four hexa-
fluorophosphate anions (PF6


�), may exercise some profound
influence during the electromechanical switching process-
es[11] that involve the mechanical movement of the
CBPQT4+ ring between the ground and the metastable
states, that is, the OFF and ON states of the switch, respec-


Figure 1. Schematic representations of a) the equilibrium between the
folded/unfolded conformations of a bistable [2]rotaxane in solution and
b) the equilibrium between possible folding/unfolding conformations of
the amphiphilic, bistable [2]rotaxane in solution. The p-electronic donat-
ing unit associated with hydrophilic stopper folds back to form an along-
side p–p stacking interaction with the CPBQT4+ ring.


Figure 2. Some of the possible conformational equilibria and self-organization behaviors displayed by an amphiphilic, bistable [2]rotaxane in solution
(left), in low-pressure condensed phases (middle), and in high-pressure condensed phases (right).
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tively. The evident question arises: what do the ions, PF6
� or


otherwise, do in the molecular monolayer of the solid-state
device (Figure 3) during the electromechanical movement of
the CBPQT4+ ring? Do they follow it, thus conferring drag
upon the movement of the ring, for example? The answer
to this question is that we do not know and so would like to
be better informed on these fundamental issues pertaining
to molecular electronic devices containing positively charg-
ed bistable [2]rotaxane molecules.
During the past few years, some of us in Cambridge (Eng-


land) have pioneered[12] a donor–acceptor recognition
system based on neutral p-electron-accepting sites, as well
as neutral p-electron-donating sites, for the efficient assem-
bly of neutral catenanes and rotaxanes using template-dir-
ected synthesis.[2] With reference to [2]rotaxanes,[12i,k] the
neutral p-electron-rich aromatic crown ether, namely 1,5-di-
naphtho[38]crown-10 (1/5DNP38C10), has been located
around the neutral p-electron-accepting 1,4,5,8-naphthalene-
tetracarboxylic diimide[13] (NpI) unit. With the ultimate ob-
jective of realizing neutral [2]rotaxanes of high bistabilities
(and moderate metastability) that can be switched by con-
trolling the redox properties of the molecules, we have iden-
tified pyromellitic diimide[14] (PmI) as a much weaker recog-
nition site to compete with an NpI site for encirclement by a
1/5DNP38C10 macrocycle around the dumbbell-shaped
component of a [2]rotaxane. We would anticipate that p–p
stacking and other weak noncovalent interactions involving
the 1/5DNP38C10 macrocycle encircling the stronger (NpI)
of the two p-electron-accepting recognition sites would
result in these [2]rotaxanes existing essentially as one trans-
lational isomer,[15] with the weaker (PmI) site to all intents
and purposes unpopulated by the 1/5DNP38C10 macrocycle.
Another requirement of this particular design of a neutral
molecular switch is that it can be thrown electromechanical-
ly between two different states. Since the reduction potential
of a bare NpI unit is considerably lower[16] than that for a
bare PmI unit, the opportunity does exist to control
(Figure 4) the switching of such a bistable [2]rotaxane with
redox chemistry.


After satisfying this requirement, the next challenge be-
comes one of being able to synthesize the potentially bista-
ble [2]rotaxane NpPmR, shown in Figure 5a, along with its
degenerate counterparts NpNpR and PmPmR illustrated in
Figure 5b and c, respectively. In general, template-directed
protocols[2] have been applied to the synthesis of two-station
[2]rotaxanes in which the reliance is placed upon either ki-
netic or thermodynamic control,[17] with the latter able to in-
volve dynamic covalent chemistry,[18] as well as supramolec-
ular (noncovalent) synthesis, for example, slippage.[19] Al-
though a number of different thermodynamic synthetic ap-
proaches are being pursued actively at UCLA and in Cam-
bridge, the research reported in this paper employs slippage
as the final step in the syntheses of the three [2]rotaxanes
NpPmR, NpNpR, and PmPmR from their corresponding


Figure 3. Proposed electromechanical mechanism which accounts for the hysteretic current–voltage response by an amphiphilic, bistable [2]rotaxane
monolayer in an MSTJ device. The devices which are described in reference [6c] consist of rotaxane molecules with 1) an amphiphilic dumbbell compo-
nent containing two recognition sites (a TTF unit and a DNP ring system) and two stoppers (one (upper) hydrophobic and the other (lower) hydrophil-
ic); and 2) a macrocycle, the tetracationic cyclophane, cyclobis(paraquat-p-phenylene), accompanied by four hexafluorophosphate anions (PF6


� , �), See
reference [6c] for the structural formulas of rotaxanes that give hysteretic current–voltage responses in device settings. Note that the graphical represen-
tations of the amphiphilic bistable [2]rotaxane molecules are highly idealized.


Figure 4. A schematic representation of redox switching in a bistable
[2]rotaxane.
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dumbbell-shaped compounds NpPmD, NpNpD, and
PmPmD ; hence, the choice of the tetraarylmethane stop-
pers[20] carrying two tert-butyl groups and one isopropyl
group which are known[21] to permit the passage of
1/5DNP38C10 macrocycles in solution at slightly elevated
temperatures with respect to those normally found in a re-
search laboratory.
In this paper, we describe 1) the synthesis of two degener-


ate model [2]rotaxanes PmPmR and NpNpR and a non-de-
generate, bistable [2]rotaxane NpPmR ; 2) their characteri-
zation by mass spectrometry, by (dynamic) NMR and UV-
visible spectroscopy, and by electrochemistry; and 3) the
switching of NpPmR by chemical (Li+ ions) as well as elec-
trochemical means.


Results and Discussion


Design and synthetic strategy : Retrosynthetic analyses of
the degenerate [2]rotaxanes PmPmR and NpNpR and the
nondegenerate [2]rotaxane NpPmR suggested to us a limit-
ed number of viable synthetic pathways. Common to all of
the pathways was the slippage procedure,[19] which we decid-
ed to employ to incorporate 1/5DNP38C10 around the
dumbbell-shaped compounds, that is, it constitutes the last
step of all three syntheses summarized in Schemes 1–3. In
the syntheses of the dumbbell-shaped compounds PmPmD,
NpNpD, and NpPmD, a modular approach was adopted to
assemble progressively the four fragments, namely 1) two


tetraarylmethane stoppers[11] suitable for the slippage of
1/5DNP38C10 and 2) the PmI and/or NpI recognition sites,
separated by pentamethylene chains. Moreover, the reac-
tions chosen (Schemes 1–3) for connecting each fragment
were nucleophilic substitution reactions carried out under
Mitsunobu reaction conditions.


Synthesis : The routes employed in the syntheses of two de-
generate neutral, two-station [2]rotaxanes are outlined in
Scheme 1 and 2. The preparation of the dumbbell-shaped
compound PmPmD (Scheme 1) began with the alkylation of
the tetraarylmethane stopper 1[20] by 5-chloro-1-pentanol in
MeCN in the presence of LiBr and [18]crown-6 (18C6) as
catalysts, and K2CO3 as the base. Following flash column
chromatography, the alcohol 2 was obtained in 83%. Using
Mitsunobu reaction conditions (PPh3/diethylazodicarboxy-
late (DEAD)), pyromellitic diimide (3) was reacted with the
alcohol 2 and the mono-THP-protected 1,5-pentandiol 4.[22]


Without purification, the product was converted into the
half-dumbbell compound 5 by HCl-catalyzed deprotection
in wet CH2Cl2 with an overall yield of 37%. The synthesis
of the dumbbell-shaped compound PmPmD was accom-
plished in 33% yield, once again by using Mitsunobu reac-
tion conditions (PPh3/DEAD) on a mixture of compound 5,
the alcohol 2, and pyromellitic diimide (3) in THF. The
[2]rotaxane PmPmR was obtained by a template-assisted
slippage protocol, wherein the dumbbell-shaped compound
PmPmD served as the template. Compound PmPmD was
treated with an excess of the macrocycle 1/5DNP38C10


Figure 5. Structural formulas for the a) bistable [2]rotaxane NpPmR and the degenerate [2]rotaxanes b) NpNpR, and c) PmPmR.
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(6)[23] in the presence of LiBr in a CHCl3/MeOH (95:5) sol-
vent mixture at 60 8C for 14 days. After column chromatog-
raphy, the [2]rotaxane PmPmR was obtained in a yield of
44% as an analytically pure yellow solid.
The sequence of steps employed in the synthesis of dumb-


bell-shaped compound NpNpD and degenerate rotaxane
NpNpR is summarized in Scheme 2. The half-dumbbell
compound 8 was obtained in an overall yield of 33% by al-
kylating naphthalene diimide (7) with the alcohol 2 and the
mono-THP-protected 1,5-pentanediol 4[22] by using Mitsuno-
bu reaction conditions (PPh3/DEAD), followed by HCl-cat-
alyzed deprotection in CH2Cl2. The synthesis of the dumb-
bell-shaped compound NpNpD was accomplished in 40%
yield after another Mitsunobu reaction carried out on com-
pound 8, the alcohol 2, and naphthalene diimide (7)[24] in
THF. The template-directed synthesis of the [2]rotaxane
NpNpR proceeded in 42% yield when a mixture of the
dumbbell-shaped compound NpNpD, the macrocycle
1/5DNP38C10 (6)[22] and LiBr is in a CHCl3/MeOH solvent
mixture, employing exactly the same reaction and purifica-
tion conditions as those described for the preparation of ro-
taxane NpNpR.


The template-directed synthesis of the nondegenerate
[2]rotaxane NpPmR from its dumbbell-shaped precursor
NpPmR is summarized in Scheme 3. The synthesis of the
dumbbell NpPmD was accomplished in 30% yield by carry-
ing out a Mitsunobu reaction (PPh3/DEAD) between the
half-dumbbell compound 5, the alcohol 2, and naphthalene
diimide (7) in THF. The template-directed synthesis of the
[2]rotaxane NpPmR proceeded in 52% yield when a mix-
ture of the dumbbell-shaped compound NpPmD, the macro-
cycle 1/5DNP38C10 (6)[23] and LiBr were reacted in a
CHCl3/MeOH solvent mixture, by using exactly the same re-
action and purification conditions as those described for the
preparation of [2]rotaxanes NpNpR and PmPmR.


Mass spectrometric investigation : The mass spectrometric
data for the dumbbell-shaped compounds NpNpD, PmPmD,
and NpPmD, and for the [2]rotaxanes NpNpR, PmPmR,
and NpPmR are summarized in Table 1. All of these com-
pounds were characterized by matrix-assisted laser-desorp-
tion ionization time-of-flight (MALDI-TOF) mass spec-
trometry. The positively-charged ions [M+Na]+ or [M+H]+


were observed in their mass spectra.


Scheme 1. Synthesis of the PmI-containing degenerate [2]rotaxane PmPmR and its dumbbell-shaped precursor PmPmD.
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(Dynamic) 1H NMR spectroscopic study : We have em-
ployed variable-temperature 1H NMR spectroscopy to
probe the kinetics and thermodynamics of the shuttling
processes[26] (Figure 6) in the two degenerate rotaxanes,


PmPmR and NpNpR. At low temperatures, the shuttling
processes are slow on the 1H NMR timescale and the signals,
shown in Table 2, separate out into two equal intensity sets
of signals. As the temperature is increased, the shuttling


Scheme 3. Synthesis of the bistable [2]rotaxane NpPmR containing both NpI and PmI units and its dumbbell-shaped precursor NpPmD.


Scheme 2. Synthesis of the NpI-containing degenerate [2]rotaxane NpNpR and its dumbbell-shaped precursor NpNpD.
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process becomes fast on the 1H NMR timescale and aver-
aged signals are observed. Table 2 gives low- and high-tem-
perature chemical shifts in CD2Cl2 for a few sample probe
protons for each degenerate rotaxane. In order to study the
dynamics of shuttling, one set of probe protons for each ro-
taxane was chosen. The aromatic protons on the hydropho-
bic stopper, which give rise to the signals centered on d=


6.75 and 6.83 ppm were chosen as the probes for NpNpR,
while the resonances for the protons of the PmI unit appear-
ing at d=6.96 and 8.32 ppm were used for PmPmR. These d
values were obtained from spectra recorded in CD2Cl2 at
209 K. Rate constants were then determined at different
temperatures for these shuttling processes by simulating the
partial spectra (see Figure 7 for the simulations of NpNpR)
by using Spinworks 2.1[27] and matching them as closely as
possible with the experimentally observed spectra. The ki-
netic and derived thermodynamic data are listed in Tables 3
and 4. From a comparison of DG� values recorded in these
two tables, it is evident that NpNpR [for which DG� ranges
from 13.9 (at 305 K) to 14.1 kcalmol�1 (at 266 K)], contain-
ing the stronger electron-accepting NpI units, presents a
considerably larger barrier (3.1 kcalmol�1 at 277 K) for the
shuttling of the 1/5DNP38C10 macrocycle relative to that


Table 2. 1H NMR chemical shift values for select protons of the degener-
ate shuttles at high and low temperature in CD2Cl2 at 600 MHz.


Assign- Limiting d values T Limiting d values T
ment[a] (low temperature) [K] (high temperature) [K]


PmPmR HPm 6.96 (br), 8.32 (br) 209 7.67 (s) 319
HSt 6.75 (d), 6.81 (d) 209 6.78 (d) 248


NpNpR HNp 8.21 (br), 8.80 (m) 248 8.52 (br) 332
HSt 6.75 (d), 6.83 (d) 209 6.79 (d) 294
HiPr 2.85 (hp), 2.86 (hp) 209 2.87 (h) 277
HtBu 1.26 (s), 1.27 (s) 209 1.29 (s) 277


[a] Structural assignments for these protons can be found in Figure 5.


Figure 7. Simulated (top) and experimental (bottom) partial 1H NMR
spectra (600 MHz) recorded for NpNpR in CD2Cl2 at a) 294 K, b) 277 K,
c) 266 K, and d) 226 K. The displayed region shows some of the resonan-
ces for the aromatic protons of the hydrophobic stopper (HSt, see
Figure 5). The rate constants (kex) used to simulate the spectra are shown
beside the spectra.


Table 3. Kinetic and thermodynamic data[a] for shuttling in PmPmR in
CD2Cl2.


T [K][b] kex [s
�1][c] DG� [kcalmol�1][d]


226 45 11.4
239 300 11.2
248 1050 11.0
277 14500 10.9
294 50000 10.9


[a] These data were obtained by simulating the signals for the protons of
the PmI unit (HPm) at d=8.32 and 6.96 ppm (209 K), which coalesce into
a single peak at d=7.63 ppm (266 K). [b] Calibrated using neat MeOH
sample. [c] Measured using line-shape analysis method. [d] �
0.2 kcalmol�1.


Table 4. Kinetic and thermodynamic data[a] for shuttling in NpNpR in
CD2Cl2.


T [K][b] kex [s
�1][c] DG� [kcalmol�1][d]


266 16 14.1
277 55 14.0
294 250 14.0
305 650 13.9


[a] These data were obtained by simulating the signals for the aromatic
protons of the hydrophobic stopper (HSt) at d=6.83 and 6.75 ppm
(226 K), which coalesce into a single peak at d=6.79 ppm (294 K).
[b] Calibrated using neat MeOH sample. [c] Measured using line shape
analysis method. [d] �0.2 kcalmol�1.


Table 1. MALDI-TOF MS data for the dumbbell-shaped compounds
NpNpD, PmPmD and NpPmD, and for the [2]rotaxanes NpNpR,
PmPmR and NpPmR.


NpNpD PmPmD NpPmD NpNpR PmPmR NpPmR


ion [M+Na]+ [M+H]+ [M+Na]+ [M+Na]+ [M+Na]+ [M+H]+


m/z 1640 1718 1690 2277 2377 2304


Figure 6. A graphical representation of the shuttling process in a degener-
ate [2]rotaxane with two identical stations.
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observed in PmPmR [for which
DG� ranges from 10.9 (at
294 K) to 11.4 kcalmol�1 (at
226 K)], with its weaker elec-
tron-accepting PmI units.
In the case of the bistable


[2]rotaxane, NpPmR, no shut-
tling is observed by dynamic
1H NMR spectroscopy. The
1/5DNP38C10 macrocycle re-
sides, to all intents and purpos-
es, on the NpI unit, at least to
within the limits of detection
provided by variable-tempera-
ture 1H NMR spectroscopy.
This heavily biased situation is
evident from comparing the
spectra presented in Figure 8.
Signals for the protons (HNp) on
the NpI unit encircled by the
macrocycle appear at d=8.13
and 8.23 ppm (Figure 8c), while
no signal is observed at
d~8.8 ppm where a resonance
for the protons (HNp) of the
free NpI unit would be expect-
ed to appear (Figure 8a). Simi-
larly, a signal for the protons
(HPm) on the free PmI unit is
observed at d=8.31 ppm in the
spectrum (Figure 8b) of
NpPmR. No signal correspond-
ing to an encircled PmI unit is
observed in the region of d=


6.9–7.0 ppm. From the differ-
ence (>3 kcalmol�1) in the
DG� values (compare data in
Tables 3 and 4) for shuttling in
PmPmR and NpNpR, a rough
estimate of the difference in binding energies of the NpI
and PmI recognition sites would be ~3 kcalmol�1. This pre-
diction assumes that the difference in the free-energy barrier
for shuttling in the two degenerate, two-station rotaxanes is
dictated by ground-state interactions rather than transition-
state ones. Whatever the rationalization, a free-energy dif-
ference between the two translational isomers of NpPmR of
~3 kcalmol�1 would mean that less than 1% of NpPmR re-
sides in the translational isomer (not shown in Figure 5) in
which the 1/5DNP38C10 macrocycle encircles the weaker
electron-accepting PmI recognition site.
Yet another dynamic process can be observed in the two


rotaxanes, NpNpR and NpPmR, which contain NpI units.
As the temperature of the CD2Cl2 of these rotaxanes is low-
ered to 209 K, the signals corresponding to the protons of
the NpI units, encircled by 1/5DNP38C10 macrocycles, sepa-
rate (Figure 9) into multiple peaks. This behavior reflects a
decrease in the local symmetry of the NpI unit, such that
protons that were previously equivalent, on account of a
particular site-exchange mechanism, are no longer equiva-


Figure 8. 1H NMR Spectra (600 MHz) at room temperature in CD2Cl2 for a) NpNpR, b) NpPmR, and
c) PmPmR. The insets show the partial structures for the three rotaxanes. Comparison of the spectrum for
NpPmR with the two for the degenerate rotaxanes allows the observed signals to be assigned to the transla-
tional isomer where the ring resides on the NpI unit. The structural assignments for HiPr and HSt can be found
in Figure 5.


Figure 9. Partial 1H NMR spectra (600 MHz) of NpNpR and NpPmR, re-
corded in CD2Cl2, showing the signals corresponding to the protons of
the NpI unit, encircled by the 1/5DNP38C10 macrocycle, at a) 248 K,
b) 239 K, c) 226 K, and d) 209 K.
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lent on the 1H NMR timescale. A diagram explaining the
origin of this asymmetry is shown in Figure 10. In the ab-
sence of the macrocycle, the protons labeled Ha and Hc, as
well as Hb and Hd, would be equivalent as a result of sym-
metry, both axial and planar symmetry relating them. How-
ever, the macrocycle does not share the same plane (and
also axis most likely) of symmetry, possessing instead a C2
axis, which is perpendicular to the plane of the NpI unit, re-
sulting in all four protons being nonequivalent. A number of
possible co-conformational changes could be proposed that
would explain the site exchanges observed (Figure 10) for
the two degenerate forms, but no clear evidence is available


to allow us to be precise at this time about the details of this
mechanism. A rough estimate of the DG� value for the ex-
change process can be made, based on the coalescence be-
haviors (Figure 9) of the signals, and gives a value of
11.5 kcalmol�1 at 239 K for both rotaxanes.[28] Similar proc-
esses have been observed previously in catenanes[29] and ro-
taxanes[30] containing 1,5-dioxynaphthalene units.


Photophysical investigations : The photophysical properties
of all the compounds investigated were studied in air-equili-
brated CH2Cl2 at room temperature. The [2]rotaxanes
PmPmR, NpNpR, and NpPmR (Figure 5 and Schemes 1–3)
contain four different types of chromophoric units, namely,
the 1,5-dioxynaphthalene ring systems present in the
1/5DNP38C10 macrocycle and the tetraarylmethane stop-
pers as well as the PmI and/or NpI recognition sites present
in the dumbbell components. We have also investigated
model compounds related to the units contained in the
dumbbell components, namely, the tetraarylmethane deriva-
tive 2 (Scheme 1) and the diimides 9 and 10.
In CH2Cl2, 1/5DNP38C10 exhibits an absorption band


with lmax=295 nm, (emax=16000m
�1 cm�1) and a strong


emission band (highest energy feature at 330 nm, F=0.10,
t=7.6 ns),[31] while the stopper precursor 2 shows absorption
bands below 300 nm and a moderately intense (F=0.04)
and short-lived (t=1.6 ns) emission band with lmax=310 nm


(Figure 11). The model compound 9 for the PmI recognition
site shows a structured absorption band with lmax=320 nm
(emax=2600m


�1 cm�1) and no emission (Figure 12). The
model compound 10 for the NpI recognition site exhibits


a strongly structured band (lmax=380 nm, emax=


26000m�1 cm�1), characteristic of its naphthalene core and a
fluorescence band (highest energy feature at lmax=390 nm,
F=1.2R10�3, t<0.5 ns), which is the mirror image of the
absorption band (Figure 12). The data obtained for 9 and 10
are in agreement with previously reported results for com-
pounds in the same family.[12a,32]


Figure 10. A schematic representation of the NpI unit encircled by a
1/5DNP38C10 macrocycle. If the indicated exchange process is slow on
the 1H NMR timescale, then all four protons would give rise to different
signals in the spectrum, because the macrocycle does not share the plane
of symmetry that would make Ha and Hc, as well as Hb and Hd, equiva-
lent in the absence of the macrocycle. The squares and triangles repre-
sent the constitutionally distinct ends of the NpI unit in the rotaxane. Ha


and Hc undergo exchange between sites U and V. Hb and Hd undergo ex-
change between sites X and Y.


Figure 11. Absorption and emission spectra of the stopper precursor 2
and the crown ether 6 in air-equilibrated CH2Cl2 at room temperature.


Figure 12. Absorption and emission spectra of model compounds 9 and
10 in air-equilibrated CH2Cl2 at room temperature.


Chem. Eur. J. 2004, 10, 6375 – 6392 www.chemeurj.org K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6383


Controllable [2]Rotaxanes 6375 – 6392



www.chemeurj.org





The absorption spectra of the dumbbell compounds
PmPmD, NpNpD, and NpPmD correspond to those expect-
ed from perusal of the spectra of the component units. As
for the emission, however, the high-energy fluorescence of
the stoppers is quenched, because of energy- and/or elec-
tron-transfer processes involving the diimide units, and the
structured band of the NpI unit in NpNpD and NpPmD is
partially quenched—presumably by a photoinduced elec-
tron-transfer process involving one of the stoppers—to
about 50% of the intensity observed for model com-
pound 10.
The absorption spectra of the [2]rotaxanes PmPmR,


NpNpR, and NpPmR differ considerably from what would
have been expected on the basis of the spectra of their com-
ponent units. It should be noted that there are strong differ-
ences in the spectral regions of both the ring component
and diimide units. Furthermore, the strong decrease in the
intensity of the UV region is accompanied (Figure 13) by
the appearance of weak and broad absorption bands in the
visible region. The presence of such low-energy excited
states, a feature which is a generally observed for strong
charge-transfer (CT) interactions, accounts for the lack of
emission of the three [2]rotaxanes.[3d,4d,33]


We note that the maximum of the weak CT band in the
visible region moves (Table 5) from 435 nm for PmPmR to
485 nm for NpNpR, a result that is consistent with the
higher electron-accepting power of the NpI unit relative to
that of the PmI one (see the section on electrochemical


properties) and in agreement with the data previously ob-
tained for related systems.[12g] We also note that the visible
band for NpPmR is practically the same as that for NpNpR,
an observation expected for the translational isomer of
NpPmR in which the macrocycle encircles the NpI unit.


Electrochemical investigations and redox-induced switching
of the bistable rotaxane : Electrochemical experiments—
namely, cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV)—were carried out in argon-purged CH2Cl2
solutions at room temperature. All the potential values are
referred to SCE. Since the [2]rotaxanes PmPmR, NpNpR,
and NpPmR all contain several electro-active units, they dis-
play a rather complex electrochemical behavior. We have
focused our attention on the electrochemical behavior of
the PmI and NpI recognition sites in order to understand, in
the case of NpPmR, which site, if any, is surrounded prefer-
entially by the macrocyclic ring and whether it is possible to
induce ring shuttling by electrochemical stimulation.
Table 6 summarizes the results obtained. Both the model


compounds 9 and 10 exhibit two monoelectronic and rever-


Figure 13. Absorption spectra in air-equilibrated CH2Cl2 at room temper-
ature of the [2]rotaxanes PmPmR, NpNpR, and NpPmR (full lines) com-
pared with the sums of the spectra of the component units (dashed lines).


Table 5. Charge-transfer bands of the investigated compounds and com-
plexes.[a]


lmax [nm] e [m�1 cm�1]


PmPmR 435 1500
NpNpR 485 700
NpPmR 490 850
[6·9·Li2]


2+ 460 ~350
[6·10·Li2]


2+ 550 ~400
[PmPmR·Li2]


2+ 460 500
[NpNpR·Li2]


2+ 560 900
[NpPmR·Li2]


2+ 460 550


[a] In air-equilibrated CH2Cl2 at room temperature.


Table 6. Reduction processes of the PmI and NpI recognition sites con-
tained in the PmPmD, NpNpD, NpPmD dumbbells, and in the PmPmR,
NpNpR, NpPmR [2]rotaxanes, and in the model compounds 9 and 10.[a]


EINpI [V]
[b] EIPmI [V]


[b] EIINpI [V]
[b] EIIPmI [V]


[b]


9 �0.89(1) �1.42(1)
10 �0.65(1) �1.05(1)
PmPmD �0.88(2) �1.42(2)
NpNpD �0.64(2) �1.05(2)
NpPmD �0.65(1) �0.90(1) �1.05(1) �1.45(1)
PmPmR �0.87(1)


�1.07(1)[c]
�1.43(2)


NpNpR �0.65(1)
�0.93(1)[c]


�1.05(2)


NpPmR �0.74(1)[c] �1.06(1)[c,d] �1.06(1)[d] �1.47(1)


[a] Room temperature argon-purged CH2Cl2 solution; tetrabutylammoni-
um hexafluorophosphate as the supporting electrolyte, glassy carbon as
working electrode. [b] Potential value vs SCE; reversible process unless
otherwise noted; number of the exchanged electrons reported in paren-
theses. [c] Process affected by a relatively slow heterogeneous electron-
transfer rate. [d] For details, see the text.
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sible reduction processes.[12g,34] The dumbbells PmPmD and
NpNpD, which contain two PmI and NpI units, respectively,
show bielectronic and reversible reduction processes at ex-
actly the same potentials as observed for the corresponding
model compounds (Figure 14), indicating that the two chem-


ically and topologically equivalent units in each dumbbell
behave independently. As expected, NpPmD, which con-
tains both PmI and NpI recognition sites, shows four dis-
tinct, monoelectronic and reversible reduction processes for
noninteracting units (Figure 14).
The CV patterns for the reduction of the [2]rotaxanes


PmPmR, NpNpR, and NpPmR are illustrated in Figure 15


and the correlation diagram of the reduction potentials, ob-
served in the dumbbell and rotaxane species, is presented in
Figure 16. The results obtained indicate that, in the case of
PmPmR and NpNpR, the two recognition sites are not
equivalent. One unit is reduced at the same potential as in
the corresponding dumbbell, whereas the second one is re-
duced at a more negative potential. This behavior demon-
strates that, on the timescale of the heterogeneous electron-
transfer process, the 1/5DNP38C10 macrocycle is localized
on one of the two units. We also note that, in both [2]ro-
taxanes, the second reduction process of the two electron-
accepting units takes place simultaneously and approximate-
ly at the same potential as the second reduction process ob-
served in the corresponding dumbbell. This behavior estab-
lishes that there is no appreciable interaction between the
macrocycle and the monoreduced PmI� and NpI� units.
In the case of the NpPmR rotaxane, which contains two


different recognition sites, the first reduction process
(�0.74 V) occurs (Table 6) at a potential more negative than
that expected for a disengaged NpI unit—see the first reduc-
tion of the NpNpD and NpPmD dumbbells, and of the
NpNpR rotaxane which occur at approximately �0.65 V.
This result indicates clearly that the 1/5DNP38C10 macrocy-
cle encircles the NpI recognition site. It is also evident that
the second reduction wave of NpPmR is a two-electron
process that occurs at a potential (�1.06 V) more negative
than that of a disengaged PmI unit—see the first reduction
of the PmPmD dumbbell and PmPmR rotaxane and the
second reduction of the NpPmD dumbbell which both occur
at about �0.90 V. This result demonstrates that, in NpPmR,
the reduction of the NpI recognition site causes the dis-
placement of the 1/5DNP38C10 macrocycle to the PmI unit.
The shape of the CV curves as a function of sweep rate indi-
cates that such a displacement is fast on the electrochemical
timescale. As a consequence of the switching process, the
monoreduced NpI� unit is disengaged and is therefore ex-
pected to undergo second reduction at the same potential
(�1.05 V) as in the dumbbell species. This sequence of
events is consistent with the bielectronic nature of the
second reduction wave at �1.06 V of NpPmR that can
therefore be assigned to first reduction of engaged PmI and
second reduction of disengaged NpI. The switching of the
macrocycle from the one-electron reduced NpI� to the PmI
recognition site is confirmed by the fact that the first reduc-
tion of PmI occurs at the same potential (�1.07 V) as that
of the second reduction process of PmPmR. The third re-
duction wave (�1.47 V) for NpPmR can be assigned quite
straightforwardly to the reduction of a substantially disen-
gaged PmI� unit. When both the recognition sites are mono-
reduced, there is apparently no appreciable interaction with
the macrocycle, just as in the cases of the degenerate
NpNpR and PmPmR [2]rotaxanes.
It is also interesting to note that the reduction potential


of the engaged NpI unit is more negative in NpNpR
(�0.93 V) than in NpPmR (�0.74 V). This result can be ac-
counted for by considering that, in the NpPmR rotaxane, re-
duction of the NpI unit is followed by a fast shuttling to the
other (PmI) recognition site, whereas in the NpNpR rotax-
ane, reduction of the engaged NpI cannot be followed by


Figure 14. Cyclic voltammograms (argon-purged CH2Cl2; scan rate=
50 mVs�1) of the dumbbells PmPmD, NpNpD, and NpPmD and of 9 and
10, which serve as model compounds for the recognition sites. The CV
waves have been corrected for different concentrations and diffusion co-
efficients.


Figure 15. Cyclic voltammograms (argon-purged CH2Cl2; scan rate=
50 mVs�1) of the [2]rotaxanes PmPmR, NpNpR, and NpPmR. The CV
waves have been corrected for different concentrations and diffusion co-
efficients.
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shuttling because the other recognition site has already been
reduced as well.
Simulations of the CV patterns on the basis of the above


discussed mechanism confirmed that shuttling is a fast proc-
ess (k>105 s�1) and showed that in all three [2]rotaxanes
the reduction waves of the encircled units are not fully re-
versible, because of a slow heterogeneous electron transfer
(k<0.02 cms�1). Such a behavior has already been observed
for electroactive guests encapsulated in cage-like hosts, such
as cyclodextrins, hemicarcerands, and dendrimers.[35]


Chemical switching of the bistable rotaxane : Previously, the
interaction of Li+ ions with PmI and NpI units and
1/5DNP38C10 (6) has been investigated.[36] Here, we report
in more detail on the nature of these interactions. Addition
of LiClO4 (dissolved in MeCN) to a solution of 6 in CH2Cl2
causes small spectral changes in the absorption and emission
bands of the macrocycle. No spectral change was observed
when LiClO4 was added to solutions of 9 or 10 in CH2Cl2. In
CH2Cl2, association of either 9 or 10 with 1/5DNP38C10 (6)
does not take place. When a solution containing equimolar
amounts (8.0R10�5m) of 6 and 9 or 10 was titrated by a so-
lution of LiClO4 in MeCN, strong spectral changes were ob-
served—see, for example, Figure 17. Noticeably, a broad
band with a maximum at 460 and 550 nm, respectively, was
formed (Table 5), indicating that the presence of Li+ ions
promotes formation of a CT complex (presumably with a
pseudorotaxane-like superstructure) between 1/5DNP38C10
and 9 or 10. Titration plots (see the inset in Figure 17, for
example) indicate that such complexes contain two Li+ ions
and exhibit high association constants. Some fuzziness in the
isobestic points suggests that a 1:1 species is first formed,
followed by formation of a 1:2 species. Titration of the
[6·10·Li2]


2+ complex with 9 causes (Table 5) a displacement


of the visible band from 550 to 460 nm, demonstrating that
the association constant of [6·9·Li2]


2+ is larger than that of
[6·10·Li2]


2+ .


Titration of the degenerate PmPmR and NpNpR [2]ro-
taxanes with a solution of LiClO4 in MeCN caused strong
spectral changes to occur. As illustrated in Figure 18 for
PmPmR, the CT band of the rotaxane (lmax=435 nm,
Figure 14, Table 5) decreases in intensity and moves to the
red, giving a band with lmax=460 nm, quite similar to that of
the [6·9·Li2]


2+ complex and reaching its maximum for addi-
tion of two equivalents of LiClO4. In the same manner, ad-
dition of two equivalents of LiClO4 to NpNpR causes the
displacement of the CT band from 485 to 560 nm (Table 5).
These results show clearly that the [2]rotaxanes are able to


Figure 17. Spectral changes (optical path=1 cm) observed upon titration
of 9 and 6 (CH2Cl2, 8.0R10


�5
m) with LiClO4 (MeCN). The inset shows


absorbance changes at 460 nm.


Figure 16. Correlations of the reduction potentials of the [2]rotaxanes PmPmR, NpNpR, and NpPmR with the dumbbells PmPmD, NpNpD, and
NpPmD.
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complex two Li+ ions in order to form the [PmPmR·Li2]
2+


and [NpNpR·Li2]
2+ species. Since the presence of Li+ af-


fects the CT bands, we can also conclude that the metal ions
are located close to the units involved in the donor–acceptor
interactions.


All the foregoing spectroscopic and electrochemical re-
sults indicate that, in the nondegenerate NpPmR rotaxane,
the 1/5DNP38C10 macrocycle is located around the NpI sta-
tion. However, the experiments performed on the pseudo-
rotaxane-like species show that the presence of Li+ ions
favors formation of the [6·9·Li2]


2+ complex in preference to
the [6·10·Li2]


2+ one. Taken together, these results suggest
that addition of Li+ ions to the NpPmR rotaxane should
switch the 1/5DNP38C10 macrocycle from the NpI to the
PmI recognition site. Such a switching is indeed observed, as
indicated by the spectral changes displayed in Figure 19.
They show that, upon addition of Li+ ions, the CT band cor-
responding to the 1/5DNP38C10–NpI interaction is replaced
by a CT band characteristic of the “Li+-ion-assisted”
1/5DNP38C10–PmI interaction (Table 5).


We have also investigated the lithium-ion-induced switch-
ing process (Figure 20) in the bistable [2]rotaxane using
1H NMR spectroscopy as the probe.[37] The spectrum of the
neutral NpPmR at room temperature in CD2Cl2 is displayed
in Figure 21a. This bistable [2]rotaxane exists predominately
as the translational isomer (Figure 8) in which the
1/5DNP38C10 macrocycle resides on the NpI unit. In order
to induce the rotaxane to switch, an excess of LiClO4


dissolved in ~200 mL of CD3COCD3 was added to the
sample, which was then shaken vigorously to ensure com-
plete mixing of the two solutions in the NMR sample tube.
After addition of the LiClO4, the


1H NMR spectrum was re-
corded (Figure 21b) again at room temperature. Comparing
this spectrum (Figure 21b) with that (Figure 21a) for the
rotaxane, prior to addition of the lithium salt, reveals
some distinct changes in chemical shifts. The signal at
d=8.19 ppm for the protons (HNp) of the encircled NpI unit
is absent and signals for the “uncomplexed” NpI unit
(HNp) appear at d=8.62 and 8.66 ppm. Also, the signal cor-
responding to the “uncomplexed” PmI unit (HPm) at
d=8.24 ppm is no longer present in the spectrum. Unfortu-
nately, the signal corresponding to the encircled PmI unit
(HPm) is obscured by the other aromatic signals.
Further support for the presence of essentially only a


single translational isomer before and after addition of
LiClO4 can be obtained by examining the signals corre-
sponding to the methyl groups of the hydrophobic stopper
(see the expansion in Figure 21). Both of the major transla-
tional isomers possess two constitutionally distinct stoppers
as a result of the two different recognition sites within the
dumbbell. A consequence is that all of the signals for the
protons of the stoppers should appear in the form of two
equal-intensity signals, assuming the ring is located solely on
one of the two recognition sites. These signals can be seen
clearly in the expansions, in which the methyl groups of the
tert-butyl group give rise to two singlets, while the methyl
groups of the isopropyl group give rise to two doublets, both
before and after addition of the lithium salt.
Another more subtle indication of the nature of the lithi-


um complex comes from the change of the NpI signals.


Figure 19. Spectral changes (optical path=5 cm) observed upon titration
of the nondegenerate NpPmR rotaxane (CH2Cl2, 8.0R10


�5
m) with


LiClO4 (MeCN).


Figure 20. Schematic representation of the lithium-induced switching
process of the bistable NpPmR. Addition of two equivalents of a lithium
cation forms a complex between the crown ether, the PmI unit and two
lithium cations that is stronger than the complex formed between the
NpI unit and crown ether alone. Removal of the lithium cations disrupts
this complex and causes the macrocycle to return to the stronger elec-
tron-accepting NpI unit.


Figure 18. Spectral changes (optical path=1 cm) observed upon titration
of the degenerate PmPmR rotaxane (CH2Cl2, 8.0R10


�5
m) with LiClO4


(MeCN).
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Before addition of lithium salt,
the NpI unit gives rise to one
peak at d=8.19 ppm. After ad-
dition of LiClO4, however, two
doublets are observed at d=


8.62 and 8.66 ppm. This differ-
ence in chemical shift arises
from the fact that the two ends
of the NpI unit are not con-
stitutionally the same—see
Figure 10, in which the squares
and triangles represent different
structural entities attached to
the NpI unit. Although this sep-
aration exists both before and
after addition of the lithium
salt, the presence of the Li+


ions accentuates the constitu-
tional heterotopicity of the two
ends, causing the Dd value to
be larger and thus making it
easier to observe. Before addi-
tion of the lithium salt, the Dd


value is so small that they
appear as only a single reso-
nance.
To determine if this ion-in-


duced switching process was re-
versible, [12]crown-4 is added
to the sample after recording
the spectrum of the switched
rotaxane. This crown ether acts
as a sequestering agent[38] for
Li+ ions and competes with the
rotaxane for binding to the Li+


ions. An excess of [12]crown-4
was added to drive the equili-
brium completely towards the
Li+ ·[12]crown-4 complex, re-
turning the rotaxane to its neu-
tral ground state. The 1H NMR
spectrum (Figure 21c) of the so-
lution containing the rotaxane,
LiClO4, and excess [12]crown-4
was then recorded . The signal
at d=8.1 ppm arises from an
impurity present in the com-
mercial sample of [12]crown-4.
Other than a slight upfield shift
for some of the signals, presum-
ably caused by a change in the
polarity of the solvent, the ob-
servable signals are the same as
those for the neutral ground-
state rotaxane, indicating that
the switching process has been
reversed.


Figure 21. 1H NMR spectra (600 MHz) of NpPmR at room temperature in CD2Cl2 a) before and b) after addi-
tion of excess of LiClO4 dissolved in 200 mL of CD3COCD3. The insets show the partial structures for the ro-
taxane before and after addition of the lithium. The expansion shows the signals corresponding to the methyl
groups on the hydrophobic stopper.
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Conclusion


Important and successful steps have been taken towards the
design, synthesis, and characterization of redox-controlled
donor–acceptor, neutral [2]rotaxanes that could fulfill the
role of switches in a future generation of molecular elec-
tronic devices. NMR spectroscopic and photophysical inves-
tigations have demonstrated quite independently and
beyond any shadow of a doubt, that, in the nondegenerate
[2]rotaxane NpPmR with both PmI and NpI recognition
sites located along the rod section of the dumbbell compo-
nent, by far the most stable translational isomer is the one
in which the 1/5DNP38C10 macrocycle encircles the NpI
recognition site, which is itself a much better electron ac-
ceptor than the PmI one. Furthermore, a detailed electro-
chemical investigation of the redox-controllable, donor–ac-
ceptor, bistable [2]rotaxane reveals that, upon one-electron
reduction, its NpI recognition site is deactivated and the
1/5DNP38C10 macrocycle moves to the PmI one. Also, it is
worthy of note that when this second recognition site is de-
activated by electrochemical reduction, the 1/5DNP38C10
macrocycle apparently is no longer involved in any donor–
acceptor interactions. This electrochemical behavior is just
what is wanted in a nanoelectromechanical switch, that is,
there exists the potential to destabilize the metastable state
of a bistable switch (Figure 3). All that is needed now is to
introduce amphiphilicity[7] into this neutral bistable [2]ro-
taxane so that it can be self-organized as a Langmuir film[8,9]


and transferred as a molecular monolayer by means of the
Langmuir–Blodgett technique into a two-terminal crossbar
device.[6] This research goal is being pursued presently with
some vigor as we seek to broaden the scope of bistable ro-
taxanes in molecular electronic devices from charged tetra-
cationic systems[6–11] to neutral molecules.
Research rarely happens without throwing up a few sur-


prises and presenting the odd bonus to the researchers. This
collaborative venture has been no exception in so far as it
has uncovered a practical way by which the neutral bistable
[2]rotaxane can also be switched chemically using lithium
cations. The ability of two Li+ ions to form a 2:1 co-complex
in solution with pseudorotaxanes,[36] self-assembled between
substrates that contain electron-accepting diimide (PmI or
NpI) units and the electron-donating 1/5DNP38C10 macro-
cycle acting as a receptor, can be used to switch NpPmR.
Since the pole-dipole interactions involving the Li+ ions and
the oxygen atoms in the polyether loops of the
1/5DNP38C10 macrocycle are stronger in the case of a PmI-
encircled unit, addition of Li+ ions to the neutral bistable
[2]rotaxane induces the 1/5DNP38C10 macrocycle to move
from the NpI to the PmI recognition site. This observation
is a significant one in the context of the future design and
operation of artificial (supra)molecular machines[4,39] that will
be driven by some kind of chemomechanical mechanism.[40]


Experimental Section


General methods : Chemicals were purchased from Aldrich or TCI and
used as received. The compounds 4-[4-isopropylphenylbis(4-tert-butylphe-


nyl)methyl]phenol[20] (1) , 5-[(tetrahydropyan-2-yl)oxy]pentan-1-ol[22] (4),
1,5-dinaphtho[38]crown-10,[23] (6) and 1,4,5,8-naphthalenecarboxylic di-
imide[24] (7) were all prepared according to literature procedures. Solvents
were dried following methods described in the literature.[25] All reactions
were carried out under an anhydrous argon atmosphere. Thin-layer chro-
matography (TLC) was performed on aluminum sheets, coated with
silica-gel 60F (Merck 5554). The plates were inspected by UV light and,
if required, developed in I2 vapor. Column chromatography was carried
out by using silica-gel 60 (Merck 9385, 230–400 mesh). Melting points
were determined on an Electrothermal 9100 melting point apparatus and
are uncorrected. All 1H and 13C NMR spectra were recorded on either 1)
a Bruker ARX400 (400 MHz and 100 MHz, respectively), 2) a Bruker
ARX500 (500 MHz and 125 MHz, respectively), or 3) a Bruker
Avance500 (500 MHz and 125 MHz, respectively), with residual solvent
as the internal standard. Samples were prepared in CDCl3 and CD3OD
purchased from Cambridge Isotope Labs. All chemical shifts are quoted
using the d scale, and all coupling constants (J) are expressed in Hertz
(Hz). Fast atom bombardment (FAB) mass spectra were obtained using a
ZAB-SE mass spectrometer, equipped with a krypton primary atom
beam utilizing a m-nitrobenzyl alcohol matrix. Cesium iodide or poly-
(ethylene glycol) were employed as reference compounds. Matrix-assist-
ed laser-desorption ionization time-of-flight (MALDI-TOF) mass spectra
were measured on an IonSpec Fourier transform mass spectrometer.


Photophysical experiments : All measurements were performed at room
temperature in air-equilibrated CH2Cl2 (Merck Uvasol


TM) solutions (2R
10�5–1R10�4m). UV-visible absorption spectra were recorded with a
Perkin–Elmer Lambda 40 spectrophotometer. Uncorrected fluorescence
spectra were obtained with a Perkin–Elmer LS-50 spectrofluorimeter,
equipped with a Hamamatsu R928 phototube. Naphthalene in air-equili-
brated cyclohexane (F=0.036)[41] was used as the standard for evaluating
the luminescence quantum yields. The estimated experimental errors are:
2 nm on band maxima, �10% on the molar absorption coefficients and
fluorescence intensity.


Electrochemical experiments : Cyclic voltammetric (CV) and differential
pulse voltammetric (DPV) experiments were carried out in argon-purged
CH2Cl2 (Romil Hi-Dry


TM) at room temperature with an Autolab 30 mul-
tipurpose instrument interfaced to a personal computer. The working
electrode was a glassy carbon electrode (0.08 cm2, Amel); its surface was
routinely polished with 0.3 mm alumina–water slurry on a felt surface, im-
mediately prior to use. In all cases, the counterelectrode was a Pt spiral,
separated from the bulk solution with a fine glass frit, and an Ag wire
was used as a quasi-reference electrode. Ferrocene (E1/2=�0.46 V vs
SCE in CH2Cl2)


[42] was present as the internal standard. In all the electro-
chemical experiments the concentration of the compounds was in the
range 5R10�4–1R10�3m and tetrabutylammonium hexafluorophosphate
solution of a 100 times higher concentration was added as supporting
electrolyte. Cyclic voltammograms were obtained with sweep rates in the
range 0.02–1.0 Vs�1; the IR compensation implemented within the Auto-
lab 30 was used, and every effort was made throughout the experiments
in order to minimize the resistance of the solution. In any instance, the
full reversibility of the voltammetric wave of ferrocene was taken as an
indicator of the absence of uncompensated resistance effects. The DPV
experiments were performed with a scan rate of 20 or 4 mVs�1 (pulse
height 75 and 10 mV, respectively) and a duration of 40 ms. The reversi-
bility of the observed processes was established by using the criteria of 1)
separation of 60 mV between cathodic and anodic peaks, 2) the close to
unity ratio of the intensities of the cathodic and anodic currents, and 3)
the constancy of the peak potential on changing sweep rate in the cyclic
voltammograms. The same halfwave potential values were obtained from
the DPV peaks and from an average of the cathodic and anodic CV
peaks, as expected for reversible processes. The number of exchanged
electrons in the redox processes of the investigated dumbbells and [2]ro-
taxanes was measured by comparing the current intensity of the CV
waves and the area of the DPV peaks with those found for the two rever-
sible and monoelectronic reduction processes of the model compounds 9
and 10, after correction for differences in the diffusion coefficients and
concentrations.[43] The experimental errors associated with the potential
values were estimated to be �10 mV. Digital simulation of the experi-
mental CVs were obtained by using the software package DigiSim
3.05.[44]
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Compound 2 : A solution of 5-chloro-1-pentanol (999 mg, 8.15 mmol), 1
(2.00 g, 4.08 mmol), K2CO3 (1.69 g, 12.23 mmol), LiBr (10 mg, cat.
amount), and [18]crown-6 (10 mg, cat. amount) in dry MeCN (80 mL)
was heated under reflux for 6 d. After cooling down to room tempera-
ture, the reaction mixture was filtered and the residue was washed with
MeCN (50 mL). The combined organic phase was concentrated in vacuo
and the crude product was purified by column chromatography (SiO2:
CH2Cl2) to give 2 (1.95 g, 83%) as a white solid. M.p. 190–192 8C;
1H NMR (CDCl3, 400 MHz): d=1.23 (d, J=6.9 Hz, 6H), 1.31 (s, 18H),
1.52–1.68 (m, 4H), 1.79–1.83 (m, 2H), 2.89 (septet, J=6.9 Hz, 1H), 3.66
(t, J=6.5 Hz, 2H), 3.95 (t, J=6.4 Hz, 2H), 6.76 (d, J=8.9 Hz, 2H), 7.08–
7.15 (m, 10H), 7.23 ppm (d, J=8.6 Hz, 4H); 13C NMR (CDCl3,
400 MHz): d=22.4, 24.0, 29.1, 31.4, 32.5, 33.5, 34.3, 62.8, 63.2, 67.6, 113.0,
124.1, 125.2, 130.8, 131.0, 132.2, 139.5, 144.2, 144.7, 146.0, 148.3,
156.8 ppm; MS (FAB): m/z (%): 576 (55)[M]+ , 457(45), 443(80), 397
(100); elemental analysis calcd (%) for C41H52O2 (576): C 85.37, H 9.09;
found: C 85.08, H 9.33.


Compound 5 : DEAD (700 mg, 4.02 mmol) was added dropwise at 0 8C
under an Ar atmosphere to a solution of 2 (1.16 g, 2.01 mmol), 3
(478 mg, 2.21 mmol), 4 (379 mg, 2.01 mmol), and PPh3 (1.06 g,
4.02 mmol) in THF (50 mL); the reaction mixture was stirred at room
temperature for 16 h. The mixture was filtered though silica gel and the
solution was evaporated in vacuo to obtain a crude product, which was
then purified by column chromatography (SiO2: CH2Cl2/Me2CO, 100:3).
The colorless band (Rf=0.5) was collected and dissolved in MeOH/
CH2Cl2 (1:1, 100 mL). A concentrated HCl aqueous solution (0.5 mL)
was added and the reaction mixture was stirred at room temperature for
4 h. After removal of the solvent, the residue was purified by column
chromatography (SiO2: CH2Cl2/Me2CO, 100:5) to give 5 (0.65 g, 37%) as
a yellow solid. M.p. 239–241 8C; 1H NMR (CDCl3, 400 MHz): d=1.23 (d,
J=6.9 Hz, 6H), 1.29 (s, 18H), 1.41–1.54 (m, 4H), 1.60–1.67 (m, 2H),
1.72–1.85(m, 6H), 2.86 (septet, J=6.9 Hz, 1H), 3.65 (t, J=6.5 Hz, 2H),
3.73–3.80 (m, 4H), 3.92(t, J=6.2 Hz, 2H), 6.73 (d, J=8.6 Hz, 2H), 7.05–
7.10 (m, 10H), 7.23 (d, J=8.6 Hz, 4H), 8.27 ppm (s, 2H); 13C NMR
(CDCl3, 400 MHz): d=23.1, 23.6, 24.0, 28.2, 28.9, 31.4, 32.1, 33.5, 34.3,
38.6 41.7, 62.6, 63.1, 67.3, 112.9, 118.2, 124.1, 125.2, 129.1, 130.7, 131.0,
132.2, 137.2, 139.6, 144.2, 144.6, 146.0, 148.3, 156.7, 166.3, 166.3 ppm; MS
(MALDI-TOF): m/z calcd for C56H64N2O6Na: 883.5; found: 883.6; ele-
mental analysis calcd (%) for C56H64N2O6 (860): C 78.11; H 7.49, N 3.25;
found: C 77.89, H 7.59, N 3.24.


Dumbbell PmPmD : DEAD (181 mg, 1.04 mmol) was added dropwise at
0 8C under an Ar atmosphere to a solution of 2 (300 mg, 0.52 mmol), 3
(124 mg, 0.57 mmol), 5 (448 mg, 0.52 mmol), and PPh3 (273 mg,
1.04 mmol) in THF (20 mL) and the reaction mixture was stirred at room
temperature for 2 d. The mixture was filtered though silica gel and the
solution was evaporated in vacuo to obtain a crude product, which was
then purified by column chromatography (SiO2: CH2Cl2/Me2CO, 100:5)
to give PmPmD (0.28 g, 33%) as a yellow solid. M.p. 213–216 8C;
1H NMR (CDCl3, 400 MHz): d=1.24 (d, J=6.9 Hz, 12H), 1.30 (s, 36H),
1.50–1.60 (m, 6H), 1.73–1.90(m, 12H), 2.87 (septet, J=6.9 Hz, 2H), 3.70–
3.82 (m, 8H), 3.93 (t, J=6.3 Hz, 4H), 6.73 (d, J=8.9 Hz, 4H), 7.05–7.10
(m, 20H), 7.23 (d, J=8.6 Hz, 8H), 8.21 ppm (s, 4H); 13C NMR (CDCl3,
400 MHz): d=23.6, 24.0, 27.8, 28.3, 28.9, 31.4, 34.3, 38.2, 38.6, 63.1, 67.3,
112.9, 118.2, 124.1, 125.2, 130.7, 131.0, 132.2, 137.2, 137.3, 139.6, 144.2,
144.6, 146.0, 148.3, 156.7, 166.2, 166.3 ppm; MS (MALDI-TOF): m/z
calcd for C107H116N4O10: 1617; found: 1640 [M+Na]+ ; HRMS (MALDI-
TOF): m/z calcd for C107H116N4O10Na: 1640.8622; found: 1640.8666 .


Rotaxane PmPmR : A solution of PmPmD (48.5 mg, 0.03 mmol), 6
(95.5 mg, 0.15 mmol), and LiBr (13.0 mg, 0.15 mmol) in CHCl3/MeOH
(95:5, 1 mL) was heated at 60 8C for 14 d. After cooling down to room
temperature, the mixture was evaporated in vacuo to obtain a crude
product which was then purified by column chromatography (SiO2:
CHCl3/EtOAc, 80:20) to give PmPmR (29.6 mg, 44%) as a yellow solid.
M.p. 196–197 8C; 1H NMR (CDCl3, 500 MHz): d=1.23 (d, J=6.9 Hz,
12H), 1.29 (s, 36H), 1.53–1.65 (m, 6H), 1.78–1.94 (m, 12H), 2.87 (septet,
J=6.9 Hz, 2H), 3.63–3.73 (m, 8H), 3.90–4.10 (m, 36H), 6.28 (d, J=
7.6 Hz, 4H), 6.70–6.79 (m, 8H), 7.05–7.10 (m, 20H), 7.17 (d, J=8.4 Hz,
4H), 7.21 (d, J=8.6 Hz, 8H), 7.55–7.75 ppm (br, 4H); 13C NMR (CDCl3,
500 MHz): d=23.7, 23.8, 24.3, 28.1, 28.3, 28.8, 29.6, 31.2, 33.3, 34.2, 38.0,
38.2, 63.0, 67.3, 67.8, 69.4, 71.1, 71.2, 104.4, 112.8, 113.9, 116.9, 123.9,
124.0, 125.0, 125.3, 130.6, 130.9, 132.1, 135.3, 139.5, 144.0, 144.5, 145.8,


148.1, 153.5, 156.6, 166.1, 166.2 ppm; MS (FAB): m/z (%): 576 (55) [M]+ ,
457(45), 443(80), 397 (100); MS (MALDI-TOF): m/z calcd for
C143H160N4O20: 2254; found: 2277 [M+Na]+ ; HRMS (MALDI-TOF): m/z
calcd for C143H160N4O20Na: 2277.1557; found: 2277.1570.


Compound 8 : DEAD (724 mg, 4.16 mmol) was added dropwise at 0 8C
under an Ar atmosphere to a solution of 2 (1.20 g, 2.08 mmol), 4
(392 mg, 2.08 mmol), 7 (609 mg, 2.29 mmol), and PPh3 (1.09 g,
4.16 mmol) in THF (50 mL); the reaction mixture was stirred at room
temperature for 16 h. The mixture was filtered though silica gel and the
solution was evaporated in vacuo to obtain a crude product, which was
then purified by column chromatography (SiO2: CH2Cl2/Me2CO, 100:3).
The colorless band (Rf=0.6) was collected and dissolved in MeOH/
CH2Cl2 (1:1, 100 mL). A concentrated HCl aqueous solution (0.5 mL)
was added and the reaction mixture was stirred at room temperature for
4 h. After removal of the solvent, the residue was purified by column
chromatography (SiO2: CH2Cl2/Me2CO, 100:5) to give 8 (0.63 g, 33%) as
a yellow solid. M.p. 257–259 8C; 1H NMR (CDCl3, 500 MHz): d=1.23 (d,
J=6.9 Hz, 6H), 1.30 (s, 18H), 1.50–1.70 (m, 6H), 1.76–1.88 (m, 6H), 2.86
(septet, J=6.9 Hz, 1H), 3.68 (t, J=6.4 Hz, 2H), 3.95 (t, J=6.3 Hz, 2H),
4.22 (q, J=7.1 Hz, 4H), 6.73 (d, J=8.9 Hz, 2H), 7.05–7.10 (m, 10H), 7.22
(d, J=8.6 Hz, 4H), 8.75 ppm (s, 4H); 13C NMR (CDCl3, 400 MHz): d=
23.3, 23.7, 23.4, 27.8, 27.9, 29.1, 31.4, 32.3, 33.5, 34.3, 40.8, 62.7, 63.1, 67.4,
113.0, 124.0, 125.2, 126.6, 126.62, 126.7 130.7, 131.0, 132.2, 139.5, 144.2,
144.6, 146.0, 148.3, 156.8, 162.8, 162.9 ppm; MS (MALDI-TOF): m/z
calcd for C60H66N2O6Na: 933.5; found: 933.7; HRMS (MALDI-TOF): m/
z calcd for C60H66N2O6Na: 933.4813; found: 933.4803.


Dumbbell NpNpD : DEAD (169 mg, 0.97 mmol) was added dropwise at
0 8C under an Ar atmosphere to a solution of 2 (280 mg, 0.49 mmol), 7
(142 mg, 0.53 mmol), 8 (442 mg, 0.49 mmol), and PPh3 (255 mg,
0.97 mmol) in THF (20 mL); the reaction mixture was stirred at room
temperature for 2 d. The mixture was filtered though silica gel and the
solution was evaporated in vacuo to obtain the crude product which was
then purified by column chromatography (SiO2: CH2Cl2/Me2CO, 100:5)
to give NpNpD (0.35 g, 40%) as a orange solid. M.p. 190–192 8C;
1H NMR (CDCl3, 400 MHz): d=1.23 (d, J=6.9 Hz, 12H), 1.30 (s, 36H),
1.53–1.70 (m, 6H), 1.76–1.90 (m, 12H), 2.86 (septet, J=6.9 Hz, 2H), 3.96
(t, J=6.3 Hz, 4H), 4.22 (m, 8H), 6.74 (d, J=8.9 Hz, 4H), 7.05–7.10 (m,
20H), 7.23 (d, J=8.6 Hz, 8H), 8.73 ppm (AAFBBF system, 8H);
13C NMR (CDCl3, 400 MHz): d=23.7, 24.0, 27.7, 27.9, 31.4, 33.4, 34.3,
40.7, 63.1, 67.4, 112.9, 124.0, 125.2, 126.6, 126.7, 130.9, 131.0, 132.2, 139.5,
144.2, 144.6, 146.0, 148.3, 156.8, 162.8 ppm; MS (MALDI-TOF): m/z
calcd for C115H120N4O10: 1717; found: 1718 [M+H]+ ; HRMS (MALDI-
TOF): m/z calcd for C115H121N4O10: 1717.9083; found: 1717.9077 [M+H]+


.


Rotaxane NpNpR : A solution of NpNpD (51.5 mg, 0.03 mmol), 6
(95.5 mg, 0.15 mmol), and LiBr (13.0 mg, 0.15 mmol) in CHCl3/MeOH
(95:5, 1 mL) was heated at 60 8C for 14 d. After cooling down to room
temperature, the mixture was evaporated in vacuo to obtain a crude
product which was then purified by column chromatography (SiO2:
CHCl3/EtOAc, 80:20) to give NpNpR (30 mg, 42%) as a violet solid.
M.p. 212–214 8C; 1H NMR (CDCl3, 500 MHz): d=1.23 (d, J=6.9 Hz,
12H), 1.29 (s, 36H), 1.59–1.79 (br, 6H), 1.81–2.07 (br, 12H), 2.87 (septet,
J=6.9 Hz, 2H), 3.77–4.33 (m, 44H), 6.07 (d, J=7.6 Hz, 4H), 6.60–6.65
(m, 4H), 6.76–6.81 (br, 4H), 6.83 (d, J=8.4 Hz, 4H), 7.05–7.10 (m, 20H),
7.22 (d, J=8.6 Hz, 8H), 8.00–9.00 ppm (br, 8H); 13C NMR (CDCl3,
500 MHz): d=23.9, 24.8, 27.7, 27.8, 31.3, 33.3, 34.2, 40.4, 63.0, 67.2, 67.4,
69.7, 71.0, 71.2, 103.2, 112.8, 113.9, 123.4, 123.9, 124.6, 125.0, 130.6, 130.9,
132.1, 139.4, 144.1, 144.5, 145.8, 148.1, 152.9, 156.7, 162.8 ppm; MS
(FAB): m/z (%): 576 (55) [M]+ , 457(45), 443(80), 397 (100); MS
(MALDI-TOF): m/z calcd for C151H164N4O20: 2354; found: 2377
[M+Na]+ ; HRMS (MALDI-TOF): m/z calcd for C151H164N4O20Na:
2377.1870; found: 2377.2567.


Dumbbell NpPmD : DEAD (121 mg, 0.69 mmol) was added dropwise at
0 8C under an Ar atmosphere to a solution of 2 (200 mg, 0.35 mmol), 5
(299 mg, 0.35 mmol), 7 (102 mg, 0.38 mmol), and PPh3 (182 mg,
0.69 mmol) in THF (20 mL); the reaction mixture was stirred at room
temperature for 2 d. The mixture was filtered though silica gel and the
solution was evaporated in vacuo to obtain the crude product which was
then purified by column chromatography (SiO2: CH2Cl2/EtOAc, 90:10)
to give NpPmD (0.17 g, 30%) as a yellow solid. M.p. 168–170 8C;
1H NMR (CDCl3, 500 MHz): d=1.23 (d, J=6.9 Hz, 12H), 1.30 (s, 36H),
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1.46–1.67 (m, 6H), 1.75–1.91 (m, 12H), 2.86 (septet, J=7.0 Hz, 2H),
3.74–3.82 (m, 4H), 3.90–3.98 (m, 4H), 4.18–4.28 (m, 4H), 6.71–6.77 (m,
4H), 7.05–7.12 (m, 20H), 7.23 (d, J=8.4 Hz, 8H), 8.13 (s, 2H), 8.74 ppm
(AA’BB’ system, 4H); 13C NMR (CDCl3, 500 MHz): d=23.5, 23.6, 23.9,
24.1, 27.3, 27.8, 27.9, 28.1, 28.8, 29.0, 31.3, 31.5, 33.3, 34.2, 38.2, 38.5, 40.4,
40.7, 63.0, 67.2, 67.3, 112.8, 112.9, 118.0, 123.9, 125.1, 126.4, 126.6, 130.6,
130.9, 132.1, 137.1, 139.4, 139.4, 144.0, 144.1, 144.5, 145.9, 148.1, 156.6,
156.7, 162.6, 162.7, 166.1 ppm; MS (MALDI-TOF): m/z calcd for
C111H118N4O10: 1667; found: 1690 [M+Na]+ ; HRMS (MALDI-TOF): m/z
calcd for C111H118N4O10Na: 1689.8746; found: 1689.8730.


Rotaxane NpPmR : A solution of NpPmD (25.0 mg, 0.015 mmol), 6
(47.8 mg, 0.075 mmol), and LiBr (6.5 mg, 0.075 mmol) in CHCl3/MeOH
(95:5, 1 mL) was heated at 60 8C for 14 d. After cooling down to room
temperature, the mixture was evaporated in vacuo to obtain a crude
product which was then purified by column chromatography (SiO2:
CHCl3/EtOAc, 80:20) to give NpPmR (18 mg, 52%) as a orange solid.
M.p. 193–196 8C; 1H NMR (CDCl3, 500 MHz): d=1.23 (dd, J=6.9,
1.5 Hz, 12H), 1.29 (d, J=2.5 Hz, 36H), 1.52–1.67 (m, 4H), 1.72–1.88 (m,
6H), 1.88–2.04 (m, 8H), 2.87 (m, 2H), 3.77 (t, J=7.3 Hz, 2H), 3.83–4.12
(m, 42H), 6.07 (d, J=7.6 Hz, 4H), 6.62 (t, J=8.0 Hz, 4H), 6.72 (d, J=
8.4 Hz, 2H), 6.82 (d, J=8.4 Hz, 4H), 7.05–7.10 (m, 20H), 7.18–7.27 (m,
8H), 8.20–8.30 ppm (br, 6H); 13C NMR (CDCl3, 500 MHz): d=23.5, 23.8,
24.1, 24.5, 27.4, 27.8, 28.2, 28.8, 29.1, 31.3, 33.3, 34.2, 38.4, 38.5, 40.0, 40.2,
63.0, 67.2, 67.3, 67.5, 69.7, 71.1, 71.2, 103.3, 112.8, 112.9 113.9, 118.0,123.4,
123.9, 124.6, 124.9, 125.0, 125.1, 130.3, 130.4, 130.6, 130.9, 132.1, 132.2,
137.1, 139.4, 139.5, 144.1, 144.5, 145.8, 145.9, 148.1, 148.2, 152.9, 156.6,
156.7, 162.9, 163.0, 166.1, 166.2 ppm; MS (MALDI-TOF): m/z calcd for
C147H162N4O20: 2303; found: 2304 [M+H]+ ; HRMS (MALDI-TOF): m/z
calcd for C151H165N4O20: 2304.1860; found: 2304.1855.
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Role of the Special Pair in the Charge-Separating Event in Photosynthesis
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Masataka Murakami,[b] Kou Hosoda,[b] Masana Ohtani,[b] Satoru Nakashima,[b]


Hiroshi Miyasaka,[b] and Tadashi Okada[b]


Introduction


The primary charge-separating event in the bacterial photo-
synthetic reaction center occurs at the “special pair”, in
which a bacteriochlorophyll dimer ejects an electron in re-
sponse to optical excitation, thereby generating the radical
cation. This is the first step in the photoinduced redox pro-
cess and is followed by transmembrane electron transfer to
convert light into chemical energy.[1] The structures of the
special pair in photosynthetic reaction centers have been de-
termined by using X-ray crystallography to be two bacterio-
chlorophyll planes held together in a slipped cofacial orien-
tation at a close distance of 3.1–3.6 %.[2] Despite numerous
studies of models of the reaction centers of photosynthetic
systems,[3,4] incorporation of a special pair into these models


has been limited to only Gable-type porphyrin dimers,[5] in
which two porphyrins are bridged by an o-phenylene linker.
The dimer that is composed of two monomeric zinc porphy-
rin moieties, which bear a pyromellitdiimide (1,2,4,5-ben-
zenetetracarboxydiimide, PI) group as an electron acceptor,
was synthesized to achieve the long-lived charge-separated
state; the lifetime of this state depends on solvent polari-
ty[5a] . The structural model introduced by us[6] mimicks the
geometry of natural systems, as it includes a complementary
imidazolyl-to-zinc coordination, and enables two chromo-
phoric p orbitals to interact strongly in a slipped, cofacial ar-
rangement. The zinc complex of the imidazolyl porphyrin
exists quantitatively as a slipped cofacial dimer, similar to
compound 1 (see Formula), with an extremely large self-as-
sociation constant of the order of 1011


m
�1 in nonpolar


media, such as chloroform, by complementary coordination.
Because the zinc ion in a porphyrin ring can accept only one
axial coordination, no further propagation can occur. The
complementary dimer shows a split of the Soret band with
splitting energy of ~1035 cm�1, due to strong excitation cou-
pling between the two porphyrins. On the other hand, even
such a stable dimer can be dissociated by the addition of a
competing ligand, such as MeOH, imidazole, or pyridine, to
a monomer with a convergence into the single Soret band.
The ability of this complementary coordination to represent
the special pair was demonstrated, with some structural
modifications,[7,8] but the functional role of the artificial spe-
cial pair has remained unsolved. The spectrum of the one-
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Abstract: We synthesized special-pair/
electron-acceptor systems consisting of
a complementary slipped cofacial
dimer of imidazolyl-substituted zinc
porphyrin, bearing pyromellitdiimide
as the electron acceptor. In the case of
the dimer, the first and second oxida-
tion potentials were split into a total of
four peaks in the differential pulse vol-
tammetry measurement. Furthermore,
the shift values of the first oxidation
potentials obtained by changing the


solvent polarity for the dimer were
almost half of those observed for the
monomer. These results indicate that
the radical cation is delocalized over
the whole p system of the dimer. Time-
resolved transient absorption measure-
ments revealed that, relative to the cor-


responding monomer, the dimer accel-
erated the charge separation rate, but
decelerated the charge recombination
rate. The smaller reorganization energy
of the slipped cofacial dimer relative to
that of the monomeric system demon-
strates the significance of the special-
pair arrangement for efficient charge
separation in photosynthesis.Keywords: electron transfer ·


photochemistry · photosynthesis ·
porphyrinoids · self-assembly
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electron oxidized state of the special pair in natural systems
is consistent with an unpaired electron delocalized over two
chromophores.[9] However, to the best of our knowledge, the
critical role of the special pair in light-induced charge sepa-
ration has not yet been clarified. In this study, the slipped
cofacial porphyrin dimer was attached to a PI moiety as an
electron-accepting quinone model to construct a photosyn-
thetic reaction center, and to elucidate the effect of dimer
formation on the rates of light-induced charge separation
and charge recombination. The crucial role of the “special
pair” in the primary charge-separating event was clearly
demonstrated.


Compounds 1 and 2 were prepared and used for electro-
chemical measurements to investigate the effect of dimeriza-
tion on the properties of the porphyrin radical cation species
prior to the introduction of the electron acceptor. For the
photodynamic studies, pyromellitdiimides were then intro-
duced into zinc porphyrin dimers 3 and 4 by using appropri-
ate spacers with center-to-center separation distances of 13.3
and 18.3 %, respectively. Due to the characteristic absorp-
tion band of the pyromellitdiimide radical anion, as well as
its appropriate one-electron reduction potential,[10] pyromel-
litdiimide was chosen as the electron acceptor to facilitate
the analysis of electron-transfer kinetics. Compounds 3M and
4M, coordinated by 1-methylimidazole, were prepared as the


respective monomeric reference compounds of zinc porphy-
rin dimers 3 and 4 for photophysical experiments.


Results and Discussion


Synthesis : The synthetic routes to target porphyrins are
shown in Scheme 1. Synthesis of 3 was described in a previ-
ous report.[11] Reaction of n-heptyldipyrromethane with
equimolar amounts of the ethyl ester of terephthalaldehydic
acid, in the presence of trifluoroacetic acid (TFA) as an acid
catalyst, followed by DDQ (2,3-dichloro-5,6-dicyano-p-ben-
zoquinone) oxidation, resulted in crude products of free
base porphyrin 5 in a 14% yield. Purification by using SiO2


column chromatography afforded pure 5, which was charac-
terized by using MALDI-TOF MS and 1H NMR spectrosco-
py. The subsequent insertion of zinc yielded the zinc por-
phyrin 6 almost quantitatively and was used without further
purification. The solution of 2 in chloroform (1mm), which
was used for electrochemical measurements, was prepared
by the addition of 12 equivalents of 1-methylimidazole. The
complete association was confirmed by titration (see Experi-
mental Section).


Porphyrin 7 was synthesized in a 7% yield by the reaction
of n-heptyldipyrromethane with equimolar amounts of the
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ethyl ester of terephthalaldehydic acid and 1-methyl-2-for-
mylimidazole in the presence of TFA, followed by DDQ ox-
idation . After purification by using SiO2 column chroma-
tography, the coordination dimer 1 was quantitatively ob-
tained by the insertion of zinc. Condensation of aminopyro-
mellitdiimide 9 and porphyrinbenzoic acid 8, which was pre-
pared from 1 by hydrolysis by using an activated ester with
DEPC (diethylphosphorocyanidate) and triethylamine in
DMF (dimethylformamide), resulted in pyromellitdiimide-
substituted porphyrin 4 in an 81% yield. The solutions of 3M
and 4M in chloroform, which were used for the photophysi-
cal measurements, were prepared by the addition of
220 equivalents of 1-methylimidazole (see Experimental
Section).


Electrochemical study of porphyrin radical cation forma-
tion : The electrochemical properties of imidazolyl zinc por-
phyrins 1 and 2 were examined to elucidate the effect of


dimerization on electronic cou-
pling prior to the incorporation
of an electron acceptor into the
substrate. Figure 1 shows differ-
ential pulse voltammogram
(DPV) charts of dimer 1 and
monomer 2. The first and
second oxidation potentials of
monomer 2 were observed at
381 and 756 mV, respectively.
In contrast, dimer 1 revealed
four, clearly separated one-elec-
tron oxidation potentials at 414,
632, 968, and 1120 mV, suggest-
ing strong electronic interaction
between the two porphyrins.[7b,8a]


Notably, dimer formation did
not shift the potential towards
easier oxidation; rather, the
second-lowest oxidation poten-
tial was shifted to a value sig-
nificantly higher than the first.
This was interpreted to be a
consequence of delocalization
of the generated radical cation
over the whole p-electronic or-
bital of the porphyrin dimer.


The solvent dependence of
the first oxidation potentials of
1 and 2 was measured in three
different solvents (see Table 1).
The oxidation potentials shifted
to less positive values in sol-
vents of greater polarity, indi-
cating increased stabilization of
the radical cations. The shift
values for dimer 1 were approx-
imately half of those observed
for monomer 2. The weaker
solvent polarity for dimer 1 can
be ascribed to the decreased


charge density of the radical cation due to delocalization
over the porphyrin moieties. According to the Born and


Scheme 1. Synthetic routes of porphyrin compounds. Synthesis of 3 was reported previously.[11]


Figure 1. Differential pulse voltammograms of dimer 1 and monomer 2 in
CHCl3 containing 0.1m TBAP as a supporting electrolyte with a sweep
rate of 10 mVs�1.
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Marcus equations, the difference in the solvent dependence
of the oxidation potentials can be used to calculate the dif-
ference in the reorganization energy. The solvent depend-
ence of the oxidation potential arising from the dielectric
solvation is represented by Equation (1) in the framework
of Born approximation, in which es and er are the dielectric
constants of the solvent and reference solvent, respectively.


DEðD=DþÞ ¼ e2=ð4pe0Þð1=2RÞð1=es�1=erÞ ð1Þ


Plots of the oxidation poten-
tial E(D/D+), measured in vari-
ous solvents, against 1/e for
dimer and monomer, in which
the slope and y axis intercept
correspond to e2/(4pe02R) and
the oxidation potential at e!¥,
respectively, indicated the radii
of radical cations to be 27 and
15 %, respectively. Although
the calculated radii are almost
three times larger than the esti-
mated values, the difference be-
tween dimer and monomer
clearly exists. By applying these
values to the Marcus Equation
[Eq. (2)], in which e¥ and es are
the dielectric constants for the
optical region and static con-
stant, respectively, the shift of
the reorganization energy was
estimated to be approximately
0.1 eV.


Dls ¼ e2=ð4pe0Þ½1=ð2RdimerÞ
�1=ð2RmonomerÞ�ð1=e1�1=esÞ


ð2Þ


Photophysical properties of
porphyrin–pyromellitdiimide
dyads : The time constants of
photoinduced charge separation
(CS) and charge recombination
(CR) for porphyrin/electron-ac-
ceptor systems were estimated
from the time-resolved transi-
ent absorption spectra of
dimers 3 and 4, and the corre-


sponding monomers 3M and 4M, with excitation at the Q-
band of zinc porphyrin. The reference monomers 3M and 4M
were obtained by the dissociation of the complementary co-
ordination dimer, following addition of 1-methylimidazole
(44.2 mm) to the chloroform solutions of 3 and 4, respective-
ly. The time constants of the CS and CR reactions were ob-
tained from fs (femtosecond) and ps (picosecond) measure-
ments of the S1 fluorescence decay profiles, as well as from
transient absorption spectroscopy, which detected the evolu-
tion of the Sn


!S1 transition and the pyromellitdiimide radi-
cal anion (PIC�).


Figure 2 shows time-resolved transient absorption spectra
of 3, 3M, 4, and 4M excited by a 15 ps fwhm (full width at
half maximum) laser pulse at 532 nm. In all cases, absorp-
tions at 465 and 730 nm were assigned to the Sn


!S1 transi-
tion of zinc porphyrin and the absorption of the PIC� radical
ion, respectively. The appearance of the characteristic ab-
sorption of the PIC� radical ion soon after excitation indi-
cates that, in the cases of 3, 3M, and 4, the CS rate constants


Table 1. One-electron redox potentials (mV vs Ag/Ag+) of dimer 1 and
monomer 2 measured in various solvents by using differential pulse vol-
tammetry with a sweep rate of 10 mVs�1 and 0.1m TBAP as the support-
ing electrolyte.


Compound Chloroform Dichloromethane Acetone
(4.8)[a] (9.0)[a] (21)[a]


2 381 331 305
1 414 391 378


[a] Dielectric constant.


Figure 2. Time-resolved transient absorption spectra of a) 3, b) 3M, c) 4, and d) 4M in chloroform, excited with
a 15 ps fwhm laser pulse at 532 nm.
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are large. In the transient absorption spectra of 4M (Fig-
ure 2d), clear absorption due to the PIC� radical ion was not
observed. The dynamic behavior of the 4M system is dis-
cussed below. The time profile of the transient absorption at
730 nm for dimer 3 (Figure 3a) shows the rapid appearance
of the PIC� radical ion, followed within a few tens of picosec-
onds by decay. The solid line in Figure 3a is the curve calcu-


lated with the rise and decay
time constants of 2 ps and 12 ps,
respectively, and a pulse dura-
tion of 15 ps; this plot demon-
strates that the experimental re-
sults can be reproduced by
using these time constants. The
fluorescence lifetime of 3 was
determined to be 1.7 ps by the
time-resolved fluorescence
measurement, shown in Fig-
ure 4a. In addition, the rise of
the transient absorbance at
720 nm, following excitation
with a femtosecond 550 nm
laser pulse, was observed with
the time constants of 1.8

0.2 ps (Figure 5). These results
indicate that the time constant
of CS is approximately 2 ps, fol-
lowed by the CR process with a
time constant of 12 ps. Similar-
ly, the time constants of CS and
CR for dimer 4 were deter-
mined from the transient ab-
sorption (Figures 2c and 3c)
and fluorescence lifetime meas-
urements (Figure 4c) to be 120
and 160 ps, respectively.


Figure 6 shows the time pro-
file of the transient absorbance
of monomer 3M monitored at
720 nm, following excitation
with a femtosecond 550 nm
laser pulse. The solid line repre-
sents the results calculated
from the biphasic process with
the faster time constant of 3.0

0.2 ps (rise) and the slower one
of 9.5
0.5 ps (decay). The con-
volution curve calculated by
using these time constants and
the pulse durations, which was
shown as the solid line in Fig-
ure 3b, reproduced the time
profile monitored at 730 nm
after applying the picosecond
532 nm laser pulse. These re-
sults indicate that the appear-
ance and disappearance time
constants of the PIC� radical ion
are 3 and 10 ps, respectively. In


contrast to 3, the absorption intensity of the PIC� radical ion
at 730 nm for monomer 3M was less than that of the Sn


!S1


transition at around 470 nm, as seen in Figure 7, in which
the superimposed spectra were extracted from Figure 2a and
b, respectively. The following simple kinetic analyses for the
PIC� radical ion may explain the decrease in the PIC� radical
ion absorption observed for 3M relative to that observed for


Figure 3. Time profiles of the transient absorptions at 730 nm for a) 3, b) 3M, and c) 4, and at 465 nm for d) 4M.


Figure 4. Fluorescence decays of a) 3, b) 3M, and c) 4 measured by using the femtosecond up-conversion tech-
nique, and d) 4M measured by using a pulsed-N2-dye laser with a streak camera.


Chem. Eur. J. 2004, 10, 6393 – 6401 www.chemeurj.org I 2004 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim 6397


Charge-Separating Event in Photosynthesis 6393 – 6401



www.chemeurj.org





3. Because the PIC� radical ion is produced from the por-
phyrin S1 state by the CS process and disappears by the CR
process, the intensity of the transient absorption of the PIC�


radical ion at time t (A(t)PI), can be calculated by using rate
constants of kCS and kCR, as shown in Equation (3), in which
ePI is an absorption coefficient of the PIC� radical ion, and a0


denotes an initial concentration of the S1 state.


AðtÞPI ¼ ½ePIa0kCS=ðkCS�kCRÞ�½expð�kCRtÞ�expð�kCStÞ� ð3Þ


This equation shows that the intensity of transient absorp-
tion of the PIC� radical ion depends on the factor of kCS/
(kCS�kCR). If the reciprocals of the time constants 3 and
10 ps obtained for 3M are assigned to kCS and kCR, respec-
tively, then the relative absorption intensity of the PIC� radi-
cal ion for the Sn


!S1 absorption for 3M must be almost
equivalent to that for 3, since the CS and CR time constants
in both cases are almost equivalent. On the other hand, if
the assignment of the CS and CR time constants for 3M is
reversed, that is, tCS>tCR, then no contradiction exists and
the observation can be easily explained. To confirm the as-
signment of the CS process, the fluorescence lifetime was
also measured. Although the S/N ratio was poor in the up-
conversion measurement, we could confidently estimate the
lifetime to be approximately 10 ps (Figure 4b), which was
similar to the time constant assigned to tCS obtained in the
above analysis. From these results, it can be concluded that
the components of 3 and 10 ps are assigned to CR and CS
processes, respectively.


In the case of 4M, the absorption of the PIC� radical ion at
730 nm was very weak. Therefore, the time profile of transi-
ent absorption at 465 nm was analyzed, as shown in Fig-
ure 3d. The time constant was detected as a single compo-
nent of 1 ns. This value was in agreement with the compo-
nent of 920
100 ps from the fluorescence lifetime measure-
ment, as shown in Figure 4d [the fluorescence lifetimes of
4M and 2 (not shown) were determined to be 920
100 ps
and 2.4
0.1 ns, respectively]. Furthermore, the fluorescence
emission of 4M was remarkably quenched, relative to that of
2 ; it exhibited a quenching efficiency of 70.3% (Table 2)
due to electron transfer. Therefore, the decay with a time
constant of 1 ns was assigned to CS. The rate of the CR
process was estimated to be much faster than that of the CS
process (probably shorter than 100 ps), because the absorp-


Figure 5. Time profile of transient absorbance of 3 in chloroform, moni-
tored at 720 nm after excitation with a 550 nm femtosecond laser pulse.


Figure 6. Time profile of transient absorbance of 3M in chloroform, moni-
tored at 720 nm after excitation with a 550 nm femtosecond laser pulse.


Figure 7. Superimposed transient absorption spectra of a) 3 and b) 3M
from �5 to 40 ps. Data were extracted from Figure 2a and b, and normal-
ized at 730 nm.


Table 2. Kinetic parameters of dimers 3, 4 and corresponding monomers
3M, 4M in CHCl3.


Compound tCS fCS
[b] tCR fCR


[b] tf Qeff


[ps][a] [ps][a] [ps][c] [%][d]


3M 10 3 10 99.1
3 2 2.5 12 4.0 2 99.5
4M 1000 <100 920 70.3
4 120 4.0 160 1.6 120 94.6


[a] Time constants obtained by measuring time-resolved transient absorp-
tion. [b] Dimer effects for the acceleration and deceleration (see main
text). [c] Fluorescence lifetime. [d] Quenching efficiencies defined as
Qeff= (1�Icompound/Ireference)P100, in which I is fluorescence intensity. The
reference compounds for dimer and monomer were 1 and 2, respectively.
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tion of the PI anion at 730 nm was very weak, as indicated
in Equation (3).


These results are summarized in Table 2. Comparison of
the time constants of dimers 3 and 4 with those of the corre-
sponding monomers clearly indicates that, in the photoin-
duced electron-transfer reactions, dimer formation acceler-
ates the CS rate, whereas it decelerates the CR rate. The
dimer effect for the acceleration of the CS rate and the de-
celeration of the CR rate, defined by fCS=tCS,monomer/tCS,dimer/2
and fCR=tCR,monomer/tCR,dimer, respectively, is also listed in
Table 2. In the case of CS, the presence of two electron ac-
ceptors in the dimer molecule was considered as a concen-
tration factor of two. On the other hand, the CR rate of the
dimer could not be affected by the presence of another neu-
tral PI group, because the ion pair of the porphyrin cation
and the PI anion in the charge-separated state is indepen-
dent of the neutral PI. These fCS and fCR values clearly dem-
onstrate the dimer effect for the favorable charge separa-
tion. The fluorescence quenching efficiencies, Qeff, of the
dimers and monomers in CHCl3 were obtained by compar-
ing fluorescence intensities with those of reference com-
pounds 1 and 2 (Table 2). The efficiencies for dimers 3 and
4 were significantly higher than those of the corresponding
monomers 3M and 4M. The trend is the same as that seen for
the order of the CS rates and indicates efficient electron
transfer for the dimers.


The electrochemical studies revealed that the energy
levels of the charge-separated state for monomers 3M, 4M
and dimers 3, 4 were 1.21, 1.31 and 1.25, 1.34 eV, respective-
ly (as shown in the Supporting Information for this paper).
Dimers 3 and 4 had slightly higher potentials than the corre-
sponding monomers 3M and 4M. However, the small shift to
higher energy levels for the dimers does not explain the ac-
celeration of the CS rate and deceleration of the CR rate
that were observed experimentally.[12] We propose that this
may be explained by the change in reorganization energy
upon dimer formation. As outlined above, the radical cation
is delocalized over two porphyrin p orbitals; this spread
causes a decrease in the charge density of the dimer. There-
fore, the dimer may have a smaller environmental reorgani-
zation energy (lD) than the corresponding monomer (lM).
According to the Marcus theory,[12] the Marcus parabola of
the dimer is expected to shift towards the left as the reor-


ganization energy (l) decreases, as illustrated in Figure 8.
Therefore, the small reorganization energy may cause an in-
crease in the CS rate from the normal region to the top
region, and a decrease in the CR rate into the lower invert-
ed region. Consequently, the forward electron transfer was
accelerated, whereas the reverse electron transfer was decel-
erated. This interpretation, elucidated from the photophysi-
cal dynamics, is in agreement with the electrochemical study
of the decrease in the reorganization energy from monomer
to dimer.


Conclusion


The slipped cofacial dimer delocalizes the radical cation,
generated in the photoinduced redox reaction, over two por-
phyrin units, and accelerates the CS rate, while decelerating
the CR rate. The advantage of the charge separation reac-
tion for the dimer could be attributed to a smaller reorgani-
zation energy. These results, from a simple model system
comparing dimers and monomers, demonstrate the impor-
tant role of the special-pair arrangement in the charge-sepa-
rating event in bacterial photosynthesis. The special-pair ar-
rangement in the same bacteriochlorophylls may be benefi-
cial for charge separation by delocalizing the radical cation
generated by the redox reaction. This study provides an in-
sight into the facilitated electron transfer of an artificial spe-
cial pair; these results will be helpful not only for our under-
standing of natural photosynthetic systems, but also for the
design of artificial ones.


Experimental Section


Synthesis of 3 was described in a previous report.[11]


Synthesis of 5,15-bis(n-heptyl)-10-(1-methylimidazole-2-yl)-20-(4-ethoxy-
carbonylphenyl)porphine (7): Under an argon atmosphere, 1-methylimi-
dazole-2-carboxyaldehyde (2.05 mmol), the ethyl ester of terephthalalde-
hydic acid (2.05 mmol), and meso-(n-heptyl)dipyrromethane (4.10 mmol)
were dissolved in chloroform (410 mL), and TFA (4.10 mmol) was added.
After stirring for 6 h at room temperature, DDQ (6.15 mmol) was added,
and the reaction mixture was stirred for a further 1 h. The reaction so-
lution was washed with aqueous sodium bicarbonate and water, and the
organic layer was evaporated. The residue was purified by using silica gel
column chromatography (eluent: chloroform/methanol=20:1) to yield
0.143 mmol (6.98%) of 7. 1H NMR (270 MHz, CDCl3, TMS): d=9.46 (d,
J=4.86 Hz, 2H; pyrrole bH), 9.41 (d, J=4.86 Hz, 2H; pyrrole bH), 8.81
(d, J=3.24 Hz, 2H; pyrrole bH), 8.78 (d, J=3.24 Hz, 2H; pyrrole bH),
8.44 (d, J=7.83 Hz, 1H; phenyl-H), 8.41 (d, J=7.83 Hz, 1H; phenyl-H),
8.33 (d, J=7.83 Hz, 1H; phenyl-H), 8.20 (d, J=7.83 Hz, 1H; phenyl-H),
7.68 (s, 1H; imidazole-H), 7.48 (s, 1H, imidazole-H), 4.95 (m, 4H;
aCH2), 4.60 (q, J=7.29 Hz, 2H; CO2CH2), 3.41 (s, 3H; NCH3), 2.50 (m,
4H, bCH2), 1.32 (t, J=7.29 Hz, 3H; CO2CH2�CH3), 0.88 (t, J=7.29 Hz,
6H; alkyl CH3), �2.67 ppm (d, 2H; pyrrole-NH); UV/Vis (CHCl3):
lmax=418, 517, 552, 593, 649 nm; fluorescence (CHCl3): lmax=656,
723 nm; MS (MALDI-TOF): m/z : 735.42 [M+H]+ (calcd: 735.43).


Synthesis of 5,15-bis(n-heptyl)-10-(1-methylimidazole-2-yl)-20-(4-ethoxy-
carbonylphenyl)porphinatozinc(ii) (1): A saturated solution of zinc ace-
tate dihydrate in methanol (0.6 mL) was added to a solution of free base
porphyrin 7 (18.9 mmol) in chloroform (2 mL). After stirring for 3 h at
room temperature, the solution was washed with water, and the organic
layer was evaporated to yield 18.7 mmol (98.7%) of 1. UV/Vis (CHCl3):
lmax=414, 438, 565, 622 nm; fluorescence (CHCl3): lmax=627, 684 nm;
MS (MALDI-TOF): m/z : 797.43 [M+H]+ (calcd: 797.43).


Figure 8. Marcus parabolas of monomer and dimer, in which the delocali-
zation of the radical cation over dimer porphyrins is considered to be an
explanation for the CS and CR rates. The terms k and �DG represent
the rate constant and free energy gap, respectively.
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Synthesis of 5,15-bis(heptyl)-10-(1-methylimidazole-2-yl)-20-(4-carboxyl-
phenyl)porphinatozinc(ii) (8): A solution of NaOH (0.5 mL, 8n) was
added to a solution of 1 (18.7 mmol) in methanol/THF (1:2, 2.1 mL).
After stirring for 2 h at room temperature, the reaction solution was
evaporated. The residue was acidified to pH 4 by adding aqueous 1n
HCl solution, and extracted with CHCl3. The organic layer was washed
with water. The solvent was removed by evaporation to yield 17.0 mmol
(90.9%) of 8. 1H NMR (270 MHz, CDCl3, TMS): d=9.59 (d, J=4.86 Hz,
2H; pyrrole bH), 9.00 (d, J=3.24 Hz, 2H; pyrrole bH), 8.91 (d, J=
4.86 Hz, 2H; pyrrole bH), 8.78 (d, J=7.83 Hz, 1H; phenyl-H), 8.63 (d,
J=7.83 Hz, 1H; phenyl-H), 8.47 (d, J=7.83 Hz, 1H; phenyl-H), 8.24 (d,
J=7.83 Hz, 1H; phenyl-H), 5.56 (s, 1H; imidazole-H), 5.43 (d, J=
3.24 Hz, 2H; pyrrole bH), 4.28 (m, 4H; aCH2), 2.94 (m, 4H; bCH2), 2.13
(s, 1H; imidazole-H), 2.05 (m, 4H; gCH2), 1.69 (s, 3H; NCH3), 1.01 ppm
(t, J=7.29 Hz, 6H; alkyl CH3); UV/Vis (CHCl3): lmax=414, 438, 565,
622 nm; fluorescence (CHCl3): lmax=628, 685 nm; MS (MALDI-TOF):
m/z : 769.91 [M+H]+ (calcd: 769.92).


Synthesis of 5,15-bis(n-heptyl)-10,20-bis(4-ethoxycarbonylphenyl)por-
phine (5): Under an argon atmosphere, the ethyl ester of terephthalalde-
hydic acid (4.10 mmol), and meso-(n-heptyl)dipyrromethane (4.10 mmol)
were dissolved in chloroform (410 mL), and then TFA (4.10 mmol) was
added. After stirring for 6 h at room temperature, DDQ (6.15 mmol) was
added, and the reaction mixture was stirred for a further 1 h. The reac-
tion solution was washed with aqueous sodium bicarbonate, and the or-
ganic layer was evaporated. The residue was purified by using silica gel
column chromatography (eluent: chloroform/methanol=20:1) to yield
0.293 mmol (14.3%) of 5. 1H NMR (270 MHz, CDCl3, TMS): d=9.43 (d,
J=3.24 Hz, 4H; pyrrole bH), 8.80 (d, J=3.24 Hz, 4H; pyrrole bH), 8.44
(d, J=7.83 Hz, 4H; phenyl-H), 8.28 (d, J=7.83 Hz, 1H; phenyl-H), 4.95
(m, 4H; aCH2), 4.60 (q, J=7.29 Hz, 4H; CO2CH2), 2.50 (m, 4H; bCH2),
1.32 (t, J=7.29 Hz, 6H; CO2CH2-CH3), 0.88 (t, J=7.29 Hz, 6H; alkyl
CH3), �2.69 ppm (s, 2H; pyrrole-NH); UV/Vis (CHCl3): lmax=418, 517,
552, 593, 649 nm; fluorescence (CHCl3): lmax=656, 723 nm; MS
(MALDI-TOF): m/z : 803.44 [M+H]+ (calcd: 803.45).


Synthesis of 5,15-bis(n-heptyl)-10,20-bis(4-ethoxycarbonylphenyl)porphi-
natozinc(ii) (6): A saturated solution of zinc acetate dihydrate in metha-
nol (0.6 mL) was added to a solution of free-base porphyrin 5
(20.3 mmol) in chloroform (2 mL). After stirring for 3 h at room tempera-
ture, the solution was washed with water, and the organic layer was
evaporated to yield 19.5 mmol (96.1%) of 6. 1H NMR (270 MHz, CDCl3,
TMS): d=9.54 (d, J=3.24 Hz, 4H; pyrrole bH), 8.89 (d, J=3.24 Hz, 4H;
pyrrole bH), 8.45 (d, J=7.83 Hz, 4H; phenyl-H), 8.28 (d, J=7.83 Hz,
1H; phenyl-H), 4.99 (m, 4H; aCH2), 4.58 (q, J=7.29 Hz, 4H; CO2CH2),
2.55 (m, 4H; bCH2), 1.32 (t, J=7.29 Hz, 6H; CO2CH2-CH3), 0.88 ppm (t,
J=7.29 Hz, 6H; alkyl CH3); UV/Vis (CHCl3): lmax=414, 438, 565,
622 nm; fluorescence (CHCl3): lmax=627, 684 nm; MS (MALDI-TOF):
m/z : 809.31 [M+H]+ (calcd: 809.30).


Preparation of zinc porphyrin monomer coordinated by 1-methylimida-
zole (2): To determine the equivalent of 1-methylimidazole for monomer
formation, zinc porphyrin 6 (0.220 mmol) and tetra-n-butylammonium
perchlorate (TBAP, 0.03 mmol, 0.1m) were dissolved in chloroform
(0.3 mL), and 1-methylimidazole was titrated into this solution (from 1 to
12 equiv), by UV/Vis spectroscopy. During the titration of 1-methylimi-
dazole, the Q-band at 565 nm was shifted to 581 nm, and the intensity of
absorption at 581 nm was saturated at the addition of 11 equiv of 1-meth-
ylimidazole. Therefore, a solution of zinc porphyrin monomer 2, coordi-
nated by 1-methylimidazole, was prepared for the DPV measurement by
dissolving zinc porphyrin monomer 6 (2 mmol), TBAP (0.2 mmol, 0.1m),
and 1-methylimidazole (12 equiv) in chloroform (2 mL).


Synthesis of imidazolyl zinc porphyrin dimer attached by pyromellitdi-
imide (4): Under an argon atmosphere, 8 (7.76 mmol), 9 (59.9 mmol), and
diethyl phosphorocyanidate (DEPC, 27.5 mmol) were dissolved in DMF
(1.2 mL), and then triethylamine (59.9 mmol) was added at 0 8C. After
stirring for 5 h at 0 8C and for a further 12 h at room temperature, the re-
action solution was evaporated. The residue was purified by using silica
gel column chromatography (eluent: chloroform/acetone=10:1) to yield
6.17 mmol (81.2%) of 4. 1H NMR (270 MHz, CDCl3, TMS): d=9.57 (d,
J=4.82 Hz, 2H; pyrrole bH), 9.00 (d, J=3.26 Hz, 2H; pyrrole bH), 8.93
(d, J=4.82 Hz, 2H; pyrrole bH), 8.75 (d, J=7.83 Hz, 1H; phenyl-H),
8.42 (d, J=7.83 Hz, 1H; phenyl-H), 8.40 (d, J=7.83 Hz, 1H; phenyl-H),
8.27 (d, J=7.83 Hz, 1H; phenyl-H), 7.42 (s, 2H; imide, phenyl-H), 7.15


(s, 1H; amide-NH), 5.56 (s, 1H; imidazole-H), 5.46 (d, J=3.26 Hz, 2H;
pyrrole bH), 5.07 (m, 4H; aCH2), 3.65 (s, 3H; CO2CH3), 2.92 (m, 4H;
bCH2), 2.28 (s, 1H; imidazole-H), 2.07 (m, 4H; gCH2), 1.87 (s, 3H; imi-
dazole-NCH3), 1.06 ppm (t, J=7.29 Hz, 6H; alkyl CH3); UV/Vis
(CHCl3): lmax=414, 438, 565, 622 nm; fluorescence (CHCl3): lmax=626,
685 nm; MS (MALDI-TOF): m/z : 809.31 [M+H]+ (calcd: 809.30).


Preparations of 3M and 4M for photophysical measurements : Zinc por-
phyrin dimer 3 or 4 (0.24 mmol) was dissolved in chloroform (1.2 mL)
and 1-methylimidazole (53.0 mmol) was added. Following the addition of
1-methylimidazole, the split Soret bands at 414 and 438 nm, which were
typically observed in the complementary dimer,[6] became single peaks at
420 nm, indicating the dissociation of dimer into monomer.


Measurements and analyses of photoinduced electron-transfer dynamics :
To examine the photodynamics of dimers 3 and 4, and monomers 3M and
4M, transient absorption spectra were measured by using femtosecond
(560 nm, 150 fs) and picosecond (532 nm, 15 ps) laser pulses. To analyze
the electron-transfer dynamics, the absorption of the one-electron-re-
duced form of the electron acceptor (PIC�) at 730 nm was monitored.[10]


The fluorescence lifetime was determined by using the femtosecond up-
conversion technique to confirm the CS time constant for 3, 3M, and 4.
The gate pulse and the excitation wavelengths were 820 and 410 nm, re-
spectively, with pulse duration of ~100 fs. In the case of 4M, the fluores-
cence lifetime was measured with an 800 ps-pulse-N2-dye laser excited at
400 nm and detected at 620 nm with a streak camera.
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Intramolecular Rearrangement for Regioselective Complexation by
Intramolecular CH/p Interaction in a Hydrophobic Cavity of a Ruthenium
Coordination Sphere


Takahiko Kojima,*[a] Soushi Miyazaki,[a] Ken-ichi Hayashi,[a] Yuichi Shimazaki,[b]


Fumito Tani,[b] Yoshinori Naruta,[b] and Yoshihisa Matsuda[a]


Introduction


Noncovalent interactions play indispensable roles in biologi-
cal systems in forming specific structures required for cer-
tain functions such as molecular recognition, and in per-
forming selective chemical conversion of substrates in enzy-
matic reactions.[1] Among these, hydrophobic interactions
such as CH/p[2] and p–p[3] interactions are recognized to be
not as strong as hydrogen bonding; however, they also play
an important role in those phenomena.[4] The p–p interac-
tion has been recognized as a powerful tool for constructing
supramolecular assemblies[5,6] and molecular recognition,[7]


and as a strong driving force for interactions (intercalation)
between DNA and pharmaceuticals such as bleomycin.[8] On
the other hand, the CH/p interaction is known to play an
important role in functionality, for example in the tumor


suppressor protein p53,[9] in which the activity is attributed
to a CH/p interaction between the phenyl group of phenyl-
alanine and the S-methyl group of methionine.[10] With
regard to organic reactions, Houk and co-workers have sug-
gested that a CH/p interaction plays an important role in
determining the stereoselectivity in a hetero-Diels–Alder re-
action between ortho-xylylenes and aliphatic aldehydes.[11]


In the coordination sphere around a metal center, nonco-
valent interactions can also play major roles in determining
its geometry, characteristics, reactivity, and selectivity.[12, 13]


Yamauchi[14] and Sigel[15] and their co-workers have exten-
sively studied noncovalent interactions, in particular p–p in-
teractions, in the coordination spheres of metal complexes.
They have argued the importance of p–p interactions in
terms of the specific orientation of the aromatic rings in ter-
nary complexes in the presence of heteroaromatic ligands
such as 2,2’-bipyridine and 1,10-phenanthroline. With regard
to CH/p interactions in coordination spheres, Okawa and
co-workers have reported that b-diketonato complexes
having l-menthoxy moieties can be prepared stereoselective-
ly due to interligand CH/p interactions.[16] They also took
advantage of CH/p interactions in the enantioselective re-
duction of ketones with lanthanoid(iii) complexes.[17]


We have synthesized a series of bisamide-TPA (TPA=


tris(2-pyridylmethy)amine) ligands and their RuII complexes
to investigate the ability of noncovalent interactions in coor-
dination spheres to regulate the stereochemistry and chemi-
cal properties of Ru centers.[18] Herein, we describe the im-
portance of CH/p interactions in determining the regioselec-
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. CIF files for 2, 3,
and 4


me, VT–
1H NMR spectra for 2 and 3, differential 1H NOE spec-


trum for 3, UV/Vis spectra of 1–4 in CH3CN, a part of
1H NMR spec-


trum of the mixture of 4.


Abstract: A RuII complex with a hy-
drophobic cavity formed from two 1-
naphthoylamide groups was prepared.
Its reactions with b-diketones gave b-
diketonato complexes in which hydro-
phobic p–p or CH/p interactions were
confirmed by NMR spectroscopy and
X-ray crystallography. In the case of
the asymmetric b-diketone benzoylace-


tone, an isomer with a CH/p interac-
tion was afforded as the sole product
owing to thermodynamic control. The
reaction was found to involve a novel


intramolecular rearrangement from the
phenyl-included isomer to the methyl-
included one without rupture of Ru�b-
diketonato coordination bonds (activa-
tion energy 52 kJmol�1). This indicates
that CH/p interactions can be more fa-
vored thermodynamically than p–p in-
teractions in a suitable hydrophobic en-
vironment.


Keywords: ligand effects ·
N ligands · noncovalent inter-
actions · rearrangement · ruthenium


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400496 Chem. Eur. J. 2004, 10, 6402 – 64106402


FULL PAPER







tivity around the metal center after a thermodynamic intra-
molecular rearrangement.


Results and Discussion


Reactions of 1 with b-diketones : The reactions of the ruthe-
nium complex 1[19] with b-diketones described herein are
summarized in Scheme 1. The reaction mixture of 1 and


Hdbm (dibenzoylmethane) needed to be heated to 100 8C
for 45 h in ethylene glycol to afford [Ru(dbm)(L)]+ (2) (L=
1-Naph2-TPA). In the course of the reaction, the UV spec-
trum of reaction mixture revealed a evolution of an absorp-
tion at 456 nm, which was assigned to a ligand-to-metal
charge-transfer (LMCT) band from dbm� to the RuII center
(See Figure S4 in the Supporting Information). We also
found that the reaction proceeds better and cleaner under


N2 than under air, probably due to oxidative degradation of
coordinated b-diketonates by O2. The ESI mass spectrum of
2 in CH3CN exhibited a peak cluster due to the molecular
ion M+ at 953.3, which was consistent with its simulated iso-
topic pattern.
The 1H NMR spectrum of 2 in CD3CN suggested that the


molecule has a sh-symmetry since one singlet appeared at
d=4.50 ppm, which was assigned to the methylene protons
of the axial pyridylmethyl arm, and one AB quartet ap-
peared at d=4.78 and 5.27 ppm (JA,B=15 Hz).


[20] These re-
sults clearly indicate that the amide CO moiety is not bound
to the Ru center any more in 2 and that the two 1-naphthoy-
lamide groups are uncoordinated, leading to a hydrophobic
cavity. The signals due to one of the phenyl moieties of the
dbm� ligand were observed at d=6.50 (dd, 8 and 1 Hz;
o-H), 5.54 (t, 8 Hz; m-H), and 6.12 ppm (td, 7 and 1 Hz;
p-H) and they showed large upfield shifts relative to free
dbm� . These data indicate that one phenyl ring of dbm�


ligand is located in between the two 1-naphthyl moieties of
L and enjoys free rotation based on the symmetric pattern
of the phenyl group.
The reaction of 1 with acetylacetone (Hacac) in ethylene


glycol at 100 8C gave the acetylacetonato complex [Ru-
(acac)(L)]PF6 (3) in moderate yield. The


1H NMR spectrum
of 3 in CD2Cl2 showed one singlet and one AB quartet due
to the axial and equatorial methylene protons, respectively,
indicating that the coordinated amide moiety was released
to form a sh-symmetric environment as observed in 2. In ad-
dition, a singlet due to one of methyl groups of the acac�


ligand exhibited a large upfield shift to d=�0.27 ppm com-
pared to that (d=1.86 ppm) of the other methyl group. This
clearly shows that one methyl group was shielded by the
naphthyl p-electron clouds. A differential NOE experiment
on 3 upon irradiation of the singlet at d=�0.27 ppm in
CD2Cl2 clearly showed close contacts among the included
methyl group and naphthyl moieties of L (see Figure S3 in
Supporting Information).
To illustrate the selectivity between a p–p interaction and


a CH/p interaction, benzoylacetone (Hbac) was employed
which contains both methyl and phenyl groups in the same
molecule. The reaction of 1 with Hbac in ethylene glycol in
the presence of 2,6-dimethylpyridine was monitored by UV/
Vis spectroscopy, which revealed the evolution of an absorp-
tion at 440 nm due to the LMCT band from bac� to the RuII


center (See Figure S4 in Supporting Information). The reac-
tion (4 h) gave a mixture of two isomers (4


me and 4Ph ;
Scheme 1). The 1H NMR spectrum of the mixture of the
two isomers showed a pattern of signals that were assigned
to the methylene protons of the TPA ligand, which was simi-
lar to that observed in 2 and 3. This indicates that the com-
plex 4 has sh symmetry, demonstrating the coordinated
amide became unbound to the RuII center. The ESI mass
spectrum of 4 in CH3CN showed peaks due to the M


+ ion
with an isotopic pattern, which was consistent with a com-
puter simulation. In the structure of 4


me, the methyl group of
bac� is located in between the two 1-naphthyl groups,
whereas the phenyl group of bac� is located there in 4Ph. In
the 1H NMR spectrum of a mixture of 4Ph and 4


me in CDCl3,
a singlet assigned to the methyl group of bac� in 4


me was ob-


Abstract in Japanese:


Scheme 1. Synthesis of b-diketonato complexes.
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served at d=�0.10 ppm due to the ring current effect of the
two 1-naphthyl moieties of L. The methyl peak for 4Ph was
observed at d=2.07 ppm, similar to that of 3. The methine
protons of bac� were observed at d=5.95 and 5.78 ppm as
singlets for 4Ph and 4


me, respectively. Singlets at d=4.58 and
4.60 ppm were assigned to the CH2 protons of the axial pyr-
idyl methylene arms for 4


me and 4Ph, respectively. Signals as-
signed to the included phenyl protons of 4Ph were observed
at d=5.56 (t, J=8 Hz 2H; m-H), 6.10 (t, J=7 Hz, 1H; p-
H), and 6.23 ppm (d, J=7 Hz, 2H; o-H). These values were
comparable to those of the included phenyl moiety in 2 (See
Supporting Infromation; Figure S5). This observation con-
firms that the structure of 4Ph has the included phenyl group
in the hydrophobic cavity.


Molecular structures of RuII-b-diketonato complexes : To
gain additional convincing evidence for the presence of hy-
drophobic interactions in the complexes, crystal structures
of 2, 3, and 4


me were determined by X-ray crystallography.
ORTEP drawings of those structures are depicted in
Figure 1, Figure 2, and Figure 3, respectively, together with
selected bond lengths [K] and angles [8]. In spite of a
number of attempts, the data were not good enough to
allow us to discuss on the details of the molecular struc-
tures; however, they were sufficient to provide support for
our assumption of the existence of noncovalent interactions
between the two 1-naphthyl groups and a functional group
inserted between them in the hydrophobic cavity. The non-
covalent interactions among the two 1-naphthyl groups and
the phenyl group of 2 or the methyl groups of 3 and 4


me are
shown in Figure 4a–c, respectively. Tables 1–3 list interatom-
ic distances that indicate the occurrence of intramolecular


p–p interactions for 2, and CH/p interactions for 3 and 4
me.


The separation of the included functional groups from the
centroids of the naphthyl moieties is also shown in


Figure 1. Molecular structure of 2 (ORTEP drawing with 50% probabili-
ty thermal ellipsoids). Selected bond lengths [K] and angles [8]: Ru1�O1
2.077(11), Ru1�O2 2.103(11), Ru1�N1 2.127(11), Ru1�N2 2.114(11),
Ru1�N3 2.023(13), Ru1�N4 2.045(13); O1-Ru1-O2 90.6(4), N1-Ru1-N4
82.0(5), N2-Ru1-N4 80.4(5), N3-Ru1-N4 83.7(5), N1-Ru1-N2 161.8(4).


Figure 2. Molecular structure of 3 (ORTEP drawing with 30% probabili-
ty thermal ellipsoids). Selected bond lengths [K] and angles [8]: Ru1�O3
2.070(8), Ru1�O4 2.05(1), Ru1�N1 2.046(10), Ru1�N2 2.04(1), Ru1�N3
2.084(9), Ru1�N4 2.082(9); O3-Ru1-O4 91.0(4), O3-Ru1-N1 178.0(3),
O4-Ru1-N4 171.1(4), N1-Ru1-N2 83.1(5), N1-Ru1-N3 80.3(4), N1-Ru1-
N4 84.5(4), N3-Ru1-N4 164.8(4).


Figure 3. Molecular structure of 4
me (ORTEP drawing with 30% proba-


bility thermal ellipsoids). Selected bond lengths [K] and angles [8]: Ru1�
O3 2.139(8), Ru1�O4 2.063(8), Ru1�N1 2.002(10), Ru1�N2 2.04(1),
Ru1�N3 2.100(8), Ru1�N4 2.115(9); O3-Ru1-O4 88.7(3), N1-Ru1-N2
88.6(5), N1-Ru1-N3 81.7(4), N1-Ru1-N4 82.6(4), N3-Ru1-N4 164.3(4).
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Figure 5.[21] In addition to these hydrophobic interactions, all
the complexes displayed intramolecular hydrogen bonding
between the oxygen atoms of the b-diketonato ligand, which


is bound trans to the tertiary amino group of the TPA
moiety, and two amide N-H groups of L (Scheme 1).
In the structure of 2, one of the phenyl rings of the dbm�


ligand is sandwiched between the two naphthyl moieties.
The dihedral angles of the phenyl groups relative to the che-
lating diketonato moiety were different for the included
phenyl group (33.9(3)8) and the outer-sphere counterpart
(23.0(3)8). This is due to the steric requirements for p–p in-
teractions with the 1-naphthyl groups. The p–p interactions
formed in the cavity are summarized in Table 1. The dihe-
dral angles between the inserted phenyl ring and the two
naphthyl groups were 11.3(7)8 for the one including C7–C11
and 61.4(8)8 for the one including C31–C40. This indicates
that one naphthyl group is close to being parallel to the
phenyl ring and the other is close to forming a T-shaped
p–p interaction. As can be seen in Table 1, the included
phenyl group interacts with both of the 1-naphthyl groups in
the hydrophobic cavity. In this case, no p–p interactions
were observed between the two 1-naphthyl moieties. The in-


Figure 4. Partial ORTEP representations for noncovalent interactions in 2 (a), 3 (b), and 4
me (c). Thermal ellipsoids are shown at the 30% probability


level.


Table 1. Interatomic distances [K] for intramolecular p–p interactions
and hydrogen bonding in 2.


p–p interactions
C53�C11 3.35 C53�C12 3.43
C53�C13 3.62 C53�C14 3.74
C53�C15 3.69 C53�C16 3.45
C52�C7 3.74 C52�C8 3.77
C52�C9 3.55 C52�C10 3.31
C52�C11 3.27 C52�C16 3.42
C51�C7 3.46 C51�C8 3.45
C51�C9 3.66 C51�C16 3.64
C54�C14 3.59 C54�C15 3.49
C54�C16 3.66 C51�C31 3.71
C51�C32 3.36 C51�C33 3.48
C52�C33 3.47
hydrogen bonds
O2···N5 2.87 O2···N6 2.92
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sertion of the phenyl ring into the hydrophobic cavity in 2 is
reminiscent of those observed for “molecular tweezers” re-
ported by Zimmermann and co-workers.[22]


In the structure of 3, one methyl group was included in
the hydrophobic cavity and led to the formation of CH/p in-
teractions; interatomic distances related to the interactions
are listed in Table 2. The methyl group interacted with both
of the 1-naphthyl groups as in 2.


The structure of 4
me was similar to that of 3, and all the in-


tramolecular noncovalent interactions were consistent with
those in 3 ; Table 3 presents the noncovalent interactions in
4
me. We could not grow crystals of 4Ph ; however, the included
phenyl moiety should have the same structure as that in 2,
based on the results of NMR spectroscopy on the mixture of
4
me and 4Ph as mentioned above.


Thermal motion in 2 and 3 : To shed some light on the prop-
erties of the hydrophobic cavity we examined the fluxional
behavior of the included functional groups by variable-tem-


perature (VT) NMR spectros-
copy in CD2Cl2 in the range
from 20 8C to �90 8C. In the
case of 2, the upfield-shifted
signals for the phenyl group in
the cavity showed good linear
relationships to 1/T as depicted
in Figure 6 (see Figure S1 in the
Supporting Information). This
result suggests that one mode
of thermal motion is allowed
for the p–p stacked moiety. In
addition, the phenyl protons


showed a symmetric pattern, which indicated that the in-
cluded phenyl group can rotate in the cavity. These thermal
motions are retarded since we observed line broadening at
lower temperatures. Thus, we assume that the allowed ther-
mal motion is the flapping of the two 1-naphthyl arms and
rotation of the phenyl ring included in the cavity.
In the case of 3, the included methyl group (Figure 7a) ex-


hibited two modes of thermal motion in the temperature
range measured (See also Figure S2 in the Supporting Infor-
mation). The singlet underwent line broadening at lower
temperatures, suggesting that the free rotation was retarded,
and the flapping of the two 1-naphthyl groups was also
slowed down. As mentioned in the description of the molec-
ular structure of 3, the pseudo-triplet attributed to naphthyl
proton(s) exhibited monotonic upfield shifts on lowering the
temperature (Figure 7b). This observation indicates that the
two naphthyl groups are allowed to exhibit one mode of
thermal motion, similar to that in 2. The intramolecular p–p
interaction between the two 1-naphthyl groups, however,
should not occur at higher temperatures, because it has been
revealed that there is only one point of close contact,
namely C24···C33 (3.60 K) in the crystal structure.
The results described above clearly indicate that the hy-


drophobic cavity in the b-diketonato complexes is neither
rigid nor tight and can have some flexibility to allow the
phenyl ring included to rotate freely. Thus, this flexibility of


Table 2. Interatomic distances [K] for intramolecular noncovalent inter-
actions in 3.


CH/p interactions
C41···C14 3.59 C41···C22 3.62
C41···C23 3.45 C41···C32 3.34
C41···C33 3.52
hydrogen bonds
O3···N5 2.79 O3···N6 2.85


Table 3. Interatomic distances [K] for intramolecular noncovalent inter-
actions in 4


me.


CH/p interactions
C41···C21 3.38 C41···C22 3.41
C41···C31 3.51 C41···C32 3.66
C41···C40 3.64
hydrogen bonds
O3···N5 2.87 O3···N6 2.92


Figure 5. Distances [K] between the included functional groups and centroids generated and estimated by
Chem 3D: a) 2, b) 3, c) 4


me.


Figure 6. Temperature-dependence of the chemical shifts for signals relat-
ed to p–p interactions in 2.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6402 – 64106406


FULL PAPER T. Kojima et al.



www.chemeurj.org





the hydrophobic cavity will play a crucial role in the intra-
molecular rearrangement presented in the following section.


Intramolecular rearrangement of 4 : As described above,
both p–p and CH/p interactions can occur in the hydropho-
bic cavity consisting of the two 1-naphthyl groups. Thus, we
examined the selectivity between them by using an asym-
metric b-diketone, benzoylacetone (Hbac) as a ligand. In
this case, the reaction proceeded smoothly as in the cases of
Hdbm and Hacac to afford a mixture of two isomers of
[Ru(bac)(L)]PF6 (4) after 3 h as described above. Prolonged
reaction at 100 8C in ethylene glycol gave only a methyl-in-
cluded isomer in good yield, and its crystal structure was de-
termined to confirm the inclusion of the methyl group
(Figure 3). In the course of the reaction, however, we ob-
served conversion of the phenyl-included isomer (4Ph) to the
methyl-included isomer (4


me).
We followed the course of the reaction by monitoring the


amide protons of the isomers by 1H NMR spectroscopy (d=
9.75 ppm for 4Ph and d=9.91 ppm for 4


me) in CDCl3 by
taking small portions of the reaction mixture in ethylene
glycol. The ratio changed during the course of the reaction
and 4


me became dominant and finally the sole product, that


is, complete regioselectivity was observed toward 4
me. We


checked the order of the reaction by changing the concen-
tration of Hbac. The conversion reaction rate was found to
be 1.3Q10�5 s�1 at 100 8C in ethylene glycol and the value
was independent of [Hbac] in the solution as shown in Fig-
ure 8a. This confirms that the reaction involves a one-way


intramolecular rearrangement of the coordinated bac�


ligand to give 4
me. The activation energy of this intramolecu-


lar rearrangement was determined by the use of an Arrhe-
nius plot (Figure 8b) to be 52 kJmol�1. Thus, we propose the
reaction mechanism shown in Figure 9. One-way conversion
of 4Ph to 4


me indicates that 4
me is more thermodynamically


stable than 4Ph. Intramolecular rearrangements of Ru
III–b-di-


ketonato complexes such as [Ru(b-diketonato)3] in N,N-di-
methylformamide have been reported, and the reaction
mechanism involves a bond rupture, which depends on the
nearest b-substituents.[23] In the present system, however,
rupture of the Ru�O bond in the phenyl isomer cannot give
the other isomer, because the coordination mode of L re-
mains sh-symmetric in 4


me even when derived from 4Ph and
thus the geometry of the b-diketonato complexes should be
maintained. The lack of bond rupture in the rearrangement
of 4 is probably due to the positive (+1) charge of 4, which
exerts a stronger electrostatic interaction with the negatively
charged b-diketonato ligand, in contrast to the interaction


Figure 7. Temperature-dependence of the chemical shifts for the included
methyl protons of the acac� ligand in 3 : a) the included methyl signal,
b) a naphthyl signal.


Figure 8. a) Dependence of the peudo-first-order rate constants on
[Hbac], and b) an Arrhenius plot for the rearrangement in 4.
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with the electronically neutral RuIII–b-diketonato complexes
mentioned above. Thus, we propose that the transition state
in this intramolecular rearrangement has a peudo-trigonal
bipyramidal structure with elongated Ru�O bonds
(Figure 9). Intramolecular rearrangements in the coordina-
tion spheres of transition-metal complexes have been inves-
tigated; however, most of these have been regarded as rear-
rangements of the bonding modes of ligands.[24] On the
other hand, RuII complexes have been known to form five-
coordinate species[25] and to show certain flexibility around
the metal center.[26]


We considered the origin of the selectivity. PM3 calcula-
tions on the bac� ion suggested no significant difference be-
tween the negative charges on both of the oxygen atoms
(�0.466 for Ph-CO- and �0.476 for Me-CO-). This result is
consistent with the fact that kinetic production of 4Ph and
4
me is comparable in the initial stage (3 h of the reaction) of
the b-diketonate ligation; the initial ratio of 4


me :4Ph was
1.8:1. Therefore, the kinetic control due to the negative
charge on the oxygen atom is not a dominant factor in de-
termining the selectivity.
The second candidate for the driving force of the selectivi-


ty could be steric effects. We examined a competitive reac-
tion of 1 with an equimolar mixture of Hdbm and Hacac in
ethylene glycol at 100 8C in the presence of 2,6-dimethylpyr-
idine. This gave a mixture of 2 and 3 in the ratio of 1:4.8
after a reaction time of 24 h, indicating that the acac� ion
can access the the RuII center more easily than the dbm�


ion. This result suggests that steric effects may contribute to
the regioselectivity, however, it does not give complete se-
lectivity toward 3. Therefore, we deduce that the steric ef-
fects are not the definitive determinant for the regioselectiv-
ity observed in the formation of 4


me.
The effects of solvents were examined by changing ethyl-


ene glycol to methanol and ethanol. The reaction rates in-
creased in accordance with the elevation of the reaction


temperatures, as expected in
the order of methanol<etha-
nol<ethylene glycol. The reac-
tion in ethylene glycol/1,2-di-
chloroethane (3/2 v/v) at 100 8C
was examined to evaluate the
character of the transition state
of the rearrangement. The ini-
tial ratio (3 h) of 4


me :4Ph was
1.8:1, which was identical to
that in ethylene glycol. The rate
constant of the intramolecular
rearrangement under these con-
ditions was reduced by more
than 10-fold (1.8Q10�6 s�1), sug-
gesting that the transition state
of the rearrangement should be
polar. This result supports the
polar transition state as pro-
posed in Figure 8, meaning that
the transition state should be
more ionic than the ground
states.


The superiority of the CH/p interaction of the bac� coor-
dination was not affected by the solvent polarity. Thus, we
would like to propose that the CH/p interaction can be
stronger than the p–p interaction in certain cases. Yamauchi
and co-workers have reported that a CH/p interaction be-
tween an N-methyl group and an uncoordinated indole
moiety selectively takes place in a square-planar PdII com-
plex, and no p–p interaction with a coordinated phenolate
group occurs even in solution.[27] Polarization of the C�H
bond is also important to enhance the positive character of
C-H,[28,29] as in the case of the acetyl methyl group in acac� ,
bac� , and the N-methyl group mentioned above. From this
viewpoint, we examined DFT calculations at the B3LYP/
LANL2DZ level of theory to evaluate the difference in
Mulliken charges of the methyl hydrogen atoms between
the included and the non-included methyl groups in com-
plex 3.[30] The included methyl group was shown to have
Mulliken charges of �0.755 for the carbon atom and
+0.249, +0.246, and +0.204 for the hydrogen atoms, the
former two of which are directed to the aromatic rings. The
non-included methyl group exhibited Mulliken charges of
�0.736 for the carbon atom and +0.227, +0.223, and
+0.221 for the hydrogen atoms. Thus, the more positive
charges were obtained for the included methyl hydrogen
atoms than for the non-included counterpart. These results
indicate that the polarization of C�H bonds is important for
the strong CH/p interaction and are consistent with the re-
sults reported by Yamauchi and Aoyama and their co-work-
ers as mentioned above.


Conclusion


We have discovered a unique intramolecular rearrangement
of a b-diketonato ligand in which a one-way pseudo-rotation
occurs in a RuII–TPA coordination environment comprising


Figure 9. A proposed reaction mechanism of the intramolecular rearrangement of 4Ph to 4
me in ethylene glycol.
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a hydrophobic cavity having some flexibility. The regioselec-
tivity in the coordination of the asymmetric b-diketonato
ligand of bac� is governed by the noncovalent interactions
in the hydrophobic cavity. In this case, the CH/p interaction
can be superior to the p–p interaction in the same hydro-
phobic environment, even though steric effects would be
also valid. This is a significant finding with regard to the im-
portance of the CH/p interaction in determining the chemi-
cal properties and chemoselectivity.


Experimental Section


General : Ethylene glycol, CH2Cl2, CHCl3, MeOH, 2,6-dimethylpyridine,
b-diketones (WACO Pure Chemicals Industries) were used without fur-
ther purification. Et2O was purified by distillation over Na/benzophe-
none. The preparation of [RuCl{(1-naph)2-TPA}]PF6·H2O (1) (1-naph2-
TPA=N,N-bis(6,6’-(1-naphthoylamide)-2-pyridylmethyl)-N-(2-pyridylme-
thyl)amine) will be reported elsewhere.[19] NMR spectra were measured
on JEOL EX-270 and GX-400 spectrometers, and UV/Vis spectra were
recorded on a Jasco Ubest-55 UV/VIS spectrophotometer at room tem-
perature. ESI mass spectra were recorded on a Perkin-Elmer Sciex API-
300 mass spectrometer. All elemental analysis data were obtained at the
Service Center of the Elemental Analysis of Organic Compounds, De-
partment of Chemistry, Kyushu University.


Synthesis of [Ru(dbm){(1-naph)2-TPA}](PF6) (2): Compound 1 (100 mg,
0.108 mmol) was added under N2 to a degassed solution of dibenzoylme-
thane (242 mg, 1.08 mmol) and 2,6-dimethylpyridine (139 mg, 1.29 mmol)
in ethylene glycol (5 mL). The mixture was heated to 100 8C for 45 h
under N2 and then dried under reduced pressure. The residue was ex-
tracted with CH2Cl2/water and the CH2Cl2 layer was dried over MgSO4.
After the MgSO4 had been removed by filtration, the solution was con-
centrated to a small volume and EtOH was added. The ethanolic solution
was concentrated and a red precipitate emerged, which was filtered and
washed with EtOH and then Et2O. The solid was further purified by
column chromatography on a silica gel column (Waco gel C-200, Waco
Pure Chemicals) eluted with CHCl3/MeOH (20/3 v/v). After the solvents
had been removed, the solid was dissolved in a small volume of CH2Cl2.
A brown precipitate of 2 was obtained by adding hexane to the CH2Cl2
solution. Yield: 69 mg, 58%. 1H NMR (CD3CN): d=4.50 (s, 2H; ax-CH2-
py), 4.78 and 5.27 (ABq, J=15 Hz, 4H; eq-CH2-py), 5.54 (t, J=8 Hz,
2H; m-H of dbm�), 6.12 (td, J=7 and 1 Hz, 1H; p-H of dbm�), 6.50 (dd,
J=8 and 1 Hz, 2H; o-H of dbm�), 6.71 (s, 1H; CH of dbm�), 8.24 (d, J=
9 Hz, 2H; naph-H2), 9.68 ppm (s, 2H; N-H); 13C NMR ([D6]acetone; se-
lected): d=69.7 (ax-CH2-), 71.4 (eq-CH2-), 98.0 (CH of dbm), 168.8 (CO
of amide), 181.6 (eq-CO of dbm�), 184.9 ppm (ax-CO of dbm�); elemen-
tal analysis calcd (%) for C55H43N6O4RuPF6: C 60.16, H 3.95, N 7.65;
found: C 59.95, H 3.95, N 8.11; FAB-MS: m/z : 953.3 [M+]; absorption
maxima (lmax, (e), in CH3CN): 287 (3.2 Q10


4, 348 (1.8Q104), 456 nm (sh;
1.2 Q104 m�1 cm�1).


Synthesis of [Ru(acac){(1-naph)2-TPA}](PF6)·H2O (3·H2O): Compound 1
(100 mg, 0.108 mmol) was added under N2 to a degassed solution of ace-
tylacetone (60 mg, 0.60 mmol) and 2,6-dimethylpyridine (68 mg,
0.66 mmol) in ethylene glycol (5 mL). The mixture was heated to 100 8C
for 45 h under N2 and then dried under reduced pressure. After the sol-
vent had been removed, the residue was purified by column chromatog-
raphy on a silica gel column eluted with CH2Cl2/hexane (20/1 v/v) to
obtain an yellow fraction, which was dried to remove the solvents. After
the yellow solid was dissolved in CH2Cl2, hexane was added to obtain a
yellow powder of 3. Yield: 62 mg, 60%. Elemental analysis calcd (%) for
C45H39N6O4RuPF6: C 55.50, H 4.04, N 8.63; found: C 55.38, H 4.15, N
8.46; 1H NMR (CD2Cl2): d=�0.27 (s, 3H; included CH3 of acac


�), 1.86
(s, 3H; CH3 of acac


�), 4.47 (s, 2H; axial CH2), 4.77 and 5.08 (Abq, 4H;
eq CH2), 5.13 (s, 1H; CH of acac


�), 7.02 (t, 2H; H4 of pyr’), 7.13 (d, 2H;
H5 of Naph), 7.15 (t, 1H; H3 of pyr), 7.24 (t, 1H; H5 of pyr), 7.31 (d,
2H; H5 of pyr’), 7.91 (d, 2H; H3 of pyr’), 8.02 (d, 2H; H8 of Naph), 8.04
(d, 2H; H4 of Naph), 8.22 (d, 2H; H2 of Naph), 8.95 (d, 1H; H6 of pyr),


9.89 pm (s, 2H; NH); absorption maxima (lmax, (e), in CH3CN): l=280
(3.0Q104), 417 (8.8Q103), 458 nm (7.7Q103m�1 cm�1).


Synthesis of [Ru(bac){(1-naph)2-TPA}](PF6)·H2O (4·H2O): Compound 1
(50 mg, 0.054 mmol) was added under N2 to a degassed solution of ben-
zoylacetone (87 mg, 0.54 mmol) and 2,6-dimethylpyridine (70 mg,
0.65 mmol) in ethylene glycol (5 mL). The mixture was heated to 100 8C
for 24 h under N2. Purification was carried out as described for
[Ru(dbm){(1-naph)2-TPA}](PF6) to obtain a methyl-included isomer (4me)
(34 mg, 61%). Elemental analysis calcd (%) for C50H41N6O4RuPF6·H2O:
C 55.30, H 3.99, N 7.73; found: C 54.61, H 3.79, N 8.09; 1H NMR
([D6]acetone): d=�0.16 (s, 3H; included CH3), 4.85 (s, 2H; ax-CH2),
5.14 and 5.46 (ABq, 4H; JA,B=15 Hz), 5.96 (s, 1H; CH of bac�), 7.29–
8.35 (overlapped multiplets, aromatic), 9.21 (d, 1H; 5 Hz, ax-py-H6),
9.98 ppm (s, 2H; amide-NH); absorption maxima (lmax, (e), in CH3CN):
287 (3.0Q104), 313 (1.9Q104), 439 nm (1.1Q104 m�1 cm�1).


X-ray crystallographic data of 2 : Single crystals of 2 were obtained by re-
crystallization from CH2Cl2/EtOH. A dark red (brown) crystal (0.10Q
0.17Q0.16 mm3) was mounted on a glass fiber. All measurements were
made on a Rigaku RAXIS-RAPID Imaging Plate diffractometer with
graphite-monochromated MoKa (l=0.7107 K) radiation. Indexing was
performed from three oscillations that were exposed for 3.0 min. The
data were collected at �140�1 8C to a maximum 2q value of 54.88. The
exposure time was 2.5 min per degree. Data were processed by using the
PROCESS-AUTO program package. A symmetry-related absorption
correction was applied, and the data were corrected for Lorentz polariza-
tion effects.


The structure was solved and refined by direct methods by using the
SHELXS-97 program package.[31] Owing to the poor quality of the crys-
tals, structure refinements were done by using both isotropic and aniso-
tropic thermal factors. Crystal data for 2 : C63.50H51N6O6F6PRu, triclinic,
space group P1, a=11.264(2), b=15.503(3), c=17.315(4) K, a=95.49(3),
b=106.36(3), g=106.36(3)8, V=2732.7(10) K3, Z=2, 1calcd=1.507 gcm


�1,
T=133 K, R1 (I>2s(I))=0.100, Rw=0.298 (all data). GOF=1.12.


X-ray crystallographic data of 3 : Single crystals of 3 were obtained by re-
crystallization from CH3CN. A yellow crystal (0.10Q0.20Q0.30 mm


3) was
mounted on a glass fiber. All measurements were made on a Rigaku
RAXIS-RAPID Imaging Plate diffractometer with graphite-monochro-
mated MoKa (l=0.7107 K) radiation. Indexing was performed from three
oscillations that were exposed for 3.0 min. The data were collected at
�160�1 8C to a maximum 2q value of 55.08. The exposure time was
2.0 min per degree. Data were processed by using the PROCESS-AUTO
program package. A symmetry-related absorption correction was applied
and the data were corrected for Lorentz polarization effects.


The structure was solved by direct methods and expanded by using Fouri-
er techniques. All non-hydrogen atoms were refined anisotropically and
hydrogen atoms were included but not refined. The atomic scattering fac-
tors were taken from reference [32], and anomalous dispersion effects
were included as mentioned above. All calculations were performed by
using the teXsan crystallographic software package.[33] Crystal data for 3 :
triclinic, space group P1̄, a=16.6266(4), b=16.7229(5), c=19.3806(9) K,
a=76.724(2), b=64.458(5), g=75.606(2)8, V=4663.0(3) K3, Z=2, 1calcd=
1.433 gcm�1, T=113 K, R1 (I>2s(I))=0.131, Rw=0.169, GOF=1.90.


X-ray crystallographic data of 4
me : Single crystals of 4


me were obtained by
recrystallization by vapor deposition of EtOAc onto a solution of 4


me in
CH3CN. A red crystal was mounted on a glass fiber. All measurements
were made on a Rigaku RAXIS-RAPID Imaging Plate diffractometer
with graphite-monochromated MoKa (l=0.7107 K) radiation. Indexing
was performed from three oscillations that were exposed for 3.0 min. The
data were collected at �140�1 8C to a maximum 2q value of 55.08. The
exposure time was 2.0 min per degree. Data were processed by using the
PROCESS-AUTO program package. A symmetry-related absorption
correction was applied and the data were corrected for Lorentz polariza-
tion effects.


The structure was solved by direct methods and expanded by using Fouri-
er techniques. All non-hydrogen atoms were refined anisotropically and
hydrogen atoms were included but not refined. The atomic scattering fac-
tors were taken from ref. [21], and anomalous dispersion effects were in-
cluded as mentioned above. All calculations were performed by using the
teXsan crystallographic software package. Crystal data for 4


me : monoclin-
ic, space group P21/c, a=8.950(1), b=14.083(2), c=38.223(4) K, b=
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92.624(8)8, V=4812(1) K3, Z=4, 1calcd=1.430 g·cm
�1, T=133 K, R1 (I>


3s(I))=0.098, Rw=0.250, GOF=1.96.


CCDC-235948 (4
me), CCDC-235949 (2), and CCDC-235950 (3) contain


the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (+44)1223-336-033; or deposit@ccdc.cam.
ac.uk).


Kinetic study on the intramolecular rearrangement of 4 : A mixture of 1
(1.5Q10�2 molL�1) and Hbac (1.5Q10�1 molL�1) in ethylene glycol in the
presence of 2,6-dimethylpyridine (1.5Q10�1 molL�1) was heated at 100 8C
under air. At the appropriate reaction time, a small volume of the mix-
ture was taken and dried in vacuo and then dissolved into CDCl3 for
1H NMR measurements. After the signals for 1 had disappeared, the in-
tramolecular rearrangement was monitored by the integration of the
amide NH signals of 4


me and 4Ph. The integration ratio was used to deter-
mine the rate constant of the intramolecular rearrangement. To obtain an
Arrhenius plot for the reaction, the reaction was carried out at 82 8C
(355.15 K), 94 8C (367.15 K), 104 8C (377.15 K), and 125 8C (398.15 K), to
determine the rate constant at each temperature.
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Isotope Exchange in Ionised CO2/CO Mixtures: The Role of Asymmetrical
C2O3


+ Ions


Giulia de Petris,*[a] Antonella Cartoni,[a] Marzio Rosi,[b] Anna Troiani,[a]


Giancarlo Angelini,[c] and Ornella Ursini[c]


Introduction


Although the importance of ionic processes in terrestrial
and planetary atmospheres and the strong link with neutral
chemistry have long been recognised,[1] the interest of at-
mospheric chemistry researchers in the reactivity of carbon
oxides has concerned for the most part neutral species.[2]


As a part of our interest in ionic processes relevant to at-
mospheric chemistry,[3] we employed mass spectrometric
techniques to study the reactivity observed in ionised mix-
tures containing CO2 and CO, jointly present in several con-
texts of atmospheric relevance. The investigation, also im-
plemented by theoretical calculations, disclosed an effective
O-exchange process in the reaction of CO2


+ with CO, and
led to the detection and characterisation of the C2O3


+ inter-
mediate. The obtained results have a bearing on the issue of


isotopic enrichment of CO2 and CO, observed in the atmos-
pheres of Earth and Mars,[4] and are generally relevant to
“charged” atmospheric environments where CO2 and CO
are present. Ion-neutral reactions are known to deeply
affect the bulk composition of the tiny atmosphere of Mars,
where CO2


+ is one of the most abundant ions, and CO is
counted among the major components.[5] Likewise, ionic
processes occur in the Venusian atmosphere by lightning
discharges in CO2, providing high local concentrations of
CO in a truly “charged” environment.[2]


Unlike Mars and Venus, where CO2 is the major atmos-
pheric component, the Earth0s atmosphere contains only
minor amounts of carbon dioxide, although it is one of the
most important greenhouse gases. Such a difference has
been traced to diverse evolution from the primitive atmos-
pheric composition, that of the Earth being specifically
aimed at sustaining life. However, the concentration and dis-
tribution of atmospheric gases can be changed as a result of
human activities: the average increase of CO2 levels from
biomass burning, deforestation and industrial activities is
evaluated to be about 3.3 GtCyear�1,[6] and the effects are
more readily evident for less abundant components, such as
carbon monoxide, which reaches high local concentrations
in localised urban or industrial areas.[7] Thus progressive
modifications of the carbon oxides budget might significant-
ly affect the picture of ionic processes that occur in the
Earth0s lower atmosphere by galactic cosmic rays, UV radia-
tion and lightning. Moreover, anthropogenic agents promote
ionic processes that also involve excited species, for exam-
ple, coronas along high-voltage power lines.


In summary, the observed reactivity will hopefully con-
tribute to a more complete description of the reaction path-
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Abstract: A hitherto unknown, atmospherically relevant, isotope-exchange reac-
tion was studied in ionised gaseous mixtures containing carbon dioxide and mon-
oxide. The mechanism of the O exchange, proceeding over a double-minimum po-
tential-energy surface, was positively established by mass spectrometric and theo-
retical methods that also allowed the identification and characterisation of the
C2O3


+ intermediate. The increase of internal energy displaces the observed reac-
tivity towards an endothermic reaction path that involves only CO2 and represents
an indirect route to the dissociation of carbon dioxide.
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ways relevant to atmospheric models and to a better under-
standing of those involving non-thermal or excited species.


Results


Formation of C2O3
+ : Earlier mass spectrometric studies of


CO2 containing small amounts of CO identified the ligand-
exchange reaction between (CO2)2


+ and CO as a route to
C2O3


+ .[8] On the basis of the literature available to date,
CO2


+ is apparently unreactive toward CO.[9] We re-exam-
ined the reaction between CO2


+ and CO in ionised mixtures
containing variable amounts of CO.


FT-ICR mass spectrometry : 13CO2
+ ions were generated by


electron impact in the first cell of a Fourier transform ion
cyclotron resonance (FT-ICR) mass spectrometer. They
were isolated by selective ejection techniques and, after a
suitable “cooling” time of 1 s, they were transferred to the
second cell and allowed to react with CO, at a pressure of
1–2J10�7 Torr. The isotope exchange reaction given in
Equation (1) was observed.


13CO2
þ þ CO ! 13COþ CO2


þ ð1Þ


The rate constant of this reaction at 298 K is k1 = 1.23�
0.10J10�10 cm3 s�1molecule�1, which corresponds to a colli-
sional efficiency kf/kcoll of about 13%. Experiments per-
formed with C18O2


+ and CO demonstrate that the CO2
+


ions from reaction (1) undergo further isotope exchange. As
shown in Figure 1, the initially formed OC18O+ ions react
with CO eventually giving CO2


+ [Eq. (2)].


C18O2
þ þ CO


a
!ðC18OÞ þOC18Oþ þCO


b
��!ðC18OÞ þ CO2


þ ð2Þ


The measured rate constants, k2a and k2b, the latter ob-
tained by reisolating the OC18O+ product ion, compare well
with k1. The occurrence of these reactions points to the for-
mation of a transient C2O3


+ intermediate; however, this in-
termediate cannot be efficiently stabilised in the low-pres-
sure regime typical of FT-ICR experiments. The same ex-
periments were performed by isolation of CO+ , which ex-
clusively undergoes charge transfer, a process efficiently oc-
curring at the collision rate (k = 10�9 cm3s�1molecule�1).[10]


CI mass spectrometry : In the high-pressure source of a mul-
tisector mass spectrometer, the C2O3


+ ions, likely intermedi-
ates of reaction (1), were stabilised and observed in the
pressure range of 0.05–0.2 Torr. They were obtained by
chemical ionisation (CI) of a CO2/CO mixture, according to
reaction (3):


Figure 1. Time profile of the reaction of C18O2
+ with CO (& C18O2


+ , &


C18OO+ , * CO2
+).


Table 1. CI spectra of CO2 and CO2/CO mixtures.[a]


CO2
+ C2O3


+ Other peaks
Mixture m/z(ion)I [%] m/z(ion)I [%]


CO2


44(CO2
+)100 72(C2O3


+)<1 16(O+)1, 18(H2O
+)9, 19(H3O


+)2, 28(CO+)1,[b] 29(COH+)1,[c] 32(O2
+)9,


45(CO2 H
+)8, 46(CO H2O


+)2, 88((CO2)2
+)1


P = 0.05 Torr 44(CO2
+)100 72(C2O3


+)<1 16(O+)4, 18(H2O
+)10, 19(H3O


+)1, 28(CO+)6,[b] 29(COH+)<1,[c] 32(O2
+)5,


45(CO2 H
+)9, 46(CO H2O


+)2
CO2/CO


[d]


HP CO 44(CO2
+)100 72(C2O3


+)1 16(O+)2, 18(H2O
+)5, 19(H3O


+)6, 28(CO+)54, 29(COH+)29, 32(O2
+)3, 40(C2O


+)2,
45(CO2 H


+)5, 46(CO H2O
+)3, 56((CO)2


+)9, 57((CO)2H
+)<1, 68(C3O2


+)<1
HP CO2 44(CO2


+)100 72(C2O3
+)1 16(O+)1, 18(H2O


+)10, 19(H3O
+)2, 28(CO+)2, 29(COH+)4, 32(O2


+)11,
45(CO2 H


+)8, 46(CO H2O
+)2, 88((CO2)2


+)2
CO2/


13CO
HP CO 44(CO2


+)100 73(13CCO3
+)1 16(O+)3, 18(H2O


+)9, 19(H3O
+)35, 28(CO+ , N2


+)2,[b] 29(13CO+)28,
45(13CO2


+)59[e] 74(13C2O3
+)<1 30(13COH+)70, 32(O2


+)14, 42(13C2O
+)1, 46(CO H2O


+)4, 47(13CO H2O
+)6,


57(CO 13CO+)2, 58((13CO)2
+)14, 71(13C3O2


+)<1
HP CO2 44(CO2


+)100 73(13CCO3
+)1 16(O+)1, 18(H2O


+)11, 19(H3O
+)8, 28(CO+)2,[b] 29(13CO+)3,


45(13CO2
+)11 72(C2O3


+)<1 30(13COH+)20, 32(O2
+)13, 46(CO H2O


+)3, 47(13CO H2O
+)<1, 57(CO13CO+)1,


58((13CO)2
+)2, 88((CO2)2


+)1
13CO2/CO
HP CO 45(13CO2


+)100 73(13CCO3
+)1 16(O+)3, 18(H2O


+)7, 19(H3O
+)9, 28(CO+)29, 29(COH+)50, 30(13COH+)3,[c]


44(CO2
+)59 72(C2O3


+)<1 32(O2
+)9, 40(C2O


+)1, 46(13CO2H
+ , CO H2O


+)6,
47(13CO H2O


+)5, 56((CO)2
+)12, 57(CO13CO+)2, 68(C3O2


+)<1
HP CO2 45(13CO2


+)100 73(13CCO3
+)1 16(O+) 1, 18(H2O


+)12, 19(H3O
+)16, 28(CO+)5,


44(CO2
+)11 74(13C2O3


+)<1 29(COH+)5, 30(13COH+)2,[c] 32(O2
+)15, 46(13CO2H


+ , CO H2O
+)6,


47(13CO H2O
+)5, 56((CO)2


+)4, 57(CO13CO+)1, 90((13CO2)2
+)<1
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CO2
þ þ CO ! C2O3


þ ð3Þ


and by CI of neat CO2, probably from reaction (4).


CO2
þ þ CO2 ! C2O3


þ þO ð4Þ


In CO2/CO mixtures, the two reaction pathways were dis-
tinguished by utilising 13C- and/or 18O-labelled reactants. La-
belled C2O3


+ ions, obtained exclusively by reaction (3),
were detected utilizing the following CO2/CO mixtures:
1) 13CCO3


+ from either CO2/
13CO or 13CO2/CO, 2) C2


18OO2
+


from CO2/C
18O, 3) C2


18O2O
+ from C18O2/CO, 4) 13CC18O2O


+


from C18O2/
13CO, 5) 13CC18OO2


+ from 13CO2/C
18O. The CI


spectra are reported in Table 1. The CO2/CO mixtures were
investigated at variable CO2/CO ratios, namely at higher
CO pressure (CO/CO2�10) and higher CO2 pressure (CO2/
CO�10), respectively. In the latter case, the ligand ex-
change reaction between (CO2)2


+ and CO may also play a
role in addition to reaction (3).[8] The unlabelled CO2/CO
mixture was first examined to monitor the CO+ and CO2


+


reactivity under the two experimental conditions investigat-
ed. All the experiments were then performed at the pressure


Table 1. (Continued)


CO2
+ C2O3


+ Other peaks
Mixture m/z(ion)I [%] m/z(ion)I [%]


CO2/C
18O


HP CO 44(CO2
+)100 74(C2


18OO2
+)1 16(O+)1, 18(H2O


+)9, 19(H3O
+)26, 20(H2


18O+)4, 21(H3
18O+)11, 28(CO+ , N2


+)3,[b]


46(C18OO+)61[f] 76(C2
18O2O


+)<1 29(COH+)4,[c] 30(C18O+)41, 31(C18OH+)76, 32(O2
+)12, 34(18OO+)15, 36(18O2


+)3,
48(C18O2


+)34[f] 78(C2
18O3


+)<1 42(C2
18O+)1, 45(CO2H


+)6, 47(4),[g] 58(CO C18O+)3, 60((C18O)2
+)14, 61((C18O)2H


+)1
HP CO2 44(CO2


+)100 74(C2
18OO2


+)1 16(O+)2, 18(H2O
+)14, 19(H3O


+)11, 20(H2
18O+)2, 21(H3


18O+)1,
46(C18OO+)8[f] 72(C2O3


+)<1 28(CO+)3,[b] 29(COH+)2,[c] 30(C18O+)4, 31(C18OH+)27, 32(O2
+)12,


48(C18O2
+)1[f] 34(18OO+)4, 45(CO2H


+)8, 47(1),[g] 58(COC18O+)1, 60((C18O)2
+)2, 88((CO2)2


+)<1
C18O2/CO
HP CO 48(C18O2


+)100[f] 76(C2
18O2O


+)1 16(O+)2, 18(H2O
+)4, 19(H3O


+)24, 20(H2
18O+)<1, 21(H3


18O+)5, 28(CO+)27,
46(C18OO+)61[f] 74(C2


18OO2
+)<1 29(COH+)70, 30(C18O+)5,[b] 31(C18OH+)2,[c] 32(O2


+)14, 34(18OO+)15, 36(18O2
+)1,


44(CO2
+)32 72(C2O3


+)<1 40(C2O
+)<1, 45(2),[g] 47(4),[g] 49(C18O2H


+)6, 56((CO)2
+)39, 57((CO)2H


+)3,
58(COC18O+)6, 68(C3O2


+)<1, 80(C18O2O2
+)<1


HP CO2 48(C18O2
+)100[f] 76(C2


18O2O
+)1 16(O+)1, 18(H2O


+)4, 19(H3O
+)7, 20(H2


18O+)1, 21(H3
18O+)3, 28(CO+)6,


46(C18OO+)15[f] 78(C2
18O3


+)<1 29(COH+)27, 30(C18O+)3,[b] 31(C18OH+)1,[c] 32(O2
+)12,


44(CO2
+)3 34(18OO+)6, 36(18O2


+)5, 47(1)[g] , 49(C18O2H
+)5,


56((CO)2
+)6, 58(COC18O+)2, 80(C18O2O2


+)<1, 96((CO2)2
+)<1


C18O2/
13CO


HP CO 48(C18O2
+)100[f] 77(13CC18O2O


+)1 16(O+)5, 18(H2O
+)11, 19(H3O


+)24, 20(H2
18O+)3,


47(13C18OO+)46[f] 76(13C2
18OO2


+)<1 21(H3
18O+)5, 28(N2


+)2, 29(13CO+)41, 30(13COH+)68,
46(C18OO+)10[f] 74(13C2O3


+)<1 31(C18OH+)4,[c] 32(O2
+)6, 34(18OO+)9, 36(18O2


+)2,
49(13C18O2


+)7[h] 42(13C2O
+)1, 58((13CO)2


+)7, 59(C18O13CO+)2,
45(13CO2


+)19 71(13C3O2
+) <1


HP CO2 48(C18O2
+)100[f] 77(13CC18O2O


+)1 16(O+)1, 18(H2O
+)15, 19(H3O


+)9, 20(H2
18O+)6,


47(13C18OO+)5[f] 78(C2
18O3


+)<1 21(H3
18O+)4, 28(N2


+)1, 29(13CO+)4, 30(13COH+)18,
46(C18OO+)5[f] 31(C18OH+)2,[c] 32(O2


+)5, 34(18OO+)4, 36(18O2
+)11,


49(13C18O2
+)9[h] 58((13CO)2


+)1, 59(C18O13CO+)1, 96((CO2)2
+)<1


45(13CO2
+)1


13CO2/C
18O


HP CO 45(13CO2
+)100 75(13CC18OO2


+)1 16(O+)<1, 18(H2O
+)13, 19(H3O


+)26, 20(H2
18O+)2,


46(C18OO+)51[f] ,[i] 76(C2
18O2O


+)<1 21(H3
18O+)5, 28(N2


+)2, 29(13CO+)3,[b] 30(C18O+)47,
47(13C18OO+)10[f] 31(C18OH+)60, 32(O2


+)7, 34(18OO+)7, 36(18O2
+)1,


44(CO2
+)10 42(C2


18O+)1, 59(C18O13CO+)1, 60((C18O)2
+)6,


48(C18O2
+)25[f] 72(C3


18O2
+)<1


HP CO2 45(13CO2
+)100 75(13CC18OO2


+)1 16(O+)1, 18(H2O
+)19, 19(H3O


+)12, 20(H2
18O+)<1,


46(C18OO+)13[f] ,[i] 74(13C2O3
+)<1 28(N2


+)<1, 29(13CO+)1,[b] 30(C18O+)2,
47(13C18OO+)4[f] 31(C18OH+)10, 32(O2


+)15, 34(18OO+)1,
44(CO2


+)4 59(C18O13CO+)<1, 60((C18O)2)
+)<1, 90((13CO2)2


+)1
48(C18O2


+)<1[f]


[a] Ions written in bold type are CO2
+ ions from the O exchange and the investigated C2O3


+ ions. Unless stated otherwise, P = 0.1 Torr. HP CO2, CO2/
CO�10; HP CO, CO/CO2�10. Unless stated otherwise, isobaric ions were identified by high-resolution CAD-TOF mass spectra. Ion abundances not
exceeding 0.2% are not reported. [b] CO+ from dissociation of CO2


+ . In mixtures containing unlabelled CO2, at high CO pressure, N2
+ is �70% of the


peak abundance. [c] COH+ from dissociation of CO2H
+ (from MS/MS). [d] CI spectra of the unlabelled CO2/CO mixture (P = 0.1 Torr), allowing us to


exclude the formation of (CO)2H2O
+ and CO2CO(H)+ ions in all the investigated mixtures. [e] This peak contains 50% of CO2H


+ at high CO2 pressure
and 10% at high CO pressure. Formation of m/z 73 from CO2H


+ and CO is excluded on the basis of footnote [d] and on the absence of neutral CO in
the mixture. The m/z 45 daughter ion from the CAD of 13CCO3


+ is 13CO2
+ (from MS/MS). [f] Peaks of m/z 46, 47 and 48 contain variable percentages,


not exceeding 10%, of COH2O
+ (m/z 46), 13COH2O


+ (m/z 47) and C18OH2O
+ (m/z 48). Formation of (CO)2H2O


+ (m/z 74), CO(H2O)C18O+ (m/z 76)
and 13CO(H2O)C18O+ (m/z 77), in those mixtures where peaks of m/z 74, 76 and 77 are the investigated adducts, is excluded based on footnote [d] and
on high-resolution mass measurements. [g] 13C18OO+ and C18O17O+ (m/z 47) and 13CO2


+ (m/z 45) from the dissociation of isotopomers of the m/z 74
and m/z 76 adduct. Possible incursion of isotope effects should be investigated in addition to the role of repeated intra-complex isomerisation–fragmenta-
tion processes. [h] This peak contains variable amounts, not exceeding 60%, of C18O2H


+ . Formation of m/z 78 from C18O2H
+ and 13CO is excluded on


the basis of footnote [d]. [i] This peak contains variable amounts, not exceeding 60%, of 13CO2H
+ . Formation of m/z 76 from 13CO2H


+ and C18O is ex-
cluded on the basis of footnote [d].
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of 0.1 Torr, which minimises the formation of higher clus-
ters.


Consistent with the FT-ICR results, the CI spectra show
significant abundances of CO2


+ ions from the O-exchange
reactions, for example Reaction (5).


C18O2
þ þ CO !C2


18O2O
þ !18OCOþ þ C18O


m=z 48 m=z 76 m=z 46
ð5Þ


The extent of the O exchange is significantly enhanced at
high CO pressure (Figure 2A), which also allows subsequent
reactions with the available neutral species [Reaction (6)].


18OCOþ þ CO !C2
18OO2


þ !OCOþ þ C18O


m=z 46 m=z 74 m=z 44
ð6Þ


Two results stand out: firstly, the observed O exchange
hints at a C2O3


+ intermediate having a O-C-O-C-O connec-
tivity. Secondly, at high CO pressure, the high efficiency of
the O exchange leads to CO2


+ ions significantly enriched in
the oxygen atom of carbon monoxide. Conversely, at higher
CO2 pressures, the minor efficiency of the O exchange ac-
companies formation of C2O3


+ isotopomers from the reac-
tion pathway (4), also facilitated by the greater available
amount of CO2 (Figure 2B) [Reaction (7)].


C18O2
þ þ C18O2 !C2


18O3
þ þ 18O


m=z 48 m=z 78
ð7Þ


In addition to the analysis of isobaric species (Table 1), it
is worth mentioning possible complications arising from the
incursion of alternative formation processes. As an example,
in C18O2/CO mixtures, an alternative route to the above-
mentioned C2


18O2O
+ ions could be envisaged in addition to


Reaction (5), namely the reverse reaction between 18OCO+


and C18O. Such an alternative reaction channel deserves


consideration, especially at high CO pressure, when the
18OCO+ ion (m/z 46) is largely supplied in the source from
Reaction (5). The accurate evaluation of the possible availa-
ble amount of neutral C18O rules out this hypothesis. In all
the examined mixtures, this type of contribution was careful-
ly examined and ascertained to be ineffective, and the inves-
tigated C2O3


+ ions can be unambiguously traced to the reac-
tants of the utilised CO2/CO mixture.


On this basis, in each C2O3
+ ion, the CO2 moiety tracea-


ble to the reactant will be hereafter referred to as the origi-
nal CO2


+ . As an example, in 13CCO3
+ ions obtained from a


13CO2/CO mixture, 13CO2
+ is the original CO2


+ , whereas in
13CCO3


+ ions obtained from a CO2/
13CO mixture, CO2


+ is
the original CO2


+ .


TQ experiments : The effectiveness of Reaction (4) as a
route to C2O3


+ was probed in experiments performed in a
triple quadrupole (TQ) mass spectrometer (Figure 3A).


CO2
+ ions were generated in the external CI source, mass


selected by the first quadrupole and allowed to react with
CO2 in the RF-only hexapolar cell at pressures ranging from
5J10�5 to 8J10�4 Torr. Adducts at m/z 72 (C2O3


+), 73
(13CCO3


+) and 74 (C2
18OO2


+) were observed from CO2
+ ,


13CO2
+ and C18O2


+ , respectively. No peaks corresponding to
the O-exchange process were observed. Moreover, the reac-
tions of CO2


+ with C18O2 [Reaction (8)] and of C18O2
+ with


CO2 [Reaction (9)], respectively, show that the oxygen atom
is exclusively lost by CO2


+ .


CO2
þ þ C18O2 !C2


18O2O
þ þO


m=z 76
ð8Þ


C18O2
þ þ CO2 !C2


18OO2
þ þ 18O


m=z 74
ð9Þ


The reactions of C18O2
+ and 13CO2


+ with CO were also
investigated. The results confirm the efficiency of the O ex-
change at high CO pressure, leading to depletion of the iso-


Figure 2. CI spectrum of the C18O2/CO mixture, A) high CO pressure and
B) high CO2 pressure. A) Note in addition to the C2


18O2O
+ adduct at


m/z 76, the peaks at m/z 74 (C2
18OO2


+) and m/z 72 (C2O3
+). B) Note in


addition to the C2
18O2O


+ adduct at m/z 76, a peak at m/z 78 (C2
18O3


+).


Figure 3. Mass spectrum of the charged products from the reaction of
mass-selected C18O2


+ ions with A) CO2 and B) CO.
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topic enrichment of CO2
+ , at the highest pressure investigat-


ed (Figure 3B). Only charge transfer was instead observed
from the reaction of CO+ with CO2.


Structural analysis


MIKE-CAD mass spectrometry: The C2O3
+ ions (m/z 72)


from Reactions (3) and (4) undergo unimolecular decompo-
sition into CO2


+ and CO+ in the second field-free region of
the mass spectrometer, in the 5J10�5 s time-window (Fig-
ure 4A). The resulting MIKE (mass-analyzed ion kinetic


energy) spectrum shows an apparently composite peak at
m/z 44 (CO2


+), which reveals a collisional component when
a keV additional voltage is applied to the collision cell (Fig-
ure 4B). A composite peak (where different shapes are su-
perimposed) points to decompositions occurring over differ-
ent transition states, as for example, those involving isomeric
ions that decompose into the same fragment ion. However,
ions having a high cross-section for collisional decomposi-
tion can display false composite peaks owing to residual gas
in the collision cell region.[11] Thus on the basis of the shape
analysis of the CO2


+ peak, one would exclude that C2O3
+


ions of different structure are sampled. A deeper insight is
given by the MIKE spectra of labelled *C2*O3


+ ions from
Reaction (3) (Figure 5).


Spectra A–C in Figure 5 show the MIKE spectra recorded
at high CO2 pressure. As expected, they display peaks corre-
sponding to the original CO2


+ and the O-exchange product,
that is, the C2


18O2O
+ ions obtained by CI of C18O2/CO dis-


play C18O2
+ and OC18O+ fragments [Figure 5C, Reac-


tions (10) and (11)]:


Interestingly, the two peaks show different widths and
shapes. The peak at m/z 46 (C18OO+), corresponding to the
product of the O exchange, exhibits features that are typical
of loosely bound complexes: it is Gaussian-shaped and very
narrow, and its kinetic energy release (T0.5) amounts to only
9.5 meV. The wide collisional component, observed in CO2


+


fragments from unlabelled C2O3
+ ions, is exclusively present


in the original CO2
+ (m/z 48), a circumstance met in all the


labelled C2O3
+ ions. The peak does not have a clear-cut


break in the slope, which prevents the analysis of the shape
in comparison to that of the exchanged CO2


+ . Accordingly,
it cannot be rigorously assessed whether or not the two de-
compositions occur over the same transition state. Neverthe-
less, labelling seems to effectively separate ionic fractions of
different energy content that show different cross-sections
for collisionally activated dissociation with low critical
energy.[12] At high CO pressure, the MIKE picture is quite
different: both peaks are narrow (Figure 5D), that corre-
sponding to the original CO2


+ still shows a residual broad
component. Moreover, the fraction of C2O3


+ ions that de-
composes unimolecularly (�10�3) is greater than that at
high CO2 pressure (�5J10�5).


In summary, the overall evidence from the MIKE spectra
marks a difference between the decomposition of the C2O3


+


ion into the original and the exchanged CO2
+ , and between


the processes occurring at high CO2 and high CO pressure,
respectively. Finally, the intensities of the fragments are ex-
tremely variable, depending on even slight changes of the
CO2/CO ratio and of the total pressure in the source. How-
ever, at high CO2 pressure, the abundance of the original
CO2


+ is reproducibly greater than that of the exchanged
CO2


+ , at high CO pressure the CO+ intensity is only about
1–2%.


The collisionally activated dissociation (CAD) spectra of
the C2O3


+ ions, reported in Figure 6, essentially display the
CO2


+ and CO+ fragments. The intensity of the CO2
+ peaks


increases on introduction of the collision gas into the cell


Figure 4. MIKE spectrum at high CO2 pressure of A) C2O3
+ ions, B) m/z


44, * denotes the m/z 44 ionic fraction that decomposes within the colli-
sion cell, displaced at higher energies by application of a 1 keV voltage
to the collision cell.


Figure 5. MIKE spectra of A) 13CCO3
+ ions (m/z 73) from CO2/


13CO
(ratio �10/1); B) 13CCO2


18O+ ions (m/z 75) from 13CO2/C
18O (ratio


�10/1); C) C2
18O2O


+ ions (m/z 76) from C18O2/CO (ratio �10/1);
D) C2


18O2O
+ ions (m/z 76) from C18O2/CO (ratio �1/10).
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and, consistent with the above, it increases by a factor of
100 at high CO2 pressure, and by a factor of 30–40 at high
CO pressure. Moreover, the CO2


+ peaks are not Gaussian-
shaped, particularly at high CO pressure where a narrower
component is observed. Table 2 reports the abundances of
the CO2


+ fragments from labelled C2O3
+ ions. We found


that the unimolecular contribution does not significantly
affect the CAD fragmentation pattern. Nonetheless, given
the scarce reproducibility of the MIKE pattern, the abun-
dances have been corrected for such a contribution, evaluat-
ed by recording MIKE and CAD spectra in each experi-
ment (see the Experimental Section). The ratio between the
original CO2


+ fragment and the O-exchanged CO2
+ is fairly


reproducible under the two experimental conditions investi-


gated (CO/CO2�10 and CO2/CO�10), and is always great-
er at high CO2 pressure. Interestingly, the CAD spectra of
13C- and 18O-labelled reactants (Figure 6B) display all the


possible combinations of label-
led CO2


+ fragment ions, with a
predominance of the original
CO2


+ (C18O2
+ , 13CO2


+).


Theoretical results : Figure 7
shows the optimised geometries
of the species identified on the
doublet and quartet surface of
C2O3


+ . The Cs
2A’ doublet 1 is


the most stable ion, 33.2 and
27.4 kcalmol�1 more stable than
the dissociation products, CO2


+


and CO, at the B3LYP and
CCSD(T) levels, respectively.
The C2v


2A1 ion 2 is not a true
minimum at the CCSD(T) level,
as it is unstable towards dissoci-
ation once the zero-point
energy correction is included.
At higher energies, we localised
two quartet ions, the C1


4A ion 3
and the C2v


4A2 ion 4. At much


Figure 6. CAD spectra of C2O3
+ ions from different mixtures:


A) 13CCO3
+ ions (m/z 73) from CO2/


13CO (ratio �1/10); B) 13CCO2
18O+


ions (m/z 75) from 13CO2/C
18O (ratio �1/10); C) C2O


18O2
+ ions (m/z 76)


from C18O2/CO (ratio �10/1); D) C2O
18O2


+ ions (m/z 76) from C18O2/
CO (ratio �1/10).


Table 2. Intensities (%�) of CO2
+ fragments in the CAD spectra of labelled C2O3


+ ions.[a]


Parent ions Fragments
(Mixture) CO2


+ 13CO2
+ C18OO+ 13C18OO+ C18O2


+ 13C18O2
+


(m/z 44) (m/z 45) (m/z 46) (m/z 47) (m/z 48) (m/z 49)
13CCO3


+ S[b] 50 50
(CO2/


13CO) A[c] 61 39
B[c] 83 17


13CCO3
+ S 50 50


(13CO2/CO) A 34 66
B 16 84


C2
18O2O


+ S 67 33
(C18O2/CO) A 48 52


B 12 88
C2


18OO2
+ S 33 67


(CO2/C
18O) A 52 48


B 87 13
13CC18O2O


+ S 33 33 17 17
(C18O2/


13CO) A 21 28 40 11
B 9 20 64 7


13CC18OO2
+ S 17 17 33 33


(13CO2/C
18O) A 13 44 25 18


B 8 71 15 6


[a] Intensities derived by applying a 1 keV voltage to the collision cell, see the Experimental Section. [b] S =


expected from randomisation. [c] A = High CO pressure, B = High CO2 pressure, the original CO2
+ intensi-


ties are in bold.


Figure 7. Optimised geometries of the stationary points localised on the
potential-energy surface of C2O3


+ , at the B3LYP level of theory. B3LYP
(CCSD(T)) relative energies at 298 K are shown (bond lengths are in Q,
angles in 8, energies in kcalmol�1).
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higher energies, the doublet and quartet ions 5 and 6 were
found, which have highly strained, propellane-like struc-
tures. Species 7 and 8 are saddle points, and correspond to
the transition states for the O-exchange reaction of ion 1,
and for 3!4 isomerisation, respectively. The kinetic barrier
for O exchange from ion 1 was computed to amount to 23.7
and 26.3 kcalmol�1, at the B3LYP and CCSD(T) levels of
theory, respectively. The barrier for the 3!4 isomerisation,
leading to O exchange from the quartet ion 3, was computed
to amount to 4.9 kcalmol�1 at the B3LYP level of theory,
whereas no barrier was found at CCSD(T) level.


Discussion


The isotopic exchange reaction : The experimental evidence
demonstrates that the O-exchange reaction is a rather effi-
cient process, proceeding through the intermediacy of a
stable C2O3


+ ion of OCOCO connectivity. The C2O3
+ inter-


mediate, not detectable in FT-ICR experiments, can be ef-
fectively stabilised and detected under chemical ionisation
conditions, which allows its structural analysis. The most sa-
lient result stands out in the structural assay of C2O3


+ .
The CAD spectrum of the most simple 13CCO3


+ system
(Figure 6A) shows that the abundance of the CO2


+ and
13CO2


+ fragments is not comparable, as one would expect
from the dissociation of a C2O3


+ ion of OCO13CO structure.
In contrast, the peak corresponding to the original CO2


+ is
greater than that of the exchanged CO2


+ , and their ratio in-
creases at high CO2 pressures. Likewise in C2


18O2O
+ ions of


Figure 6D, the 1:1 ratio between the original CO2
+ and the


exchanged CO2
+ becomes approximately 10:1 at high CO2


pressure (Figure 6C). All the evidence from the structural
analysis suggests the presence of ions that do not undergo
the O-exchange process, particularly at high CO2 pressure.
A workable hypothesis could be the formation of ions of
OC�CO2 connectivity, not viable to the O exchange, which
decompose exclusively to the original CO2


+ . However, no
minimum having the OC�CO2 connectivity was found by
the theoretical analysis on the potential energy surface of
C2O3


+ , in agreement with previous results.[13]


According to theory, the stable minima of OCOCO con-
nectivity are ions 1, 3 and 4 (Figure 7). Formation of the
quartet ions 3 and 4 is very unlikely under CI conditions be-
cause it would require quartet states of the CO2


+ reactant
ions, which are not sufficiently long-lived to undergo reac-
tion (3).[14] The only C2O3


+ ion of OCOCO connectivity re-
alistically formed is ion 1, best described as an electrostatic
[CO2b*CO]+ complex. Theory and experiment thus work
together to discard the possibility that the O exchange is
mediated by a symmetrical C2O3


+ ion. To gain a deeper in-
sight into the process, we probed C2O3


+ ions of different
energy contents and lifetimes in the different time windows
available to observation in the mass spectrometer.


The mechanism : The metastable ions populate a narrow
energy range (<1 eV) above the dissociation threshold and
decompose spontaneously in the 5J10�5 s timeframe. They
are hence very informative of the kinetics of the process. As


illustrated in the previous section, it cannot be positively es-
tablished if the dissociations into the original and exchanged
CO2


+ occur via different transition states. However, we ex-
clude that the [CO2b*CO]+ ion 1 directly dissociates,
over different transition states, into the original and the ex-
changed CO2


+ . Indeed, the expected barrier for the O ex-
change would result in a larger kinetic energy release than
that associated with dissociation into the original CO2


+ .
Conversely, the observed differences between the two proc-
esses are more consistent with C2O3


+ ions that dissociate
over the same transition state with different energy contents,
as for instance, ions that have been formed directly or fol-
lowing isomerisation. Labelling clearly indicates that only
those C2O3


+ ions which decompose into the original CO2
+ ,


and hence formed directly from Reaction (3), have a high
cross-section for CAD. Accordingly, the exchanged CO2


+


fragment could be traced to dissociation of a rearranged ion
1, only differing in the location of the oxygen atoms within
the CO2 and CO moieties [Eq. (12)].


Labelling thus separates these two populations to unravel
an otherwise undetectable complex 1a, [COb*CO2]


+ ,
and builds up a convincing case for a process occurring
through isomerisation of the formerly formed adduct 1 to a
similar ion 1a. Both are asymmetrical C2O3


+ ions, expected
to dissociate into the original and the O-exchanged CO2


+ ,
respectively.


Consistent with this reasoning, the different energy of the
decomposing ions 1 and 1a depends on the energetic details
of the potential energy surface. Particularly telling evidence
is given by the small kinetic energy release associated with
the fragmentation of the isomerised ion 1a into the ex-
changed CO2


+ . This result decidedly argues for a barrier to
the isomerisation not higher than or comparable to the dis-
sociation limit. Accordingly, ions 1a, formed in the source
with a low energy excess or following isomerisation of 1 in
the metastable time window,[15] undergo a near-threshold
dissociation to give the narrow peak, typical of loosely
bound complexes.


On the whole, the mutually supporting evidence shows
that 1) the sampled C2O3


+ ions decompose into the original
and the exchanged CO2


+ , by direct dissociation and through
isomerisation to a similar C2O3


+ complex, respectively,
2) the barrier to isomerisation is comparable to the dissocia-
tion threshold.


The theoretical investigation agrees with the suggested
mechanism. Indeed, we found that the saddle point for the
isomerisation of ion 1 to the twin ion 1a is located slightly
below the dissociation limit, and O exchange occurs through
the double-well surface depicted in Figure 8. It is known
that processes having very close activation energies for dis-
sociation and isomerisation are significantly governed by the
different geometries of the transition states that favour the
back dissociation with respect to the isomerisation, where
loss in rotational entropy is greater.[16] As a consequence,
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there is no complete equilibration prior to dissociation.
Moreover, the kdiss is expected to be much greater than kisom


at higher internal energies, since tight transition states (iso-
merisation processes) display a shallower rise of k with E
with respect to loose transition states (simple bond cleav-
age). On this ground, the MIKE evidence, showing a more
effective competition between kdiss and kisom at high CO2


pressure, would indicate that a higher energy content char-
acterise the C2O3


+ ions that decompose under these condi-
tions in 5J10�5 s. Conversely, the narrow peaks observed at
high CO pressure, for both the original and exchanged
CO2


+ , hint at isomerisation–dissociation processes from
lower energy ions, also consistent with the lower intensity of
the CO+ fragment and the more abundant metastable frag-
mentation observed under these conditions (�10�3 with re-
spect to �10�5 at high CO2


pressure).[17]


On this basis, depending on
the experimental conditions,
different amounts of ions 1 and
1a can be expected to make up
the stable C2O3


+ ionic popula-
tion. Unlike metastable ions,
these C2O3


+ ions do not sponta-
neously decompose and can be
structurally analysed in their potential wells by CAD. At
first glance, the structural analysis would thus suggest that
the C2O3


+ population largely consists of ions 1. The exami-
nation of the most and the least energetic fractions of C2O3


+


ions contributes to a better understanding of the whole
process.


The C2O3
+ ion : The O exchange observed in the source,


from the most energetic and short-lived C2O3
+ ions, is quite


consistent with the picture outlined by the long-lived meta-
stable fraction. It is clearly apparent that the O exchange is
a significant process at high CO pressure, and becomes con-
siderably minor at higher CO2 pressure (Figure 2, Table 1).
However, the whole process in the source is intricately af-
fected by the energy of the reactant ions, the formation
process, the thermalising ability of the bulk gas and compet-
ing reactions. Moreover, the identification of the most ener-
getic conditions in the source is hardly conclusive.


Actually, a more “cooled” CO2
+ population is expected at


high CO pressure, when a considerable ionic fraction is
formed with no energy excess by the low exothermic
(5.3 kcalmol�1) charge transfer from CO+ .[18] On the other
hand, at high CO2 pressure, the C2O3


+ ions could be more
effectively thermalised, below both the barriers to dissocia-
tion and isomerisation, by the bulk gas CO2. On the whole,
the greater extent of the O exchange observed in the source
at high CO pressure hints at a more effective 1!1a isomeri-
sation, and accordingly a major fraction of the 1a ions is ex-
pected to be prepared, under these conditions, within the
stable C2O3


+ population.
Such an inference is well confirmed by the analysis of the


stable C2O3
+ ions, which live 5J10�5 s without decomposing.


They are sampled by CAD below the dissociation threshold
and are therefore structurally informative, unravelling even
more interesting aspects, such as the extensive isotopic
scrambling in 13CC18O2O


+ and 13CC18OO2
+ ions.


Considering, for example, the 1 and 1a adducts formed by
CI of a C18O2/


13CO mixture, one would expect C18O2
+ (m/z


48) and 13CO18O+ (m/z 47) to be the fragmentation prod-
ucts, whereas peaks corresponding to 13C18O2


+ (m/z 49) and
CO18O+ (m/z 46) are also observed. Based on theory, the
doublet (5) and quartet ions (6) are viable to dissociation
into the observed fragments; however, their formation in
the source is very unlikely on account of their very high
energy, and moreover their fragmentation products would
be characterised by a large kinetic energy release. The ob-
served fragmentation thus points to a scrambling occurring
within the 1 and 1a complexes through repeated rotations
and consecutive isomerisations, as illustrated in Scheme 1.


This process, whose prerequisite is the first isomerisation
to 1a, does not result in a fully randomised population. The
distribution of the fragments expected from randomisation
of all the labelled C2O3


+ ions is reported in Table 2. Three
main groups can be identified based on the statistical distri-
bution of the fragment: 1) 13CCO3


+ ions formed from 13C-la-
belled reactants (1:1 original/exchanged), 2) C2


18OO2
+ and


C2
18O2O


+ ions formed from 18O-labelled reactants (1:2 origi-
nal/exchanged) and 3) 13CC18O2O


+ and 13CC18OO2
+ ions


formed from 13C/18O-labelled reactants (1:5 original/ex-
changed). As anticipated, the largest variation is observed in
the original CO2


+ , the reliable signature of ions 1. On the
whole, the structural analysis confirms that, in all the sys-
tems and experimental conditions investigated, the C2O3


+


population, prepared and cooled in the source in the energy
range below the dissociation threshold, contains a major
amount of ions 1 with respect to ions 1a, and ions 1 are
even more significantly captured at high CO2 pressure.


Figure 8. Energy profile (DHA, kcalmol�1) relevant to the reaction of
C*OO+ with CO. The CCSD(T) (B3LYP) energies are reported.


Scheme 1.
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Finally, it is worth considering that the ions sampled by
CAD possess a broad range of internal energies, including a
higher-energy fraction that is below the dissociation thresh-
old but above the isomerisation barrier. These ions are not
sufficiently “hot” to decompose in the metastable window,
but still susceptible to undergoing isomerisation during the
flight, giving a mixture of interconverting structures that, in
the absence of collisional relaxation, are not thoroughly
randomised. The signature of these ions is found in particu-
lar at high CO pressure, where the CAD peaks show residu-
al narrow components. The shape analysis and the evalua-
tion of the metastable contribution indicate that these com-
ponents are not due to the overlapping of metastable
peaks,[11] whereas they are more probably attributable to the
prompt dissociation by collision of these “stable” vibration-
ally excited ions that are already close to the dissociation
limit.[12a,19] Accordingly, at high CO2 pressure, lower-energy
ions are sampled below the dissociation threshold and
below the isomerisation barrier.


A high-energy route to C2O3
+ : CI and TQ experiments pro-


vided evidence for a high-energy reaction pathway to C2O3
+


ions: the reaction of CO2
+ with CO2 [Eq. (4)]. We comput-


ed the DHA of the process, amounting to 95.8 and 90.0 kcal
mol�1, at the B3LYP and CCSD(T) levels of theory, respec-
tively. The occurrence of Reaction (4) in ionised CO2 thus
hints at the presence of highly vibrationally excited CO2


+


reactant ions.
In CO2/CO mixtures, the C2O3


+ ions from Reaction (4)
can be identified by isotopic labelling that separates the
C2O3


+ ions from Reaction (3). They are detectable at high
CO2 pressure (Figure 2B), when actually excited CO2


+ ions
are probably formed by electron impact on CO2. However,
their formation from Reaction (4) is not straightforward.
Indeed, the same product could be formed by ligand-ex-
change reaction between the ion 1a and the available CO2


[Reaction (13)].


This process is expected to be less favoured with respect
to the competitive formation of [18OCbCO]+ , which is
even observed in the presence of small amounts of CO,[8]


yet it could play a role at higher CO2 pressure. Nonetheless,
even not considering formation of this C2O3


+ isotopomer as
a signature of the occurrence of Reaction (4) in CO2/CO
mixtures, its formation in neat CO2 undoubtedly points to
the presence of CO2


+ ions having the required, albeit high,
amount of energy. Low-lying electronic states of CO2


+ are
very short-lived owing to radiative decay or predissociation;
however, their participation in the formation of ground state
CO2


+ ions having large amounts of internal energy has been
considered, for example, in intersystem crossing associated
with the predissociation of state C.[14a]


The fate of the C2O3
+ ions formed by Reaction (4) is nec-


essarily related to their energy. As a matter of fact, it is diffi-
cult to evaluate the amount of energy available to species
generated from excited reactant ions of unpredictable
energy content. In principle, we can guess that, if sufficiently
thermalised or formed by a slightly exothermic reaction,
they do not undergo any O-exchange reaction. In contrast,
if formed by a very exothermic process, they decompose
into CO2


+ and CO, favouring back-dissociation with respect
to isomerisation. Both hypotheses could be valid, for in-
stance, in our TQ experiments, showing no peaks but the
original CO2


+ .
The loss of the oxygen atom from the CO2


+ reactant ion
suggests that, when the back-dissociation of the C2O3


+ prod-
uct is favoured, the whole process is a dissociative charge
transfer to CO2 [Reactions (14)–(16)].


In CO2 plasmas, where CO2
+ and CO2 have the same iso-


topic composition, the net reaction is essentially the dissoci-
ation of CO2 into CO and O.


Atmospheric implications : Ion-catalysed reactions are
widely recognised as a class of important processes affecting
the neutral composition of the stratosphere and troposphere,
where ionisation occurs by galactic cosmic rays and UV ra-
diations.[1–2] The O-exchange reaction, although not affecting
the carbon dioxide and carbon monoxide budgets, can act
on environments in which CO2 and CO have different iso-
topic enrichments. Stratospheric and tropospheric CO2 is,
for example, enriched in both 17O and 18O. In particular, the
tropospheric isotope values are very different from strato-
spheric values and they reflect mass-independent isotope ef-
fects.[4,20] The observed O exchange can modify the isotope
distribution of CO2


+ and CO by subsequent sequestering of
oxygen atoms in carbon monoxide (Figure 2B, Figure 3B).
This ionic route can be also of interest to the Martian at-
mosphere, where 17O enrichment has been observed in Mar-
tian meteorites, from CO2 transfer to carbonate minerals.[21]


Here the CO2
+ ion density reaches 104 cm�3,[5a] and O2 is


present in far minor amounts with respect to Earth. The
evolution of the global process in the Martian atmosphere is
not yet fully understood, and unrecognised sinks of 17O have
been suggested. Interestingly, one of the targets of the cur-
rent missions to Mars is the measurement of the isotope
ratios of CO2, H2O and noble gases, to hopefully provide a
deeper insight into the evolution of the Martian atmosphere.


It is also worth considering that several atmospheric envi-
ronments are far from equilibrium. Transient events, such as
lightning, coronas along high-voltage power lines or during
thunderstorms, typically ensure high local densities of vibra-
tionally or electronically excited species whose role in pro-
moting endothermic reactions is widely recognised.[22] The
failure of equilibrium treatment to describe and interpret
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some atmospheric phenomena has heightened the awareness
that atmospheric models should make allowances for reac-
tions of excited species. In this connection, a “high-energy”
route to O exchange can be envisaged from the symmetrical
quartet ion 3, accessible from the long-lived CO (3


Q
r). The


most interesting outcome from high-energy CO2
+ ions is the


catalysed dissociation of carbon dioxide through Reac-
tion (4), an endothermic process that is, however, less ener-
getically demanding than dissociation of CO2


+ into either
O+ or CO+ .[14a] Such process could be relevant as a local
source of CO along high-voltage power lines, especially near
urban or industrial areas where CO2 production is more ex-
tensive. Furthermore, the process could be very effective in
the ionospheres of Mars and Venus, where the bulk gas is
itself CO2. In this connection, it has already been observed
that lightning discharges in Venus, a good example of a
charged, non-equilibrated system, are an effective local
source of carbon monoxide.[2]


Conclusion


In ionised CO2/CO mixtures, a rather effective O exchange
is undergone by thermal CO2


+ ions via a C2O3
+ ion of


OCOCO connectivity. The reaction efficiency is critically af-
fected by the internal energy deposited into the initially
formed C2O3


+ adduct, whose decomposition is favoured
with respect to O exchange, occurring through a double-
minimum potential-energy surface. Under highly energetic
conditions, an indirect, ulterior route to dissociation of
carbon dioxide into CO and oxygen atom is provided by the
reaction of excited CO2


+ ions with CO2.


Experimental Section


FT-ICR experiments : The FT-ICR experiments were performed in an
Extrel FTMS2001 double-cell mass spectrometer equipped with an Ion-
Spec Data Station and a FTMS Autoprobe. The ions were generated in
the first cell and transferred into the second cell, where they were isolat-
ed by broad-band ejection pulses and by the Arbitrary Form method,
after a cooling period of 1 s. Then they were allowed to react with neutral
CO admitted into the cell in order to reach a stationary pressure of 1—
2J10�7 Torr. The pseudo-first-order rate constant was obtained from the
slope of the logarithmic plot of the relative ion intensity versus the reac-
tion time. The number density of the neutral molecules was calculated
from the readings of the Bayard–Alpert gauge, corrected according to a
standard procedure based on the correlation between relative sensitivity
and the polarisability of the gas.[23] The efficiency of the reaction was ex-
pressed as the ratio of its bimolecular rate constant to the collision rate
constant, calculated according to the ADO theory, or by the Su and
Chesnavich parametrised variational theory,[24] that gave very similar re-
sults.


CI-MIKE-CAD experiments : The experiments were performed on a
modified ZABSpec oa-TOF instrument (VG Micromass) with a EBE-
TOF configuration, where E and B stand for electric and magnetic sec-
tors, respectively, and TOF for orthogonal time-of-flight mass spectrome-
ter. The instrument was fitted with an EI/CI source, a gas cell located in
the first field free region and two pairs of gas cells located after the
magnet along the beam path. Typical operating conditions of the CI
source were as follows: accelerating voltage: 8 keV, source temperature:
423 K, repeller voltage: 0 V, emission current 1 mA, nominal electron
energy: 50 eV. The source pressure was measured inside the source block


by a Magnehelic differential pressure gauge. The gases were introduced
into the source by separate inlets. Water amounts of �10% were still
present following purging and heating of lines, owing to water desorbed
from the glass vessels containing the labelled samples.


The MIKE and CAD spectra were recorded at 8 keV and with fully open
source and energy slits. The MIKE spectra were averaged over 100 ac-
quisitions to improve the signal-to-noise ratio. On account of the poor
signal, the kinetic energy release was measured on resolved peaks at an
energy resolution of 4000. The target gas utilised in the CAD experi-
ments was He, admitted into the first cell at such a pressure to achieve a
70% transmittance. The CAD abundances were derived from the peak
heights, and the error from the overlap in 13C/18O-labelled ions could
lead to an overestimate of the randomised population. The CAD abun-
dances were corrected by applying a keV voltage to the collision cell,
which allows discrimination against all fragmentation occurring outside
the cell. The same procedure was followed in the corresponding MIKE
spectrum, which allows evaluation of the residual contribution from the
ions that decompose unimolecularly within the cell. Although the results
are best used with caution, the metastable component can be overesti-
mated, if anything, owing to possible collisions with the gas near the cell
(it has been generally evaluated to be <1% at high CO2 pressure and, at
most, 2.5% at high CO pressure). The shape of the CAD peaks was ana-
lysed at an energy resolution of 5500, on resolved peaks corresponding to
the original and O-exchange CO2


+ fragments. High-resolution CAD-
TOF experiments were performed to identify isobaric species in the in-
vestigated CI plasmas. The ions of interest, separated, mass-selected and
accelerated to 8 keV, were transmitted to the TOF sector and structurally
analysed by introducing He into the gas cell.


CO2 and CO, were research-grade products with a stated purity in excess
of 99.95 mol%. The C18O (98.8 18O atom%), 13CO (99.0 13C atom%),
13CO2 (99.0 13C atom%) and C18O2 (98.7 18O atom%) samples were ob-
tained from Icon Stable Isotopes, Inc.


TQ experiments : The experiments were performed with a Waters Quat-
tro Micro Tandem GC-MS/MS equipped with a cool chemical ionisation
source. The ions generated in the source were mass-selected in the first
quadrupole (Q1) and driven to the second quadrupole (Q2), a RF-only
hexapole, containing the neutral gas at pressures ranging from 5J10�4 to
1J10�3 Torr. The ion–molecule reactions were investigated at a nominal
collision energy of 0 eV and the charged products were analysed with the
third quadrupole (Q3).


Computational methods : Density functional theory, with the hybrid[25]


B3LYP functional,[26] was used to localise the stationary points of the in-
vestigated systems and to evaluate the vibrational frequencies. Although
it is well known that density functional methods using non-hybrid func-
tionals sometimes tend to overestimate bond lengths,[27] hybrid function-
als, such as B3LYP, usually provide geometrical parameters in excellent
agreement with experiment.[28] Single-point energy calculations at the op-
timised geometries were performed with the coupled-cluster single and
double excitation method[29] with a perturbational estimate of the triple
excitation [CCSD(T)] approach,[30] to include extensively correlation con-
tributions.[31] Transition states were located with the synchronous transit-
guided quasi-Newton method developed by Schlegel and co-workers.[32]


The 6-311+G(3d) basis set was used.[33] Zero-point energy corrections,
evaluated at the B3LYP/6–311+G(3d) level, were added to the
CCSD(T) energies. The 0 K total energies of the species of interest were
corrected to 298 K by adding translational, rotational and vibrational
contributions. The absolute entropies were calculated by standard statisti-
cal-mechanistic procedures from scaled harmonic frequencies and mo-
ments of inertia relative to B3LYP/6–311+G(3d) optimised geometries.
All calculations were performed with Gaussian03.[34]
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The Mechanism of Magnetic Interactions in the Bulk Ferromagnet para-
(Methylthio)Phenyl Nitronyl Nitroxide (YUJNEW): A First Principles,
Bottom-Up, Theoretical Study


Merc( Deumal,*[a] Michael J. Bearpark,[b] Michael A. Robb,[b] Yves Pontillon,[c] and
Juan J. Novoa*[a, d]


Introduction


The study of properties that result from the presence of
magnetic interactions in molecular crystals has been a sub-


ject of interest for many groups in recent years.[1] However,
despite the enormous progress in this field, the design of
molecule-based magnets is still not feasible, due to a limited
understanding of the dependence of the microscopic mag-
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Table S1: Theoret-
ical (Mulliken) atomic spin populations calculated by means of DFT-
UB3LYP/6-31+G(d) for an isolated p-(MeS)PhNN radical molecule
in comparison with those determined experimentally. Figure S1: Con-
vergence of computed cT(T) data was checked at 298 K as the size of
the magnetic model increases by propagating the minimal (1a,1c)
model along a and c axes. Figure S2: Convergence of computed cT(T)
data was checked using JAB values at 114 K by extending the minimal
(1a,1c)’2 model along a, b, and c crystallographic axes. Figure S3: Con-
vergence of computed cT(T) data using JAB values at 114 K as the size
of the magnetic model increases by propagating the minimal (1a,1c)2
model along a, b, and c axes. Figure S4: Simulated cT(T) data using
JAB values at 298 K and model (1a,1c)2 with interplane (ac) J(d6)
values: 0, �0.02 and �0.07 cm�1.


Abstract: The mechanism of magnetic
interactions in the bulk ferromagnet
para-(methylthio)phenyl nitronyl ni-
troxide crystal (YUJNEW) has been
theoretically reinvestigated, using only
data from ab initio calculations and
avoiding any a priori assumptions. We
first calculate the microscopic magnetic
interactions (JAB exchange couplings)
between all unique radical pairs in the
crystal, and then generate the macro-
scopic magnetic properties from the
energy levels of the corresponding Hei-
senberg Hamiltonian. We thus propose
a first principles, bottom-up (i.e. micro-
to-macro) approach that brings theory
and experiment together. We have ap-
plied this strategy to study the magnet-


ism of YUJNEW using data from the
previously reported 298 and 114 K
crystal structures, and also data from a
10 K neutron diffraction structure fully
reported in this work. The magnetic
topology at 298 K is two-dimensional:
noninteracting planes, with three differ-
ent in-plane JAB pair interactions
(+0.24, +0.09, and �0.11 cm�1) and
one numerically negligible (+0.02 cm�1)
inter-plane JAB interaction. In contrast,
the magnetic topology at 114 and 10 K


is three-dimensional, with two non-neg-
ligible in-plane JAB constants (+0.11
and +0.07 cm�1 at 114 K; +0.22 and
+0.07 cm�1 at 10 K) and one inter-
plane pair interaction (+0.07 cm�1 at
114 K; +0.08 cm�1 at 10 K). Although
this three-dimensional magnetic topol-
ogy is consistent with YUJNEW being
a bulk ferromagnet, there is only a
qualitative agreement between com-
puted and experimental magnetic sus-
ceptibility cT(T) data at 114 K. Howev-
er, the experimental cT(T) curve is
quantitatively reproduced at 10 K. The
heat capacity curve presents a peak at
around 0.12 K, close to the estimated
experimental peak (0.20 K).


Keywords: ab initio calculations ·
magnetic properties · organic
molecular magnets · structure–
activity relationships
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netic interactions on the rela-
tive geometry of the interacting
radicals and problems in pre-
dicting and controlling the
packing of molecular solids.
To comprehend the magnetic


properties of molecule-based
magnets, it is essential to under-
stand the reasons for the pres-
ence or absence of a given type
of magnetic interaction. Such
understanding can be gained by
studying the mechanism of the
magnetic interactions in crystals
that have magnetic properties
of special interest, such as the
small number of purely organic


molecular magnets known to present bulk ferromagnetic be-
havior. One of these purely organic molecular ferromagnets
is the para-(methylthio)phenyl nitronyl nitroxide crystal
(radical hereafter identified as p-(MeS)PhNN, see Scheme 1,


TC=0.20 K),
[2–5] whose magnetic interactions are the focus


of this study.
The magnetic properties of the p-(MeS)PhNN crystal


have been studied experimentally.[2–5] There are crystal
structures available at 298 K[2] and 114 K,[5] and a 10 K struc-
ture for which only the cell parameters have been previously
published,[4] and whose fractional coordinates are given in
this work. No phase transition has been reported in the 10–
298 K temperature range, and the only geometrical changes
found are those due to thermal expansion. In such cases, the
analysis of the magnetic interactions is very often done by
using the room-temperature crystal structure, and the result-
ing conclusions are then extrapolated to any other low-tem-
perature structure. In this work, we show that there are
problems with this approach for p-(MeS)PhNN.
Two models of magnetic interaction have been proposed


for the p-(MeS)PhNN crystal: one of interacting ac planes,[2]


with one in-plane and one inter-plane interaction, and a
second model of noninteracting ac planes,[3] with three dif-
ferent in-plane interactions. The second model was discard-
ed on the basis of EPR data indicating the existence of mag-
netic interactions between the planes.[2] When the first
model was used to fit the magnetic susceptibility data, the
best fit was obtained with fitting constants J=++0.18 K and
J’ffi+0.042 K.[3,6] These two models were selected on the
basis of two empirical generalizations about the nature of
the magnetic interactions between any two nitronyl ni-
troxide radicals: short NO···ON contacts usually lead to an-
tiferromagnetic interactions, and NO···phenyl contacts to
ferromagnetic ones. However, recent studies[7] have shown
that there is no correlation between the presence or absence
of a dominant ferromagnetic interaction and the geometry
of the NO···ON and/or C(sp2)-H···ON intermolecular short
contacts, and that short NO···ON contacts are not always an
indication of dominant antiferromagnetic interactions. One
could also think about using qualitative procedures based
on the so-called McConnell-I proposal,[8] but previous stud-
ies have also found that this lacks a rigorous general founda-
tion,[9] and fails to describe the nature of the magnetic inter-
actions in dimers of small radicals.[10] Thus, it seems appro-
priate to carry out a systematic study of the magnetic inter-
actions on the p-(MeS)PhNN crystal by using our recently
proposed first principles, bottom-up procedure,[11] aimed at
rationalizing its bulk ferromagnetic properties in terms of
reliable, computed microscopic interactions.
The mechanism of the magnetic interactions in a molecu-


lar crystal is fully rationalized once its magnetic topology
has been determined.[12] This requires the definition of: 1)
the strength of the microscopic magnetic interactions be-
tween all unique pairs of radicals (the so-called JAB parame-
ters) and 2) the topological connectivity within the crystal of
the non-negligible JAB magnetic interactions. Once the mag-
netic topology has been determined, it is possible to identify
the pathways that allow the propagation of the magnetic in-
teractions over the whole solid.
Three different strategies have been used so far to obtain


the value of the JAB microscopic parameters in magnetic
crystals: 1) a least-square fitting of the experimental data to
a proposed model Hamiltonian,[13] 2) a theoretical calcula-


Abstract in Catalan: El mecanisme de les interaccions mag-
n�tiques en el cristall ferromagn�tic (bulk) para-(metiltio)fe-
nil nitronil nitr!xid (YUJNEW) ha estat reinvestigat des d(un
punt de vista te!ric, usant fflnicament dades obtingudes a
partir de c+lculs ab initio i evitant qualsevol suposici, a
priori. Primer s(avaluen les possibles interaccions magn�ti-
ques microsc!piques (constants d(acoblament JAB) d’entre
tots els diferents parells de radicals existents en el cristall, i
aleshores es calculen num�ricament les propietats magn�ti-
ques macrosc!piques partint dels nivells d(energia de l(Ha-
miltoni+ de Heisenberg corresponent. Aix1 doncs, connectem
teoria i experiment mitjanÅant una aproximaci, bottom-up
(d(informaci, microsc!pica a macrosc!pica) basada en pri-
mers principis. Aquesta estrat�gia de treball s(ha utilitzat per
estudiar el magnetisme del YUJNEW usant estructures
cristallines pr�viament publicades a 298 i 114 K, i tamb: una
estructura determinada a 10 K per difracci, de neutrons (do-
cumentada en aquest article). La topologia magn�tica a
298 K :s bidimensional, formada per plans que no interaccio-
nen entre ells: en cada capa hi ha tres interaccions JAB dife-
rents (+0.24, +0.09 i �0.11 cm�1) i entre capes una de nu-
m�ricament negligible (+0.02 cm�1). En canvi, la topologia
magn�tica a 114 i 10 K :s tridimensional, amb dos constants
JAB intra-capa (+0.11 i +0.07 cm�1 a 114 K; +0.22 i
+0.07 cm�1 a 10 K) i una entre capes (+0.07 cm�1 a 114 K;
+0.08 cm�1 a 10 K) no negligibles. Tot i que aquesta topolo-
gia magn�tica tridimensional :s consistent amb el fet que el
YUJNEW :s un imant (bulk ferromagnet), a 114 K nom:s
s(obt: una concordanÅa qualitativa entre els valors calculats i
les dades experimentals de la susceptibilitat magn�tica cT(T).
La corba experimental cT(T) fflnicament es pot reproduir
amb les dades obtingudes a 10 K. Els resultats num�rics de la
capacitat calor1fica presenten un m+xim entorn 0.12 K; valor
molt proper a la temperatura cr1tica del YUJNEW estimada
experimentalment de 0.20 K.


Scheme 1. Structure of the
para-(methylthio)phenyl ni-
tronyl nitroxide radical.
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tion using ab initio methods, and 3) a combination of 1) and
2), in which calculated parameters are used as a starting
point to fit experimental data. Our first principles, bottom-
up analysis clearly belongs to the second group of strategies.
It begins by systematically computing all unique non-negligi-
ble JAB pair interactions.


[14] The magnetic topology is then
obtained by connecting the radicals having non-negligible
JAB parameters. Macroscopic magnetic properties of the
solid (e.g., magnetic susceptibility or heat capacity) are com-
puted from the eigenvalues of a Heisenberg Hamiltonian,
which quantitatively represents the topology of the magneti-
cally non-negligible JAB interactions within the crystal. We
believe that this micro-to-macro or bottom-up strategy will
become a practical tool for the rational design of molecular
magnets, once our knowledge of the microscopic molecular
interactions and control of crystal packing improve.
In summary: in this work, we re-investigate the nature of


the magnetic interactions in the p-(MeS)PhNN crystal from
first principles. We study the 298, 114 and 10 K crystal struc-
tures to evaluate whether (and if so, how) temperature af-
fects the computed properties of organic molecular magnets.
To our knowledge, such quantitative evaluation of the
changes induced by temperature on the mechanism of the
magnetic interaction of a given crystal has not been report-
ed up to now. Our results show that while the topology at
298 K is two-dimensional (2D), the low-temperature struc-
tures (114 and 10 K) are three-dimensional (3D), which
agrees with the experimental behavior. The trends in ther-
mal expansion of the p-(MeS)PhNN crystal suggest that
magnetic topology in the vicinity of the transition tempera-
ture (0.20 K) will be the same as at 10 K. We will also show
that the computed magnetic susceptibility and heat capacity
obtained using our procedure fully reproduce the experi-
mental values of these macroscopic magnetic properties.


Computational Methods


Since we have described our first principles, bottom-up methodology in
detail before,[11a] we will only summarize the main steps in physical terms
here.


The basic idea is to determine the magnetic topology of a crystal from
the values of microscopic JAB pair interactions between its constituent
radicals, and then to compute macroscopic magnetic properties from the
energy levels of the corresponding Heisenberg Hamiltonian [Eq. (1)], in
which ŜA is the spin operator associated with the radical A, and ÎAB is the
identity operator.


Ĥ ¼ �
XN


A,B


JABð2 ŜA � ŜB þ 1=2 ÎABÞ ð1Þ


Practically, our approach involves the following consecutive steps:


1) A detailed analysis of the crystal packing to identify, in an unbiased
and systematic way, all unique relevant AB pairs of radicals. We de-
liberately select more pairs than the first nearest neighbors, which
are the usual candidates in the literature.


2) The ab initio computation of the JAB magnetic interactions for all
pairs of radicals selected in the previous step.


3) Determination of the magnetic topology of the crystal, by inspection
of the connectivity of the non-negligible JAB values for each radical
pair. Each radical molecule can be seen as a radical site, connected
to another when jJAB j is larger than a given threshold (estimated as


j0.05 j cm�1 in our calculations). Then, one searches for the (finite-
sized) minimal magnetic model space that describes the magnetic in-
teractions of the whole crystal in a balanced way. The radical centers
of the minimal magnetic model space define a spin space, which is
used to compute the matrix representation of the Heisenberg Hamil-
tonian [Eq. (1)]. The JAB parameters required in that matrix repre-
sentation are those computed in step 2.


4) As a final step, the Heisenberg Hamiltonian matrix is fully diagonal-
ized and the whole set of eigenvalues is obtained. That set of eigen-
values (the energy spectrum) is used to compute the magnetic sus-
ceptibility c(T) and/or heat capacity Cp(T) using standard statistical
mechanics.


The minimal magnetic model space must be small enough to keep the
size of the Heisenberg Hamiltonian matrix manageable (currently N=16
spin sites), but it must also contain all of the important magnetic path-
ways detected within the crystal. To test the validity of our minimal mag-
netic model space, we checked the convergence of our results (e.g.,
c vs T) by replicating the model space along all three crystallographic di-
rections: if the minimal magnetic model space is properly chosen, the
computed c(T) values from such extended models should rapidly con-
verge to the computed c(T) values from the minimal model, which in
turn should approach the experimental c(T) data. From our experience,
the most essential issue in our procedure is the selection of a proper
subset of JAB pair interactions within the crystal capable of describing its
magnetic topology evenly.


As already mentioned, constructing the matrix of the Heisenberg opera-
tor requires the values of the microscopic JAB pair interactions. These are
computed, by using ab initio methods, from the energy difference be-
tween the high and low spin states of the pair of radicals. In the case of
the p-(MeS)PhNN, a doublet radical, the value of JAB for any pair is ob-
tained by subtracting the energy of the most stable open-shell singlet
(ESBS) and triplet (E


T) states at the pair geometry, using the broken-sym-
metry approximation[15] to compute the energy of the open-shell singlet
state [Eq. (2)].


JAB ¼ ES
BS�ET ð2Þ


This expression is obtained by equating the expression of the singlet–trip-
let energy difference obtained from the original formulation of the
broken-symmetry approximation developed for the UHF method
[Eq. (3)] and the expression of the singlet–triplet energy difference
[Eq. (4)] computed using the Heisenberg Hamiltonian [Eq. (1)].


DES�T ¼ 2ðES
BS�ETÞ=ð1þ S2


abÞ ð3Þ


DES�T ¼ 2 JAB ð4Þ


The JAB term in Equation (2) results from the fact that in through-space
magnetic interactions the SOMO orbital of one radical of the dimer pres-
ents a very small overlap (Sab
0) with the SOMO of the other radical.
The ESBS and ET energy values were computed by using the UB3LYP
functional[16] and the 6–31+G(d) basis set[17] (a 10�8 convergence criteri-
on on the total energy and 10�10 on the integrals was used to ensure
enough accuracy in the computation of the JAB parameters). Note that
our expression is equivalent to the use of JAB=2(E


S
BS�ET) commonly em-


ployed with the Ĥ=��JABŜA·ŜB Heisenberg Hamiltonian.
[15] In the case


of strong overlap between the two magnetic orbitals, as in most through-
bond magnetic interactions, overlap should be taken into consideration
in Equation (3), and the energy difference should be divided by two.[15] It
has also been found that when the broken-symmetry approach is applied
in the context of transition-metal complexes and DFT methodology,
better agreement against the experimental JAB values is obtained when
DES�T=ESBS�ET. This has been attributed by some to error compensation
and by others to some intrinsic behavior of the DFT functionals.[18] All
DFT calculations performed in this study were carried out using the
Gaussian-98 package.[19]
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Results and Discussion


Crystal packing analysis of the p-(MeS)PhNN crystal : The
crystal structure of the p-(MeS)PhNN radical has been fully
reported at 298[2] and 114 K[5] (refcodes YUJNEW10 and
YUJNEW11 in the CCSD database, respectively[20]). Besides
these two crystal structures, cell parameters were also re-
ported for the crystal at 10 K, although without fractional
coordinates. In this work we report these fractional coordi-
nates (we will identify this crystal as YUJNEW10K).
The 298, 114, and 10 K structures present the same crystal


symmetry (P21/a) and relative disposition of radicals within
the crystal structure, which is shown in Figure 1. However,
the thermal compression of the unit cell is slightly anisotrop-
ic (see Table 1): the b axis shrinks by 0.345 P on going from
298 to 114 K, and by 0.089 P in the 114 to 10 K transition;
the a axis decreases by 0.097 and 0.104 P for the same tran-
sitions, while the c axis increases by 0.118 P and afterwards
shrinks by 0.031 P. An analysis of the packing shows that
there are four p-(MeS)PhNN radicals per unit cell (Z=4)
arranged in two pairs (see Figure 1a for encircled pairs O�X
and O’�X’). The radical molecules in each of these pairs are
in an up–down orientation. The two radicals are connected
by intermolecular C�H···p bonds, involving the phenyl


group of one radical and the ONCNO group of the five-
membered NN ring of the other. The main packing motif of
this crystal is the formation of planes along the ac axes,
stacked along the b axis in an AA’AA’ sequence (Figure 1b)
in such a way that the X�X’ and O�O’ radicals form chains
linked by C�H···S bonds (involving methyl and thiomethyl
groups). Though only partially observed in the bc projection
(Figure 1a), neighboring radicals (O�X and O’�X’) are ori-
ented nearly perpendicular to each other within each ac
plane. In this packing, the NN ring of the O radicals sits on
top of the phenyl ring of the X radicals, with one of the NO
oxygen atoms of one radical nearly on top of the NN ring
C(sp2) atom of the other radical, at an ONCNO···C(sp2) dis-
tance of 4.208 P (Ji, Jii, in Figure 2a and 2b, with O�X radi-
cal molecules related by a glide plane). Along the c axis the
X and O radicals are held by simultaneous C(sp2)�H···ON
and C(sp3)�H···ON bonds (from the C atoms of the phenyl
ring and the thiomethyl groups to the NO groups, Jiii in Fig-
ure 2a and 2b). The change with temperature of the shortest
contact distances (Tables 2–4) and angles is non-uniform,
due to the already mentioned anisotropic change of the cell
parameters


Previous empirical magnetic models of the p-(MeS)PhNN
crystal : Based on the empirical observation that short
NO···ON contacts usually lead to antiferromagnetic interac-
tions, and short NO···phenyl contacts to ferromagnetic inter-
actions, the original authors of reference [2] proposed the
two-dimensional magnetic model shown in Figure 2a. This
model involves three ferromagnetic Ji, Jii, and Jiii parameters,
as they are associated to radical pairs oriented so that the
shortest contacts are of the NO···phenyl type (Figure 2b). In-
itially, no magnetic interaction was proposed between the ac
planes (i.e., along the b axis) based only on geometrical con-
siderations (the ONCNO groups are more than 6 P apart).
However, on the basis of EPR data, the same authors re-
vised their initial magnetic model and concluded that an in-
terplane interaction should exist.[2] Subsequently,[3] the same
authors proposed a three-dimensional magnetic model (Fig-
ure 2c) of weakly interacting square planes, in which the in-
teraction within the planes was J and that between the
planes was J’. The in-plane J parameters of this 3D model
should be taken as an effective J that averages the three fer-
romagnetic Ji, Jii, and Jiii parameters of the 2D model (by
doing this averaging, the J parameters lose their direct con-
nection with the microscopic JAB radical-pair parameters de-
scribed in the Computational Methods).
Besides proposing a feasible magnetic model, the authors


of references [2,3] fitted the available experimental c(T)
data to 1) the Curie–Weiss law (q= ++0.32 K[21]) and 2) a nu-
merical series expansion for the spin 1=2 Heisenberg model


Figure 1. a) View of the crystal packing for YUJNEW along the a crystal-
lographic direction (hydrogen atoms are not shown). Within the unit cell,
four p-(SMe)PhNN radicals are arranged in two pairs O-X and O’-X’
(encircled). b) Snapshot of the main packing motif of YUJNEW crystal:
ac planes stacked along the b axis in an AA’AA’ sequence.


Table 1. Cell parameters reported at 298 K, 114 K, and 10 K for p-
(MeS)PhNN crystal.


T [K] a [P] b [P] c [P] b [8] Ref.


295 9.437 19.827 8.516 113.66 [2]
114 9.340 19.482 8.634 115.13 [5]
10 9.236 19.393 8.603 114.94 [4]
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on the square lattice with a
mean field correction for inter-
lattice interactions (J=
+0.18 K, J’
 +0.042 K[6]).


Evaluation of the magnetic top-
ology of the p-(MeS)PhNN
crystal at 298 K (YUJNEW10):
We began our quantitative
study of the magnetism of
YUJNEW10 by selecting all
possible radical pairs that could
give rise to a non-negligible
magnetic interaction (Step 1).
Polarized neutron diffraction
and X-ray/neutron studies[4,5]


have shown that most of the
spin density (87.7%) of this
radical is located on the
ONCNO group of the five-
membered NN ring, with a very
small amount on the C atoms
of the NN group itself, the
phenyl ring and the thiomethyl
group (the S atom of the thio-
methyl group is however found
to have a negligible spin popu-
lation). The same spin distribu-
tion is obtained by B3LYP cal-
culations, in good agreement
with the general trends found
in the nitronyl nitroxide NN
radicals.[22]


Given the spin distribution,
we selected for our study all
radical pairs in which the
ONCNO···ONCNO contacts
have distances below 7.4 P.
Furthermore, as there are sug-
gestions that the MeS atoms
could play some role in the
magnetism of this crystal, we
also selected all radical pairs
whose ONCNO···SMe and
MeS···SMe contacts are below
6.9 and 9.0 P, respectively
(notice that the same radical
pairs are selected if using
ONCNO···MeS and SMe···MeS
distances as a cutoff criteria).
Such a long-range cutoff for the
contacts included all first near-
est neighbors and the closest
second-nearest neighbors. Nine
radical pairs were selected in
this way (Figures 3a,b and 4),
identified as d1–d9. There are
two groups of pairs: d1–d3, in
which the two radicals are lo-


Figure 2. a) Initial magnetic topology (2D ac layer) of YUJNEW proposed by the original authors,[2] in which
each p-(SMe)PhNN radical molecule is replaced by a point site for simplicity (Ji, Jii, and Jiii magnetic interac-
tions are shown). b) Geometry of the pair of radicals involved in the suggested Ji, Jii, Jiii interactions (note that
Ji=Jii by symmetry). c) Final magnetic topology (3D) suggested by the original authors[3] in order to interpret
the available experimental data (J, J’ magnetic interactions are shown).


Table 2. Shortest intermolecular distances for radical pairs d1–d9 for the 298 K structure of YUJNEW (atoms
labelled according to Scheme 1). Radical pairs d1–d5 were selected on the basis of ONCNO···ONCNO dis-
tance (in bold) (although d1, d3 and d4 could have been chosen according to the shortest NO···SMe distance
(in italics), all remaining NO···ON distances were shorter in average). Radical pairs d6 and d7 were selected
on the basis of the ONCNO···SMe distance (in bold), and d8 and d9 on the basis of the MeS···SMe distance
(in bold). UB3LYP-BS/6–31+G(d) values for JAB(di) are also given.


d(NO···ON) d(C1···C1) d(NO···S1Me) d(MeS1···S1Me) J(di)
[P] [P] [P] [P] [cm�1]


d1 4.71, 4.94, 6.56, 7.18 4.81 4.60, 6.37, 7.40, 10.18 9.83 +0.24
d2 5.69, 8.04, 9.13, 11.04 7.96 6.71, 6.97, 9.86, 13.80 11.70 +0.09
d3 5.87, 8.52(2), 12.38 8.52 4.63, 9.20, 12.50, 14.56 8.52 �0.11
d4 6.96, 10.43, 10.67, 12.97 9.99 6.85, 6.87, 13.74, 17.57 12.81 % j10�2 j
d5 7.02, 10.98(2), 15.35 11.17 12.56(2), 15.94(2) 19.03 % j10�2 j
d6 10.68, 10.96, 15.29(2) 12.53 4.20, 8.76, 14.78, 16.71 9.93 +0.02
d7 11.17, 12.66(2), 15.45 12.08 6.99(2), 10.11(2) 7.85 % j10�2 j
d8 13.27, 13.48(2), 15.17 12.76 7.34(2), 8.78(2) 4.48 % j10�2 j
d9 16.07(2), 16.65, 16.79 15.35 10.24(2), 10.53(2) 5.32 % j10�2 j


Table 3. Shortest intermolecular distances for radical pairs d1–d9 for the 114 K structure of YUNEW (atoms
labelled according to Scheme 1). Radical pairs d1–d5 were selected on the basis of ONCNO···ONCNO dis-
tance (in bold) (although d1, d3 and d4 could have been chosen according to the shortest NO···SMe distance
(in italics), all remaining NO···ON distances were shorter in average). Radical pairs d6 and d7 were selected
on the basis of the ONCNO···SMe distance (in bold), and d8 and d9 on the basis of the MeS···SMe distance
(in bold). UB3LYP-BS/6–31+G(d) values for JAB(di) are also given.


d(NO···ON) d(C1···C1) d(NO···S1Me) d(MeS1···S1Me) J(di)
[P] [P] [P] [P] [cm�1]


d1 4.77, 4.82, 6.74, 7.23 4.83 4.29, 6.35, 7.1, 10.10 9.64 +0.11
d2 5.65, 7.97, 9.26, 11.12 7.97 6.72, 6.80, 9.70, 13.67 11.55 +0.07
d3 5.95, 8.63(2), 12.52 8.63 4.76, 9.36, 12.59, 14.66 8.63 �0.02
d4 6.79, 10.22, 10.59, 12.81 9.85 6.69, 6.89, 13.62, 17.51 12.73 % j10�2 j
d5 6.52 , 10.53(2), 14.91 10.70 12.15(2), 15.55(2) 18.71 % j10�2 j
d6 10.52 , 10.78, 15.12, 15.15 12.35 4.00 , 8.59, 14.65, 16.58 9.75 +0.07
d7 11.13, 12.71(2), 15.57 12.14 6.87(2), 10.11 (2) 7.68 % j10�2 j
d8 13.24, 13.49(2), 15.22 12.72 7.35(2), 8.83(2) 4.61 % j10�2 j
d9 16.14(2), 16.75, 16.84 15.40 10.24(2), 10.51(2) 5.12 % j10�2 j
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cated in the ac plane, and d4–d9, in which the two radicals
are placed in consecutive ac planes. The view in Figure 3 is
similar to that chosen in Figure 2 to allow an easy compari-
son between them. The values of the key intermolecular dis-
tances for each pair are collected in Table 2.


The computation of the value
of the microscopic magnetic in-
teraction JAB for each radical
pair di was done (Step 2) at the
geometry of the pair found in
the YUJNEW10 crystal. These
JAB values are collected in the
last column of Table 2. At this
geometry, the three in-plane


radical pairs d1–d3 are the main contributors to the magnet-
ic interaction of YUJNEW10, the first two ferromagnetically
(+0.24 and +0.09 cm�1) and the last one antiferromagneti-
cally (�0.11 cm�1). There is also a much smaller magnetic
contribution from the interplane pairs (d6), whose sign and
size (+0.02 cm�1, Table 2) lies below the limit of accuracy
expected for our computations, and which can thus be ne-
glected.[23] Therefore, the p-(MeS)PhNN crystal at 298 K has
the 2D magnetic topology (Step 3) depicted in Figure 3c
(upper J(di) values), with a negligible interplane magnetic
interaction. Therefore, it does not have the 3D character de-
tected experimentally. In a first qualitative approach, one
expects that these 2D planes should present a dominant fer-
romagnetic behavior in the magnetic susceptibility curve,
because the ferromagnetic in-plane interactions are twice as
strong as the antiferromagnetic in-plane interactions. How-
ever, a proper estimation of such a curve is only possible
after a quantitative computation (Step 4, discussed below in
the section on the computation of the macroscopic magnetic
properties), which shows that the 298 K magnetic topology
does not behave as a ferromagnet in the 0–3 K region.
We first comment on the main features of the sign and


size of the non-negligible JAB parameters. The sign of the
J(d1) pair (+0.24 cm�1) is consistent with that predicted by
the McConnell-I proposal. However, the antiferromagnetic
character of J(d3) violates the McConnell-I proposal: with a
shortest NO···ON distance of 5.87 P it should be negligible.
The presence of a magnetic interaction at such a large
NO···ON distance indicates that atoms other than the
ONCNO group should play a role in the magnetic interac-
tion, even if no significant amount of spin is located on
them, in agreement with previous suggestions.[7] It is also im-
portant to stress here that there is no direct correspondence
between the J parameter obtained from the least-square fit-
ting of the magnetic susceptibility curves (J=++0.18 K[3])
and the microscopic in-plane J(d1), J(d2), and J(d3) (com-
pare Figures 2c and 3c). Therefore J should be taken as an
effective parameter that represents an average of the J(d1),
J(d2), and J(d3) in-plane pair interactions (whose values are
+0.24, +0.09, and �0.11 cm�1, respectively). On the other
hand, one can relate Ji=Jii=J(d1) and Jiii=J(d3) (radical
molecules related by glide-plane and c-translation, respec-
tively, compare Figures 2a and 3c). Thus, the initial empiri-
cal model of the magnetic topology at 298 K was appropri-
ate and only the J(d2) pair interaction was missing. Howev-
er, we will next see that J(d1), J(d2), and J(d3) allow the
shape of the experimental magnetic susceptibility curve to
be reproduced only in the 3–280 K region, but not below
that temperature range. Finally, there might be a direct con-
nection between J’(+0.042 K) and J(d6) (+0.02 cm�1), but


Figure 3. a,b) Schematic view of YUJNEW crystal in terms of potential
d1–d9 magnetic pair interactions selected for computation of J(di) values
(p-(MeS)PhNN radicals replaced by point sites). All potential magnetic
pair interactions di are drawn as a line. These lines are pictured in differ-
ent colors to distinguish among different pairs of radicals : a) within an ac
layer (i=1–3) and b) between any two ac layers (i=4–9). c) Magnetic
topology for YUJNEW defined by four non-negligible J(di) dimeric inter-
actions (i=1–3, 6). The computed values of J(di) magnetic pair interac-
tions are given at 298 K (upper value), 114 K (middle value), and 10 K
(lower value). At 298 K, the magnetic topology of YUJNEW consists of
non-interacting two-dimensional ac-layers (+0.24, +0.09 and
�0.11 cm�1). At 114 K and 10 K, the magnetic topology of YUJNEW is
clearly three-dimensional (intra/inter ac planes: +0.11, +0.07/+0.07
and +0.22, +0.07/+0.08 cm�1, respectively).


Table 4. Shortest intermolecular distances for radical pairs d1–d3 and d6 for the 10 K structure of YUNEW
(atoms labelled according to Scheme 1). UB3LYP-BS/6–31+G(d) values for JAB(di) are also given.


d(NO···ON) d(C1···C1) d(NO···S1Me) d(MeS1···S1Me) J(di)
[P] [P] [P] [P] [cm�1]


d1 4.76 (2), 6.74, 7.17 4.79 4.24, 6.27, 7.06, 10.00 9.58 +0.22
d2 5.64, 7.95, 9.27, 11.10 7.96 6.74, 6.69, 9.67, 13.62 11.50 +0.07
d3 5.95, 8.60(2), 12.47 8.60 4.76, 9.35, 12.55, 14.59 8.60 �0.02
d6 10.44, 10.72, 15.06(2) 12.27 3.95, 8.54, 14.59, 16.54 9.71 +0.08
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the original authors did not associate J’ to any radical pair
AB within the crystal.[3] Notice also that in YUJNEW10 the
interplane magnetic interactions are numerically too small.
Summarizing, the 298 K structure of the p-(MeS)PhNN


crystal might give rise to 2D ferromagnetism, a fact that
is not consistent with the 3D bulk ferromagnetism detected
experimentally in p-(MeS)PhNN crystals below 0.20 K.
However, as we will show in the next section, the small
changes in the crystal packing when lowering the tempera-
ture are enough to generate a change in the magnetic topol-
ogy of the crystal, which will then become a 3D ferromag-
net.


Evaluation of the magnetic topology of the p-(MeS)PhNN
crystal at 114 K and 10 K : We have also evaluated the mag-
netic topology of the p-(MeS)PhNN crystal determined at
114 K (YUJNEW11). As mentioned before, the 298 and
114 K crystal packing are similar, and the relative orienta-
tion of the molecules is preserved. Therefore, it is not sur-
prising that the radical pairs obtained in Step 1 when apply-
ing our procedure to the 114 K crystal structure give a one-
to-one correspondence to the d1–d9 pairs obtained for the
298 K structure (the changes in the intermolecular distances


can be analyzed by comparing Tables 2 and 3). Given the
J(di) values at 114 K, we focused on the d1, d2, d3 and d6
pairs. Although the changes in the geometry of these pairs
are small (Tables 2 and 3) they induce significant modifica-
tions in the associated J(d1), J(d2), J(d3), and J(d6) parame-
ters (Table 3) and in the magnetic topology. Comparing the
results at 114 K to those at 298 K one realizes that 1) J(d1)
has decreased and becomes similar in strength to J(d2) and
J(d6); 2) J(d2) decreases slightly; 3) J(d3), the only antifer-
romagnetic pair interaction at 298 K, becomes numerically
negligible at 114 K; and 4) J(d6) has been strengthened
more than threefold.
The increase in the strength of J(d6) (+0.02 cm�1!


+0.07 cm�1) can be anticipated from the sharp decrease in
the size of the b cell parameter. Similarly, one would try to
justify the decrease in the ferromagnetic value of J(d1)
(+0.24 cm�1!+0.11 cm�1) and J(d2) (+0.09 cm�1!
+0.07 cm�1) in terms of NO···C(sp2) and NO···ON distances.
However, this is not possible, as for example, for the d1
pair, the NO···C(sp2) distance of 4.251 P at 298 K becomes
4.208 P at 114 K; one would therefore expect an increase of
the J(d1) value, but it decreases instead. This illustrates the
difficulties in predicting changes in the J(di) values by using


Figure 4. Geometrical arrangement of the nine dimeric interactions di selected as candidates to be magnetically important. For each di pair of radicals,
the upper/lower figure shows the dimer with the NN-plane parallel/perpendicular to the plane of the figure.
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simple geometrical considerations and McConnell-I or
monoparametric magneto-structural correlations.
The magnetic topology of the p-(MeS)PhNN crystal at


114 K (YUJNEW11) resulting from the J(di) computations
is depicted in Figure 3c (middle J(di) values). It is clearly
3D, with two in-plane ferromagnetic interactions (of values
+0.11 and +0.07 cm�1) and one interplane ferromagnetic
interaction (+0.07 cm�1). No sizable antiferromagnetic inter-
action is present, as J(d3) lies now below the accuracy limit
and can thus be neglected. This magnetic topology repre-
sents a remarkable change from that discussed above for the
298 K crystal. As we will next discuss, the magnetic suscepti-
bility curve predicted using the 114 K or 298 K magnetic
topologies differs below 3 K, and only the 114 K magnetic
topology reproduces the experimental magnetic susceptibili-
ty curve across the whole range of temperatures.
Cell parameters have been previously reported for a 10 K


crystal, closer to the critical temperature (0.20 K) than 298
and 114 K. We have obtained the fractional coordinates for
this 10 K crystal, which are reported in Table 5. This allowed
us to carry out the same quantitative analysis on the 10 K
crystal as described above for the 298 and 114 K crystals.


An analysis of the packing of the 114 K and 10 K struc-
tures reveals their similarity: there are small changes in the
cell parameters, and little difference between the intermo-
lecular distances reported in Tables 3 and 4. It is thus not
surprising that the pairs selected in Step 1 of our procedure
are the same in the 114 K and 10 K structures. Given such
similarity, we only computed the values of the microscopic
JAB parameters for the four pairs found relevant for the
magnetism of p-(MeS)PhNN crystal at 114 K (and also at
298 K). The values of these J(di) parameters for the 10 K
structure are collected in the last row of Table 4. These
values present almost no change for J(d2), J(d3), and J(d6)
(+0.07, �0.02, and +0.08 cm�1, respectively), but double
that found in the 114 K structure for the d1 pair
(+0.22 cm�1). This fact supports the relevance of using low-
temperature crystal structures in the analysis of the magnet-
ism in purely organic crystals. However, it does not modify
the magnetic topology at 10 K relative to the 114 K struc-
ture, which again shows a clear 3D character (Figure 3c,
lower J(di) values). As we do not expect large changes in
the crystal cell parameters when lowering the temperature
from 10 to 0.20 K, we are confident that Figure 3c (lower
J(di) values) depicts the magnetic topology of the YUJNEW
crystal in the range of temperatures in which it presents
bulk ferromagnetic properties.


Computation of the macroscopic magnetic properties of p-
(MeS)PhNN crystal—connecting microscopic computed in-
formation to macroscopic measurements : To study the mac-
roscopic magnetic properties (Step 4) of the p-(MeS)PhNN
crystal at any temperature, we first have to select a physical-
ly appropriate minimal magnetic model.
At 298 K (YUJNEW10, Figure 3c upper J(di) values), the


magnetic topology consists of non-interacting 2D ac layers
(+0.24, +0.09, and �0.11 cm�1). Thus, we will first focus on
reproducing the magnetic topology along the ac planes. As
shown in Figure 5a, an evident choice for the magnetic
building block is a four-site unit, which we will call (1a,1c).
This minimal magnetic model is capable of generating the
YUJNEW10 (na,mc) magnetic topology by replicating itself
n times along the a axis and m times along the c axis. If our
minimal model is correct, as one propagates it by translation
along the a and c axes the computed c(T) values should con-
verge towards a limit, close to the experimental c(T) result.
We found such convergence (see Supporting Information
Figure S1), using the (2a,1c), (3a,1c), and (4a,1c) models to
test the convergence along the a axis, the (1a,2c), (1a,3c),
and (1a,4c) models to test the c axis convergence, and the
(3a,3c) model to check the simultaneous convergence along
the two axes (see Figure 5a for models).
For the 114 K and 10 K crystals (YUJNEW11 and YUJ-


NEW10 K, Figure 3c: middle and lower J(di) values, respec-
tively), the natural model that simultaneously describes the
in- and interplane magnetic interactions might appear to be
model (1a,1c)2, a parallelogram in which two (1a,1c) models
are connected by J(d6) interactions (Figure 5b). However,
as the J(d3) parameter at 114 K and 10 K is numerically
negligible, an alternative model, (1a,1c)2’ (Figure 5b) was
proposed. Convergence was checked by extending (1a,1c)2


Table 5. Fractional coordinates of p-(MeS)PhNN crystal at 10 K. Crystal
symmetry (P21/a) and cell parameters given in Table 1.


Atom x y z Ueq


S1 2560(10) 336(2) 9772(4) 0.47
N1 2899(4) 3499(1) 6213(1) 1.08
N2 3016(3) 2761(1) 4324(1) 0.83
O1 2953(5) 3764(1) 7586(2) 1.47
O2 3062(6) 2198(1) 3577(2) 1.21
C1 3041(5) 2826(1) 5906(2) 0.97
C2 3094(4) 2252(1) 7008(2) 0.37
C3 2289(5) 2306(1) 8058(2) 0.63
C4 2117(5) 1735(1) 8944(3) 1.56
C5 2765(5) 1101(1) 8816(2) 0.93
C6 3662(5) 1057(1) 7859(2) 0.50
C7 3812(5) 1619(1) 6944(3) 1.06
C8 2464(5) 3927(1) 4616(2) 0.95
C9 3010(7) 3446(1) 3519(2) 0.37
C10 638(5) 4022(1) 3867(3) 0.71
C11 4721(6) 3583(1) 3788(2) 0.88
C12 3312(6) 4620(1) 5077(3) 1.42
C13 1898(7) 3418(1) 1619(3) 0.58
C14 �3533(5) 4391(1) 975(3) 0.80
H1 1757(10) 2792(2) 8161(4) 2.92
H2 1486(10) 1788(2) 9712(5) 3.27
H3 4240(9) 576(2) 7819(4) 2.19
H4 4437(13) 1575(3) 6153(6) 3.37
H5 231(9) 4341(3) 2713(4) 2.04
H6 362(10) 4292(2) 4816(5) 3.44
H7 32(10) 3533(2) 3548(4) 2.91
H8 4775(10) 4061(2) 3146(5) 3.44
H9 5114(10) 3163(3) 3215(5) 3.41
H10 5571(9) 3616(2) 5136(5) 2.11
H11 3193(10) 4882(3) 3902(5) 3.20
H12 4525(12) 4577(3) 5944(7) 2.73
H13 2742(11) 4949(3) 5664(6) 3.25
H14 1786(10) 3931(2) 1065(4) 3.18
H15 758(16) 3238(3) 1379(6) 3.82
H16 2358(14) 3071(3) 983(5) 3.96
H17 �2874(10) 4020(2) 1966(5) 2.82
H18 �4654(10) 4170(3) 133(5) 2.87
H19 �3698(9) 4861(2) 1579(4) 2.81
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and (1a,1c)2’ along the a, b, and c crystallographic axes (Sup-
porting Information, Figure S2 and S3).
We computed the matrix representation of the Heisen-


berg spin Hamiltonian for each minimal magnetic model.
The resulting energy levels were
used to obtain the macroscopic
susceptibility c(T) (0.05–280 K)
and heat capacity Cp(T) (0.05–
3.5 K) (Figures 6 and 7, respec-
tively). Notice that, for clarity,
Figures 6 and 7 only show data
within the 3–100 K/0.05–3.0 K
range for cT(T), and within the
0.05–1.4 K range for Cp(T)).
Several observations can be


made concerning the magnetic
susceptibility data:


1) The shape of the cT(T)
curve computed using the
298 K J(di) parameters
(model (1a,1c) in Figure 6)
does not behave as a domi-
nant ferromagnet below 1 K,
due to the presence of anti-
ferromagnetic interactions.


2) Using the 114 K/10 K J(di)
parameters (models (1a,1c)2
and (1a,1c)2’ in Figure 6),
the shape of the experimen-
tal cT(T) curve is repro-
duced in the whole (0–


280 K) temperature range (that is, at low-temperatures
the computed cT(T) curves distinguish between a 2D
magnetic topology presenting antiferromagnetic interac-
tions and a 3D ferromagnetic topology).


3) The cT(T) curves obtained using these two models (Fig-
ure 5b) with 114 K/10 K J(di) parameters are very simi-
lar, the 10 K curve with model (1a,1c)2’ being nearly
identical to the experimental cT(T) data.


4) At 298 K and 114 K, the cT(T) curves converge reasona-
bly fast along the a, b, and c directions (the numerical
variation between cT(T) values among different models
is always small), although none of these models fully
match the experimental values (see Supporting Informa-
tion Figure S1 for 298 K, and Figures S2 and S3 for
114 K).


5) The use of the values 0, �0.02, or �0.07 cm�1 for the
J(d6) parameter at 298 K has no noticeable impact on
the shape of the curves (see Figure S4 in the Supporting
Information).


6) A scaling multiplicative factor[24] of 2.6 has to be applied
to the energy levels of the 298 K Hamiltonian in order
to fully match the experimental results in the 3–280 K
range (Figure 6).


7) The scaling is 2.4 and 1.9 for the (1a,1c)2 and (1a,1c)2’
3D models at 114 K (Figure 6). The smaller scaling
factor required for model (1a,1c)2’ suggests that it is
more appropriate than model (1a,1c)2 to reproduce the
3D magnetic topology of YUJNEW (Figure 5b). This is
also supported by the computed cT(T) data at 10 K, for
which no scaling factor is needed when using model
(1a,1c)2’.


Figure 5. Models used to study the magnetism of YUJNEW at a) 298 K
(non-interacting ac layers), and b) 114 K and 10 K (3D magnetic topolo-
gy). In a), (1a,1c) is the smallest model required to describe the magnetic
topology of the ac-plane. Models (2a,1c), (3a,1c)… (na,1c) are the exten-
sion of such minimal magnetic (1a,1c) model along the a axis; (1a,2c),
(1a,3c)… (1a,mc) along the c axis; and (2a,2c), (3a,3c)… (na,mc) along
the a and c axes simultaneously. In b), the three-dimensionality of the
magnetic topology at 114 K and 10 K is described by introducing two
minimal eight-site magnetic models: (1a,1c)2 and (1a,1c)2’. Note that min-
imal magnetic (1a,1c) and (1a,1c)2/(1a,1c)2’ models are capable of gener-
ating YUJNEW 2D and 3D magnetic topologies at 298 K and 114 K/
10 K, respectively, by replicating themselves.


Figure 6. cT(T) computed using (1a,1c) and (1a,1c)2–(1a,1c)2’ minimal magnetic models (2D and 3D models at
298 K and 114 K/10 K, respectively). See the inset on the right of the graph for an explanation of the symbols.
The range of temperature shown for simulated cT(T) data is 0–100 K (above 100 K all models converge to the
same value). Inset the very low cT(T) temperature region is also shown for all three minimal magnetic models
(same symbol code applies). The experimental data are also shown. Hollow symbols represent the re-comput-
ed cT(T) data after applying a scaling factor of 2.6 and 2.4–1.9 to the energy levels obtained using (1a,1c) and
(1a,1c)2–(1a,1c)2’ models at 298 and 114 K, respectively.
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8) Although room-temperature crystal structures give rea-
sonably good qualitative agreement with experimental
cT(T) data in many cases,[11] the study of the magnetism
of the p-(MeS)PhNN crystal with crystallographic data
at different temperatures indicates that low-temperature
crystal structures should be used in order to obtain quan-
titative agreement between computed and experimental
cT(T) data.


We finally focus on the heat capacity curve (Cp vs T,
Figure 7). As we have shown the 2D minimal magnetic
model (1a,1c) not to be valid at low temperatures, we pres-
ent only the curve computed below 3 K using the 3D mini-
mal magnetic models (1a,1c)2 and (1a,1c)2’ (Figure 5b) with
the 114 K and 10 K JAB values. In all cases the curve is simi-
lar, presenting a maximum at approximately 0.12 K, a value
that can be taken as the estimate for the computed ordering
temperature. This estimate agrees very well with the experi-
mental value of 0.20 K (obtained by ac susceptibility meas-
urements in 0.18–1.0 K range).


Conclusion


By means of our first principles, bottom-up methodology we
have been able to reproduce the experimental macroscopic
data for the p-(MeS)PhNN crystal: dimensionality of the
magnetic topology, shape of the magnetic susceptibility and
heat capacity curves, and range of the critical temperature.
These results have been obtained by using a systematic pro-
cedure that makes no a priori assumptions. This procedure
also preserves the relationship between the macroscopic
magnetic properties and the microscopic parameters that de-
scribe the magnetic interaction between adjacent radicals,
thus connecting the macroscopic properties with the crystal


packing. This makes it possible
to simulate the modifications
required in the crystal packing
to induce a change in macro-
scopic magnetic properties,
which will be important for the
design of new molecular mag-
nets.
The magnetic topology of the


p-(MeS)PhNN crystal at 298 K,
114 K and 10 K has been deter-
mined. At 298 K, it behaves as
a 2D magnet within the ac
plane, with dominant ferromag-
netic interactions (+0.24 and
+0.09 cm�1), but also an anti-
ferromagnetic interaction
(�0.11 cm�1). The interplane in-
teractions (along the b axis) are
found to be ferromagnetic, but
are numerically negligible
(+0.02 cm�1). At 114 K, the
magnetic topology is that of a
3D ferromagnet: in-plane JAB


interactions are +0.11 and +0.07 cm�1 (the antiferromag-
netic interaction at 298 K is now negligible, �0.02 cm�1) and
the only non-negligible interplane JAB interaction is
+0.07 cm�1. At 10 K, the magnetic topology is also a 3D
ferromagnet, with in-plane JAB interactions +0.22 and
+0.07 cm�1, while the interplane JAB interaction becomes
+0.08 cm�1. Thus, the low-temperature magnetic topology is
clearly that of a bulk ferromagnet.
Using the JAB values, we computed the matrix representa-


tion of the Heisenberg Hamiltonian in a finite space suffi-
cient to represent the properties of the infinite crystal. From
the energy spectrum of the Hamiltonian computed in this
finite space we simulated the macroscopic magnetic suscep-
tibility and heat capacity for p-(MeS)PhNN. The computed
cT(T) values reproduce qualitatively the shape of the exper-
imental curve in the whole range of temperatures when the
3D minimal model obtained from the 114 K magnetic topol-
ogy is used. However, the experimental cT(T) curve is only
quantitatively reproduced using the magnetic topology at
10 K. The heat capacity Cp(T) curve shows a peak around
the experimental value (0.12 K, the experimental value
being 0.20 K).
All of these results indicate the importance of performing


ab initio computations as part of a bottom-up strategy to an-
alyze the magnetic properties of molecular crystals. Our re-
sults show that this strategy is particularly important in com-
plex crystal structures, in which either a complicated inter-
play between ferromagnetic and antiferromagnetic interac-
tions can exist, or in which the nature of the interactions
cannot be clearly envisaged. We also found that it is essen-
tial to perform the analysis of the magnetic properties of
purely organic crystals by using low-temperature crystal
structures, even in the absence of crystallographic phase
transitions. In this work we have thus shown that for a safe
prediction/rationalization of the magnetic properties of mo-


Figure 7. Simulated Cp(T) data for YUNEW using the minimal (1a,1c)2 and (1a,1c)2’ models at 114 K/10 K
(after checking these models behave ferromagnetically in the whole temperature range). See the inset on the
right of the graph for an explanation of the symbols.
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lecular crystals one should use crystal structures determined
at low-temperature, as close as possible to the transition
temperature.
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Convergent Synthesis of Platinum–Acetylide Dendrimers


Kiyotaka Onitsuka,* Masanori Fujimoto, Hotaka Kitajima, Nobuaki Ohshiro,
Fumie Takei, and Shigetoshi Takahashi[a]


Introduction


Dendrimers possessing a regularly branched architecture
and large spherical dimensions have attracted significant at-
tention because of their unique and tunable properties as
well as their potential applications.[1] Recently, organometal-
lic dendrimers have been the focus of considerable interest
because the organometallic species may introduce new func-
tionalities, such as catalysis, multiredox systems, and molecu-
lar recognition ability, to the dendritic molecule.[2] Organo-
metallic dendrimers offer the advantage of molecular design
of dendrimers with desirable functionalities, not only be-
cause of the availability of a wide variety of organic com-
pounds that coordinate to many types of metal atoms, but
also the flexibility of the coordination modes of organic li-
gands to the metal. Thus, a variety of organometallic den-
drimers have been prepared so far. However, most of them
contain metal species at specific positions in the molecule,
such as at the core or at the periphery. Such organometallic
dendrimers can be prepared by a combination of successive
organic reactions and a single organometallic reaction, as
their dendritic skeletons consist of organic compounds. On
the other hand, dendrimers composed of organometallic
complexes in each generation are still limited in number, al-
though they are expected to emerge as a new type of hybrid


material.[3–6] Because of the intrinsic low stability of organo-
metallic complexes compared to organic compounds, the ap-
propriate choice of the repeating unit is very important for
the construction of organometallic dendrimers.


We have long been interested in the chemistry of organo-
metallic macromolecules composed of transition-metal–
acetylide complexes,[7] which are fairly stable and easily pre-
pared by well-established reactions.[8] As it is well known
that some metal acetylides show unique properties, metal–
acetylide dendrimers are expected to have potential use in
the fabrication of new materials.[9–12] Using triethynylmesity-
lene as the bridging ligand, we have previously reported the
synthesis of platinum–acetylide dendrimers up to the second
generation.[13] However, extension to higher generation den-
drimers was difficult, because in the absence of protecting
groups, much effort was required to isolate the resulting
dendrimer from the reaction mixture. We report herein an
efficient synthesis of platinum–acetylide dendrimers through
a convergent route. The preliminary results have been re-
ported elsewhere.[14]


Results and Discussion


There are two key points for the efficient synthesis of plati-
num–acetylide dendrimers. One is that two types of trialkyl-
silyl groups—trimethylsilyl and triisopropylsilyl—are used as
the protecting group of the terminal acetylene.[15] The other
is that the formation and/or cleavage of the Pt�C bond is
controlled by the ratio of the terminal acetylene to the plati-
num complex as well as by the reaction temperature.[16] The
reaction of a chloroplatinum complex with terminal acety-
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Dr. F. Takei, Prof. Dr. S. Takahashi
The Institute of Scientific and Industrial Research
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Fax: (+81)6-6879-8459
E-mail : onitsuka@sanken.osaka-u.ac.jp


Abstract: An efficient convergent
route to the main chain type of organo-
metallic dendrimers, in which platinum
moieties are linked by 1,3,5-triethynyl-
benzene, has been developed. The syn-
thesis of platinum–acetylide dendrons
involved the use of two types of trial-
kylsilyl groups for protection of the ter-
minal acetylene. The platinum–acety-


lide dendrimers were prepared up to
the third generation by reacting den-
drons with a triplatinum core and a tet-
raplatinum core. Spectroscopic charac-
terization and trace experiments by gel


permeation chromatography indicated
that the dendrimer molecules have no
structural defects. Although a p-conju-
gated system was used as the bridging
ligand, electronic and fluorescence
spectra suggested that the interaction
among the platinum–acetylide moieties
in the dendrimers was small.


Keywords: acetylene · acetylide
complex · dendrimers · platinum
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lene at room temperature in the presence of a copper(i) cat-
alyst led to the formation of a new Pt�C bond, but no cleav-
age took place. On the other hand, a chloro(ethynyl)plati-
num complex was formed in the reaction of a dichloroplati-
num complex with one equivalent of terminal acetylene
through the proportionation between dichloroplatinum and
diethynylplatinum complexes.


The synthetic route to the first-generation dendron
(DW1) is shown in Scheme 1. Treatment of 1,3-dibromo-5-
iodobenzene (1), which was prepared from 2,6-dibromo-4-
nitroaniline in three steps (see the Experimental Section)


with one equivalent of triisopropylsilylacetylene at room
temperature in the presence of [PdCl2(PPh3)2]/CuI catalysts
in diethylamine, led to the selective formation of the mono-
(silylethynyl) derivative (2).[17] The reaction of 2 with excess
trimethylsilylacetylene in triethylamine under reflux gave
trisilylethynyl derivative 3 quantitatively. The two trimeth-
ylsilyl groups in 3 were selectively removed by treatment
with K2CO3 in acetone to give 4 that has two terminal
acetylenic groups in the molecule. The surface groups of the
dendrimer, (p-methoxyphenyl)ethynylplatinum moieties,
were introduced by reacting 4 with two equivalents of plati-
num complex 5 in the presence of a CuI catalyst at room
temperature to give the dinuclear acetylide complex (6). Re-
moval of the triisopropylsilyl group in 6 by treatment with
Bu4NF gave the first-generation dendron DW1, the molecu-
lar structure of which was determined by using X-ray analy-
sis.[14]


The trinuclear platinum–acetylide complex (7) bridged by
1,3,5-triethynylmesitylene was used as the core of the con-
vergent synthesis.[13] The three methyl groups on the bridg-
ing ligand played an important role in the characterization
of the dendrimers by using 1H NMR spectroscopy (see
later). The reaction of core 7 with three equivalents of DW1
gave the first-generation dendrimer (3G1) containing nine
platinum atoms per molecule (Scheme 2). Characterization
of 3G1 was performed by using gel permeation chromatog-
raphy (GPC) analysis as well as 1H and 31P NMR spectros-
copic methods. As core 7 and DW1 had fairly large molecu-


lar sizes, it was easy to detect
whether product 3G1 contained
impurities consisting of differ-
ent ratios of 7 to DW1 by using
GPC analysis. The narrow
single GPC profile clearly indi-
cated that 3G1 was isolated as
a pure form. The 31P NMR
spectrum of 3G1 exhibited two
singlets at d=10.9 (JP�Pt=
2381 Hz) and 11.1 ppm (JP�Pt=
2392 Hz) in a 2:1 integral ratio,
which were due to phosphine li-
gands bound to six outer and
three inner platinum atoms,
respectively. The signals lay
in the typical region for the
(-C�C)2Pt(PEt3)2 moiety, where-
as no signal was observed at ap-
proximately d=15 ppm, which
is a typical chemical shift for
the (-C�C)PtCl(PEt3)2 moiety
(7: d=15.3 ppm). The 1H NMR
spectrum of 3G1 showed two
singlets at d=2.57 and
3.78 ppm in a 1:2 integral ratio;
the former signal was assigna-
ble to the methyl protons of the
central mesitylene and the
latter to the methoxy protons
of the end group. These data


are consistent with the expected structure of 3G1, which is
also supported by elemental analysis.


To grow DW1 into higher generation dendrons, a building
block (8) having two chloro(ethynyl)platinum moieties and
one protected acetylene moiety was required. Building
block 8 was prepared by reacting 4 with a slight excess of
[PtCl2(PEt3)2] in refluxing piperidine in the presence of a
CuI catalyst. The reaction of DW1 with 8 in a 2:1 ratio gave
the protected second-generation dendron (9), which was
converted into the second-generation dendron (DW2) by
desilylation with Bu4NF (Scheme 3). As shown in Scheme 4,
similar treatments of DW2 led to the formation of the third-
generation dendron (DW3), and further treatments led to
the fourth-generation dendron (DW4).


The treatment of DW2 or DW3 with core 7 in a 3:1 ratio
gave the second-generation dendrimer (3G2) or the third-
generation dendrimer (3G3), respectively (Scheme 5). In


Scheme 1. Synthesis of first-generation dendron DW1. a) HC�CSi-iPr3, [PdCl2(PPh3)2] (cat.), CuI (cat.),
Et2NH, room temperature, 2 days; b) HC�CSiMe3, [PdCl2(PPh3)2] (cat.), CuI (cat.), Et3N, benzene, reflux,
overnight; c) K2CO3 (aq), acetone, room temperature, overnight; d) [Pt(C�CC6H4OMe-p)Cl(PEt3)2] (5)
(2 equiv), CuI (cat.), Et2NH, room temperature, overnight; e) Bu4NF, THF, �78 8C to room temperature, 3 h.
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these cases, dendrons DW2 and DW3 were completely con-
sumed at the end of the reactions. However, a considerable
amount of unreacted DW4 was detected in the reaction of
DW4 with 7 under similar conditions (Scheme 6). GPC anal-


ysis suggested that not only the
fourth-generation dendrimer
(3G4) but also another product
(10) having a smaller molecular
size than 3G4 was formed in
this reaction. Although we were
unable to separate them, prod-
uct 10 must be an incomplete
dendritic complex that consist-
ed of one molecule of 7 and
two molecules of DW4, as a
small signal was observed at ap-
proximately d=15 ppm in the
31P NMR spectrum of the prod-
uct. Although we attempted to
prepare 3G4 under severe con-
ditions, all our efforts were un-
successful. For example, the re-
action at a higher temperature
led to the reconstruction of the
Pt�C bonds to give polymers
with a fairly wide molecular dis-
tribution along with smaller
platinum–acetylide complexes.


Steric repulsion among den-
drons of DW4 might be one of
the possible reasons for the dif-
ficulty in the synthesis of 3G4.
In order to decrease the steric


repulsion, we designed a new core (18), the three platinum
atoms of which were linked by an acetylene ligand with long
tethers, as shown in Scheme 7. The treatment of core 18
with three equivalents of DW4 led to the formation of 3G4’


Scheme 2. Synthesis of first-generation dendrimer 3G1. a) CuI (cat.), Et2NH, room temperature, overnight.


Scheme 3. Synthesis of second-generation dendron DW2. a) CuI (cat.), Et2NH, room temperature, overnight;
b) Bu4NF, THF, �78 8C to room temperature, 3 h.
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as well as defective dendrimer (19) in which two units of
dendron DW4 were attached to 18 (Scheme 8). The reaction
using six equivalents of DW4 relative to 18 did not result in
the selective formation of 3G4’. When we examined the re-
action using diplatinum core 20,[18] the desired dendrimer
(3G4’’) was partially formed, but fairly large amounts of
DW4 and monosubstituted product (21) remained
(Scheme 9). Although cores 18 and 20 might not provide a
solution to the steric repulsion among dendrons of DW4, an-
other reason for the difficulty in the synthesis of fourth-gen-
eration dendrimers should be taken into account. As den-
dron DW4 has 30 platinum moieties per molecule, the ter-
minal acetylene group at the focal point (the reaction point
with the core) might be covered by the platinum–acetylide
moieties.


Mass spectrometry is a powerful tool for the characteriza-
tion of large dendrimers. However, no molecular ion peaks


were detected even in matrix-assisted laser desorption ioni-
zation time-of-flight (MALDI-TOF) and electrospray ioni-
zation (ESI) mass spectra. Therefore, the third-generation
dendrimer was characterized by using 1H and 31P NMR
spectroscopic methods. The 1H NMR spectrum of 3G3 is
given in Figure 1, which is very simple in spite of being an
extremely large molecule (Mr=25840), indicating the highly
symmetric structure of 3G3. Two singlets were observed at


Scheme 4. Synthesis of third- and fourth-generation dendrons DW3 and
DW4. a) 1/2 8, CuI (cat.), Et2NH, room temperature, overnight;
b) Bu4NF, THF, �78 8C to room temperature, 3 h.


Scheme 5. Synthesis of second- and third-generation dendrons 3G2 and
3G3. a) CuI (cat.), Et2NH, room temperature, overnight.


Scheme 6. Reaction of fourth-generation dendron DW4 with 7. a) CuI (cat.), Et2NH, room temperature.
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d=2.57 and 3.77 ppm, which were due to the central methyl
groups and the methoxy end groups, respectively, in a 1:8 in-
tegral ratio. The 31P NMR spectrum of 3G3 showed only
two signals at d=10.8 (JP�Pt=2381 Hz) and 11.0 ppm (cou-
pling constant JP�Pt could not be determined because the sat-
ellite signals were too weak to be detected) in an approxi-
mately 14:1 integral ratio, the latter of which was assigned
to the six central phosphine ligands, and the former, to the
other eighty-four phosphine ligands. These spectral data


clearly supported the proposed structure of 3G3. The
narrow profile obtained by using GPC analysis unequivocal-
ly excluded the interfusion of defective dendrimers because
the cleavage of the Pt�C bond does not take place at room
temperature.


Following this, we tried to prepare the platinum–acetylide
dendrimers by using a tetraplatinum core (22), the bridging
ligand of which was derived from tetraphenylmethane.[19]


The molecular structure of 22 was determined by using X-


Scheme 8. Reaction of fourth-generation dendron DW4 with 18. a) CuI (cat.), Et2NH, room temperature.


Scheme 7. Synthesis of triplatinum core 18 with long tethers. a) HC�CSi-iPr3, [PdCl2(PPh3)2] (cat.), CuI (cat.), Et2NH, room temperature, 2 days; b) HC�
CSiMe3, [PdCl2(PPh3)2] (cat.), CuI (cat.), Et3N, benzene, reflux, overnight; c) K2CO3 (aq), acetone, room temperature, overnight; d) 2,4,6-triiodomesity-
lene (1/3 equiv), [PdCl2(PPh3)2] (cat.), CuI (cat.), Et2NH, THF, reflux, 1 week; e) Bu4NF, THF, �78 8C to room temperature, 3 h; f) [PtCl2(PEt3)2]
(3.3 equiv), CuI (cat.), piperidine, toluene, reflux, 1 week.
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ray analysis. The unit cell contained two independent mole-
cules with essentially the same structure; one of them is
given in Figure 2. Although core 22 has four reaction points
for dendrimer construction, they are positioned sufficiently
far apart from each other. Thus, the treatment of 22 with
four equivalents of dendrons DW1, DW2, and DW3 led to
the selective formation of dendrimers 4G1, 4G2, and 4G3,
respectively (Scheme 10).


The relative molecular sizes of these dendrons and den-
drimers were examined by using GPC analysis and the re-
sults are shown in Table 1. The number averaged molecular
weight (Mn) of DW1 is consistent with the formula weight
(fw). The Mn value of the dendrons doubles with increasing
number of generations, which seems to be reasonable be-
cause DWn have been prepared from two equivalents of
DW(n-1) with 7. The Mn values of 3G1 and 4G1 are approx-


Figure 1. 1H NMR spectrum of third-generation dendrimer 3G3 in CDCl3.
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imately three and four times larger than those of DW1, re-
spectively. These results are consistent with the number of
DW1 dendrons for constructing these dendrimers. Although


the Mn values of 3Gn and 4Gn increase with an increase in
the number of generations, their proportions relative to the
fw decrease, suggesting that higher generation dendrimers
have spherical structures. It may be of interest that the mo-
lecular size of 4G3 is approximately equal to that of 3G3 as
the Mn values estimated by GPC analysis of these dendrim-
ers are close to each other.


Platinum–acetylide dendrimers 3Gn and 4Gn are soluble
in common organic solvents such as toluene, dichlorome-


Scheme 9. Reaction of fourth-generation dendron DW4 with 20. a) CuI (cat.), Et2NH, room temperature.


Figure 2. Molecular structure of tetraplatinum core 22. Hydrogen atoms
are omitted for clarity.


Scheme 10. Synthesis of dendrimers 4Gn using tetraplatinum core 22. a) CuI (cat.), Et2NH, room temperature.


Table 1. GPC data for dendrons DWn and dendrimers 3Gn and 4Gn.


Compound Mn
[a] fw Mn/fw


DW1 1200 1273 0.94
DW2 2900 3555 0.82
DW3 6000 8120 0.74
DW4 11400 17249 0.66
3G1 3800 5300 0.72
3G2 7700 12147 0.63
3G3 16200 25840 0.63
4G1 5300 7227 0.73
4G2 9700 16356 0.59
4G3 16600 34614 0.48


[a] Determined by using polystyrene standards.
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thane, THF, and acetone, but not methanol. Macromolecules
containing unsaturated repeating units such as aromatic and
acetylenic groups are, in general, insoluble in common or-
ganic solvents due to the strong intermolecular interaction
among the macromolecules. The high solubility of the pres-
ent platinum–acetylide dendrimers is due to the spherical
shape of the dendrimer molecules as well as the presence of
bis(trialkylphosphine) platinum units, the sterically large
phosphine ligands of which prevent intermolecular interac-
tion, as also seen for linear platinum–acetylide polymers.[7]


The high solubility must be favorable for the preparation,
purification, and characterization of the dendrimers. Al-
though during the synthesis of organometallic macromole-
cules serious problems are frequently encountered in purifi-
cation and characterization due to their insolubility, the plat-
inum–acetylide dendrimers may be easily purified by means
of conventional column chromatography and recrystalliza-
tion. Thus, the prepared dendrons and dendrimers may be
well characterized by using GPC and conventional spectro-
scopic analyses as a result of their good solubility and the
existence of useful probes, such as phosphorus nuclei on
platinum and independent methyl groups on the benzene
ring in the molecule (see earlier).


It is well recognized that transition metal–carbon sigma
bonds are generally unstable, whereas group 10 metal acety-
lides are fairly stable due to dp–pp interaction and the ionic
character of the metal–carbon bond as well as the absence
of b-hydrogen atoms in the acetylene ligand. As expected,
platinum–acetylide dendrimers 3Gn and 4Gn show high
thermal stability up to temperatures as high as 200 8C, and
the decomposition temperatures of the dendrons and the
dendrimers increase with an increase in the number of plati-
num–acetylide units in the molecule.


To obtain information on the conformational change dy-
namics of our dendrimers, 1H NMR spin–lattice relaxation
times (T1) were measured in CDCl3 at 25 8C (Figure 3).[20] In
the series of 3Gn, the T1 value of the signal due to the
methyl groups at the core was slightly decreased with an in-
crease in the number of generations, whereas the exterior
methoxy signal kept virtually a constant T1 value regardless
of the number of generations. Similar phenomena were also
observed in the series of 4Gn. These results were consistent
with the 1H NMR spectra, in which no broadening of signals
was observed even for 3G3 and 4G3 dendrimers, suggesting
that the exterior of our dendrimer is not restricted in terms
of conformational motion.


Because a p-conjugated system was employed as the
bridging ligand in our dendrimers, interaction among plati-
num moieties was expected for the dendrimers as well as
the dendrons. Figure 4a shows the electronic spectra of the
dendrons DWn in CHCl3. The higher energy bands (l<
300 nm) are due to p–p* transitions of the bridging ligands,
and the lmax values are 265 and 290 nm. The absorption at
approximately 345 nm is assignable to the metal–ligand
charge transfer (MLCT) band of the platinum–acetylide
units. That the molar absorptivity (e) of these absorptions
markedly increased with an increase in the number of gener-
ations is due to the increase in the number of platinum moi-
eties in the molecules, because the spectra based on plati-


num units resemble each other very closely (Figure 4b). The
electronic spectra of 3Gn and 4Gn shown in Figures 5 and 6
reveal no significant shifts of the lmax values. These results
contrast sharply with the finding that the MLCT band of the
platinum–acetylide oligomers bridged by p-diethynylben-
zene shows a redshift with an increase in the number of


Figure 3. 1H NMR spin–lattice relaxation times (T1) of Me, MeO, and Ar
signals in the series of platinum–acetylide dendrimers 3Gn and 4Gn in
CDCl3 at 258C.


Figure 4. Electronic spectra of dendrons DWn in CHCl3. a) Intensity is
shown in molar absorptivity. b) Intensity is based on the molar absorptiv-
ity of the platinum–acetylide units.
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units,[21] and suggest that the interaction among platinum
moieties is small in these dendritic molecules.


The fluorescence spectra of dendrons DWn and dendrim-
ers 3Gn, obtained by exciting the MLCT band, were also
measured. As shown in Figure 7, the fluorescence bands at
lmax=384 nm, which were Stokes-shifted very slightly from
the MLCT bands, were observed in all of the spectra.[22] Al-
though the fluorescence spectra of dendrons DW2 and DW3
(not shown in Figure 7) were essentially the same as that of
dendron DW1, the fluorescence of dendrimer 3G1 was
much weaker than that of dendron DW1 (Figure 7a). In con-
trast, 3G2 and 3G3 exhibited approximately twofold higher
intensities compared to 3G1 (Figure 7b). Although we have
no good explanation for this phenomenon, we believe that
the fluorescence of the platinum–acetylide units is affected
by the morphology of the molecules.


Conclusion


In summary, large platinum–acetylide dendrimers containing
up to sixty platinum atoms have been synthesized by a con-
vergent method that uses two types of trialkylsilyl groups
for protection of the terminal acetylene. The formation of
dendritic molecules was demonstrated by the reaction of
platinum–acetylide dendrons with not only the triplatinum
core but also the tetraplatinum core. It is unfortunate that
the third generation is the synthetic limit of the convergent


route; nevertheless, the method presented here is expected
to be useful for the precise synthesis of nanosized organo-
metallic molecules.


Experimental Section


General : All reactions involving transition-metal complexes were carried
out under an argon atmosphere, whereas the other reactions were per-
formed in air. THF was distilled over benzophenone ketyl under argon
immediately before use. All other chemicals commercially available were
used without further purification. Triplatinum core 7,[13] diplatinum core
20,[18] and tetra(4-ethynylphenyl)methane[19] were prepared according to
methods in the literature. NMR spectra were measured in CDCl3 on
JEOL JNM-LA400 and Bruker ARX400 spectrometers using SiMe4 as
the internal standard for 1H and 13C NMR, and 85% aqueous H3PO4 as
the external standard for 31P NMR. IR, electronic, and fluorescence spec-
tra were recorded on Perkin-Elmer System 2000 FT-IR, JASCO V-560,
and Shimadzu RF-5300PC instruments, respectively. Gel permeation
chromatography analyses were performed with the Shimadzu LC-6AD
and SPD-10A using Shimadzu GPC-805, 804, and 8025 columns. Melting
points were measured with a Yamato MP-21 instrument, and no correc-
tions were made. Elemental analyses were performed by the Material
Analysis Center, ISIR, Osaka University.


Synthesis of 1,3-dibromo-5-nitrobenzene : 2,6-Dibromo-4-nitroaniline
(20.00 g, 67.6 mmol) was dissolved in concentrated H2SO4 (200 mL) and
the solution was cooled over an ice bath. NaNO2 (6.10 g, 88.4 mmol) was
added in small portions, and then aqueous H3PO4 (85%, 200 mL) was
added. After stirring the mixture over the ice bath for 1 h, the reaction
mixture was allowed to warm to room temperature and stirred for an ad-
ditional 1 h. The reaction mixture was poured into ice water and water
was added to make a total volume of approximately 1 L. After urea
(7.81 g, 130 mmol) was added in small portions, the reaction mixture was
left overnight at room temperature. Aqueous H3PO2 (30%, 80 mL) was


Figure 5. Electronic spectra of dendrimers 3Gn in CHCl3.


Figure 6. Electronic spectra of dendrimers 4Gn in CHCl3.


Figure 7. Fluorescence spectra of dendron DW1 and dendrimers 3G1 (ex-
cited at 343 nm) and 3G2 and 3G3 (both excited at 344 nm) in THF. The
spectra are normalized to a constant absorbance at the excitation wave-
length.
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added in small portions at 0 8C, and the reaction mixture was stirred for
30 min. The stirring was continued overnight at room temperature. The
precipitate was collected by filtration and dissolved in CH2Cl2. The so-
lution was washed with brine several times and dried over Na2SO4. The
solvent was removed under reduced pressure and the residue was puri-
fied by alumina column chromatography (hexane/benzene 3:1) to give a
pale-yellow solid (16.20 g, 85%). 1H NMR: d=8.00 (t, J=2 Hz, 1H; Ar),
8.33 ppm (d, J=2 Hz, 2H; Ar). This compound was used for the next re-
action without further purification.


Synthesis of 3,5-dibromoaniline : To a solution of concentrated HCl
(250 mL) containing 1,3-dibromo-5-nitrobenzene (16.20 g, 57.7 mmol),
powdered tin (20.54 g, 173 mmol) was added in small portions and the re-
action mixture was stirred at 90 8C for 7 h. After water (ca. 300 mL) was
added, dilute aqueous NaOH was added until the pH of the solution was
approximately 9. The solution was extracted with diethyl ether and the
extract was dried over Na2SO4. The solvent was removed under reduced
pressure and the residue was purified by column chromatography on
silica gel using benzene as eluent to give a pale-yellow solid (14.28 g,
99%). 1H NMR: d=3.77 (s, 2H; NH2), 6.74 (d, J=2 Hz, 2H; Ar),
7.02 ppm (t, J=2 Hz, 1H; Ar); IR (KBr): ñ=3296, 3419 cm�1 (N�H).
This compound was also used for the next reaction without further purifi-
cation.


Synthesis of 1,3-dibromo-5-iodobenzene (1): 3,5-Dibromoaniline (14.28 g,
56.9 mmol) was dissolved in concentrated H2SO4 (200 mL) then NaNO2


(5.13 g, 74.4 mmol) was added in small portions at 0 8C. After the addi-
tion of aqueous H3PO4 (85%, 100 mL), the reaction mixture was stirred
at 0 8C for 1 h. The reaction mixture was allowed to warm at room tem-
perature and to stand overnight, and was then poured into ice water and
water was added until the total volume was about 300 mL. To the so-
lution, urea (6.57 g, 109 mmol) and KI (13.08 g, 78.8 mmol) were added
in that order in small portions, and the reaction mixture was stirred until
gas evolution stopped. The reaction mixture was then heated to 50 8C
and stirred overnight. After cooling to room temperature, NaHSO3 (ca.
9 g) was added. The precipitate was collected by filtration and dissolved
in CH2Cl2. The solution was washed with brine several times and dried
over Na2SO4. The solvent was removed under reduced pressure and the
residue was purified by alumina column chromatography with hexane.
Recrystallization from ethanol gave colorless needles (14.75 g, 72%).
M.p. 123 8C; 1H NMR: d=7.64 (t, J=2 Hz, 1H; Ar), 7.80 ppm (d, J=
2 Hz, 2H; Ar); elemental analysis calcd (%) for C6H3Br2I (361.80): C
19.92, H 0.84, Br and I 79.25; found: C 19.83, H 0.67, Br and I 79.07.


Synthesis of 1,3-dibromo-5-(triisopropylsilylethynyl)benzene (2): A so-
lution of diethylamine (100 mL) containing 1,3-dibromo-5-iodobenzene 1
(3.62 g, 10 mmol), triisopropylsilylacetylene (2.37 g, 13 mmol), and cata-
lytic amounts (ca. 5 mol%) of [PdCl2(PPh3)2] and CuI was stirred at
room temperature for 2 days. After removal of the solvent, the residue
was extracted with diethyl ether and the extract was dried over Na2SO4.
The solvent was evaporated again and the residue was purified by alumi-
na column chromatography with hexane to give a colorless oil (4.16 g,
99%). 1H NMR: d=1.12 (s, 21H; C3H7), 7.53 (d, J=2 Hz, 2H; Ar),
7.61 ppm (t, J=2 Hz, 1H; Ar); IR (neat): ñ=2164 cm�1 (C�C). This
compound was used for the next reaction without further purification.


Synthesis of 1-(triisopropylsilylethynyl)-3,5-bis(trimethylsilylethynyl)ben-
zene (3): 1,3-Dibromo-5-(triisopropylsilylethynyl)benzene 2 (2.00 g,
4.80 mmol) and trimethylsilylacetylene (2.83 g, 28.8 mmol) were dissolved
in benzene (50 mL), and triethylamine (50 mL) was added. After the ad-
dition of catalytic amounts (ca. 5 mol%) of [PdCl2(PPh3)2], PPh3, and
CuI, the reaction mixture was stirred overnight under reflux. The solvent
was evaporated and the residue was extracted with diethyl ether. The ex-
tract was dried over Na2SO4 and the solvent was evaporated again. The
residue was purified by silica-gel column chromatography with hexane
and the resulting oil was dissolved in hot ethanol. Cooling to room tem-
perature led to phase separation. The liquid supernatant was removed by
decantation and the remaining solvent was removed in vacuo to give a
colorless oil (1.95 g, 90%). 1H NMR: d=0.23 (s, 18H; SiCH3), 1.11 (s,
21H; SiC3H7), 7.48 (d, J=2 Hz, 2H; Ar), 7.50 ppm (t, J=2 Hz, 1H; Ar);
IR (neat): ñ=2164 cm�1 (C�C); elemental analysis calcd (%) for
C27H42Si3 (450.89): C 71.92, H 9.39; found: C 72.01, H 9.58.


Synthesis of 1,3-diethynyl-5-(triisopropylsilylethynyl)benzene (4): To a
solution of 1-(triisopropylsilylethynyl)-3,5-bis(trimethylsilylethynyl)ben-


zene 3 (1.95 g, 4.32 mmol) in acetone (100 mL), an aqueous K2CO3 so-
lution (10 mL; 1.38 g, 10 mmol) was added, and the reaction mixture was
stirred overnight at room temperature. After removal of the solvent, the
residue was extracted with diethyl ether and the extract was dried over
Na2SO4. The solvent was evaporated again and the residue was purified
by alumina column chromatography using hexane as eluent to give a
yellow oil (0.87 g, 66%). 1H NMR: d=1.12 (s, 21H; SiC3H7), 3.09 (s, 2H;
�CH), 7.53 (t, J=2 Hz, 1H; Ar), 7.55 ppm (d, J=2 Hz, 2H; Ar); IR
(neat): ñ=2160 (C�C), 3303 cm�1 (�C�H); elemental analysis calcd (%)
for C21H26Si (306.52): C 82.29, H 8.55; found: C 82.25, H 8.27.


Synthesis of mononuclear platinum–acetylide complex (5): To a solution
of [PtCl2(PEt3)2] (19.02 g, 37.86 mmol) and (4-methoxyphenyl)acetylene
(4.17 g, 31.55 mmol) in a mixture of piperidine (250 mL) and toluene
(250 mL), a catalytic amount of CuI (ca. 5 mol%) was added, and the re-
action mixture was stirred under reflux for one week. After removal of
the solvent, the residue was extracted with diethyl ether and the extract
was dried over Na2SO4. The solvent was evaporated again and the resi-
due was passed through a short alumina column with hexane as eluent.
The crude product was purified by alumina column chromatography, the
eluent of which was gradually changed from hexane/benzene (3:1) to
benzene, and then to dichloromethane. Recrystallization from hexane
gave yellow needles (12.84 g, 68%). M.p. 83 8C; 1H NMR: d=1.20 (dt,
JH�P=17, JH�H=8 Hz, 18H; PCH2CH3), 2.03–2.10 (m, 12H; PCH2CH3),
3.78 (s, 3H; OCH3), 6.77 (d, J=9 Hz, 2H; Ar), 7.18 ppm (d, J=9 Hz,
2H; Ar); 13C NMR: d=8.0 (s, PCH2CH3), 14.5 (vt, N=17 Hz;
PCH2CH3), 55.2 (s, OCH3), 79.1 (t, JC�P=14 Hz, JC�Pt=714 Hz; PtC�),
100.9 (s, PtC�C), 113.6 (s, Ar), 121.2 (s, Ar Cipso�C�), 131.9 (s, Ar),
157.5 ppm (s, Ar Cipso�OMe); 31P NMR: d=14.7 ppm (s, JP�Pt=2396 Hz);
IR (KBr): ñ=2118 cm�1 (C�C); elemental analysis calcd (%) for
C21H37OP2ClPt (598.00): C 42.18, H 6.24, P 10.36, Cl 5.93; found: C 42.38,
H 6.04, P 10.63, Cl 5.88.


Synthesis of protected first-generation dendron (6): A mixture of plati-
num–acetylide complex 5 (12.55 g, 20.99 mmol) and protected building
block 4 (3.22 g, 10.50 mmol) in diethylamine (500 mL) was stirred over-
night at room temperature in the presence of a catalytic amount of CuI
(ca. 5 mol%). The solvent was evaporated under reduced pressure, the
residue was extracted with diethyl ether, and the extract was dried over
Na2SO4. The solvent was evaporated again and the residue was purified
by column chromatography on alumina using benzene/CH2Cl2 (3:1) as
eluent. Recrystallization from toluene/hexane gave a pale-yellow solid
(14.40 g, 96%). M.p. 46 8C; 1H NMR: d=1.12 (s, 21H; SiC3H7), 1.21 (dt,
JH�P=16, JH�H=8 Hz, 36H; PCH2CH3), 2.13–2.19 (m, 24H; PCH2CH3),
3.78 (s, 6H; OCH3), 6.76 (d, J=9 Hz, 4H; C6H4OMe), 7.12 (s, 2H; Ar),
7.13 (s, 1H; Ar), 7.21 ppm (d, J=9 Hz, 4H; C6H4OMe); 13C NMR: d=
8.4 (s, PCH2CH3), 11.4 (s, JC�Si=57 Hz; SiCH(CH3)2), 16.3 (vt, N=17 Hz;
PCH2CH3), 18.7 (s, SiCH(CH3)2), 55.2 (s, OCH3), 89.4 (s, SiC�), 104.6 (t,
JC�P=15 Hz; PtC�), 107.6 (s, SiC�C), 108.4 (t, JC�P=15 Hz; PtC�), 108.6
(s, JC�Pt=270 Hz; PtC�C), 108.8 (s, JC�Pt=270 Hz; PtC�C), 113.5 (s,
C6H4OMe), 121.4 (s, Ar Cipso�C�), 122.8 (s, Ar Cipso�C�), 128.6 (s, Ar
Cipso�C�), 131.0 (s, Ar), 131.9 (s, C6H4OMe), 133.5 (s, Ar), 157.3 ppm (s,
Ar Cipso�OMe); 31P NMR: d=11.0 ppm (s, JPPt=2375 Hz); IR (KBr): ñ=
2098 cm�1 (C�C); elemental analysis calcd (%) for C63H98O2SiP4Pt2
(1429.61): C 52.93, H 6.91, P 8.67; found: C 53.13, H 7.15, P 8.47.


Synthesis of first-generation dendron (DW1): A solution of the protected
first-generation dendron 6 (14.18 g, 9.92 mmol) in THF (200 mL) was
cooled in a dry ice/acetone bath, and a solution of Bu4NF (11.9 mL,
11.9 mmol) in THF (1.0m) was added dropwise. The reaction mixture
was allowed to warm to room temperature and stirred for 3 h. The sol-
vent was removed under reduced pressure and the residue was purified
by alumina column chromatography with benzene/CH2Cl2 (2:1) as eluent.
Recrystallization from ethanol gave yellow needles (12.05 g, 95%). M.p.
151 8C; 1H NMR: d=1.21 (dt, JH�P=16, JH�H=8 Hz, 36H; PCH2CH3),
2.13–2.20 (m, 24H; PCH2CH3), 3.00 (s, 1H; �CH), 3.78 (s, 6H; OCH3),
6.76 (d, J=9 Hz, 4H; C6H4OMe), 7.15 (s, 2H; Ar), 7.18 (s, 1H; Ar),
7.21 ppm (d, J=9 Hz, 4H; C6H4OMe); 13C NMR: d=8.4 (s, PCH2CH3),
16.3 (vt, N=17 Hz; PCH2CH3), 55.2 (s, OCH3), 76.2 (s, �CH), 84.0 (s, C�
CH), 104.6 (t, JC�P=15 Hz; PtC�), 108.3 (s, JC�Pt=269 Hz; PtC�C), 108.7
(t, JC�P=15 Hz; PtC�), 108.9 (s, JC�Pt=269 Hz; PtC�C), 113.5 (s,
C6H4OMe), 121.3 (s, Ar Cipso�C�), 121.4 (s, Ar Cipso�C�), 128.7 (s, Ar
Cipso�C�), 131.1 (s, Ar), 131.9 (s, C6H4OMe), 134.0 (s, Ar), 157.3 ppm (s,
Ar Cipso�OMe); 31P NMR: d=11.0 ppm (s, JP�Pt=2374 Hz); IR (KBr):
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ñ=2101 cm�1 (C�C); elemental analysis calcd (%) for C54H78O2P4Pt2
(1273.27): C 50.94, H 6.17, P 9.73; found: C 51.10, H 6.02, P 9.62.


Synthesis of first-generation dendrimer (3G1): A solution of first-genera-
tion dendron DW1 (382 mg, 0.30 mmol) and core 7 (159 mg, 0.10 mmol)
in diethylamine (50 mL) was stirred in the presence of a catalytic amount
of CuI (ca. 5 mol%) overnight at room temperature. After removal of
the solvent, the residue was extracted with diethyl ether and the extract
was dried over Na2SO4. The solvent was removed under reduced pressure
and the residue was purified by alumina column chromatography using
dichloromethane as eluent. Recrystallization from dichloromethane/
hexane afforded a yellow solid (230 mg, 43%). M.p. 175 8C (decomp);
1H NMR: d=1.20 (dt, JH�P=17, JH�H=8 Hz, 162H; PCH2CH3), 2.13–2.19
(m, 108H; PCH2CH3), 2.57 (s, 9H; C6CH3), 3.78 (s, 18H; OCH3), 6.76 (d,
J=9 Hz, 12H; C6H4OMe), 6.99 (s, 3H; Ar), 7.01 (s, 6H; Ar), 7.21 ppm
(d, J=9 Hz, 12H; C6H4OMe); 13C NMR: d=8.4 (s, PCH2CH3), 16.3 (vt,
N=17 Hz; PCH2CH3), 20.6 (s, C6CH3), 55.2 (s, OCH3), 105.0 (t, JC�P=
15 Hz; PtC�), 106.1 (t, JC�P=15 Hz; PtC�), 106.7 (t, JC�P=15 Hz; PtC�),
107.5 (s, PtC�C), 108.7 (s, PtC�C), 109.4 (s, PtC�C), 109.7 (s, PtC�C),
113.5 (s, C6H4OMe), 114.4 (t, JC�P=15 Hz; PtC�), 121.5 (s, Ar Cipso�C�),
125.4 (s, Ar Cipso�C�), 127.9 (s, Ar Cipso-C�), 128.1 (s, Ar Cipso�C�), 130.4
(s, Ar), 130.6 (s, Ar), 131.9 (s, C6H4OMe), 135.6 (s, Ar Cipso�CH3),
157.2 ppm (s, Ar Cipso�OMe); 31P NMR: d=10.9 (s, JP�Pt=2381 Hz, 12P),
11.1 ppm (s, JP�Pt=2392 Hz, 6P); IR (KBr): ñ=2095 cm�1 (C�C); ele-
mental analysis calcd (%) for C684H1058O16P60Pt30 (5300.21): C 48.27, H
6.28, P 10.52; found: C 48.37, H 6.14, P 10.26.


Synthesis of building block (8): 1,3-Diethynyl-5-(triisopropylsilylethynyl)-
benzene 4 (5.57 g, 18.17 mmol) and [PtCl2(PEt3)2] (22.82 g, 45.43 mmol)
were dissolved in piperidine (600 mL). After a catalytic amount of CuI
(ca. 5 mol%) was added, the reaction mixture was placed under reflux
for one week. The solvent was evaporated and the residue was extracted
with diethyl ether. The extract was dried over Na2SO4 and the solvent
was evaporated again. The residue was purified by alumina column chro-
matography with benzene followed by recrystallization from ethanol to
give pale-yellow needles (16.63 g, 74%). 1H NMR: d=1.13 (s, 21H;
SiC3H7), 1.20 (dt, JH�P=16, JH�H=8 Hz, 36H; PCH2CH3), 2.02–2.09 (m,
24H; PCH2CH3), 7.07 (b, 1H; Ar), 7.11 ppm (d, J=1 Hz, 2H; Ar);
13C NMR: d=8.0 (s, PCH2CH3), 11.3 (s, JC�Si=56 Hz; SiCH(CH3)2), 14.5
(vt, N=17 Hz; PCH2CH3), 18.7 (s, SiCH(CH3)2), 83.2 (t, JC�P=15, JC�Pt=
1437 Hz; PtC�), 90.0 (s, SiC�), 100.9 (t, JC�P=2, JC�Pt=408 Hz; PtC�C),
107.2 (s, SiC�C), 123.0 (s, Ar Cipso�C�), 128.50 (s, JC�Pt=35 Hz; Ar Cipso�
C�), 131.2 (s, Ar), 133.3 ppm (s, Ar); 31P NMR: d=14.9 ppm (s, JP�Pt=
2385 Hz); IR (KBr): ñ=2111 cm�1 (C�C); elemental analysis calcd (%)
for C45H84SiP4Cl2Pt2 (1238.21): C 43.65, H 6.84, P 10.01, Cl 5.73; found: C
43.94, H 6.83, P 10.24, Cl 5.63.


Synthesis of protected second-generation dendron (9): First-generation
dendron DW1 (10.06 g, 7.90 mmol) and building block 8 (4.89 g,
3.95 mmol) were reacted in a similar manner to that of the preparation
of the protected first-generation dendron 6. Alumina column chromatog-
raphy was performed with benzene/CH2Cl2 (1:1) as eluent. Recrystalliza-
tion from dichloromethane/hexane gave a pale-yellow solid (12.08 g,
82%). M.p. 148 8C; 1H NMR: d=1.12 (s, 21H; SiC3H7), 1.21 (dt, JH�P=


16, JH�H=8 Hz, 108H; PCH2CH3), 2.15–2.19 (m, 72H; PCH2CH3), 3.78
(s, 12H; OCH3), 6.76 (d, J=9 Hz, 8H; C6H4OMe), 6.98 (s, 6H; Ar), 7.12
(s, 3H; Ar), 7.21 ppm (d, J=9 Hz, 8H; C6H4OMe); 13C NMR: d=8.35 (s,
PCH2CH3), 11.4 (s, JC�Si=56 Hz; SiCH), 16.3 (vt, N=17 Hz; PCH2CH3),
18.7 (s, SiCH(CH3)2), 55.2 (s, OCH3), 89.4 (s, SiC�), 104.9 (t, JC�P=
15 Hz; PtC�), 106.0 (t, JC�P=15 Hz; PtC�), 106.3 (t, JC�P=15 Hz; PtC�),
107.6 (s, SiC�C), 108.4 (t, JC�P=15 Hz; PtC�), 108.7 (s, PtC�C), 109.4 (s,
PtC�C), 109.6 (s, PtC�C), 113.5 (s, C6H4OMe), 121.5 (s, Ar Cipso�C�),
122.8 (s, Ar Cipso�C�), 127.9 (s, Ar Cipso�C�), 128.0 (s, Ar Cipso�C�),
128.5 (s, Ar Cipso�C�), 130.5 (s, Ar), 131.0 (s, Ar), 131.9 (s, C6H4OMe),
133.5 (s, Ar), 157.3 ppm (s, Ar Cipso�OMe); 31P NMR: d=10.8 (s, JP�Pt=
2381 Hz, 8P), 11.0 ppm (s, JP�Pt=2374 Hz, 4P); IR (KBr): ñ=2095 cm�1


(C�C); elemental analysis calcd (%) for C153H238O4SiP12Pt6 (3711.82): C
49.51, H 6.46, P 10.01; found: C 49.61, H 6.29, P 10.12.


Synthesis of second-generation dendron (DW2): Protected second-gener-
ation dendron 9 (11.91 g, 3.21 mmol) was treated with a solution of
Bu4NF (3.9 mL, 3.9 mmol) in THF (1.0m) in a similar manner to that of
preparation of the first-generation dendron DW1. The crude product was
purified by alumina column chromatography with benzene/dichlorome-
thane (1:9) as eluent, and recrystallization from dichloromethane/ethanol


gave a pale-yellow solid (10.64 g, 93%). M.p. 180 8C (decomp); 1H NMR:
d=1.21 (dt, JH�P=16, JH�H=8 Hz, 108H; PCH2CH3), 2.14–2.19 (m, 72H;
PCH2CH3), 2.99 (s, 1H; �CH), 3.78 (s, 12H; OCH3), 6.76 (d, J=9 Hz,
8H; C6H4OMe), 6.99 (s, 6H; Ar), 7.14 (s, 2H; Ar), 7.17 (s, 1H; Ar),
7.21 ppm (d, J=9 Hz, 8H; C6H4OMe); 13C NMR: d=8.4 (s, PCH2CH3),
16.3 (vt, N=17 Hz; PCH2CH3), 55.2 (s, OCH3), 76.2 (s, �CH), 84.0 (s, C�
CH), 104.9 (t, JC�P=15 Hz; PtC�), 105.9 (t, JC�P=15 Hz; PtC�), 106.3 (t,
JC�P=15 Hz; PtC�), 108.4 (s, PtC�C), 108.7 (t, JC�P=15 Hz; PtC�), 108.7
(s, PtC�C), 109.4 (s, PtC�C), 109.7 (s, PtC�C), 113.5 (s, C6H4OMe), 121.3
(s, Ar Cipso�C�), 122.5 (s, Ar Cipso�C�), 127.8 (s, Ar Cipso�C�), 128.0 (s,
Ar Cipso�C�), 128.7 (s, Ar Cipso�C�), 130.5 (s, Ar), 130.6 (s, Ar), 131.1 (s,
Ar), 131.9 (s, C6H4OMe), 134.0 (s, Ar), 157.3 ppm (s, Ar Cipso�OMe);
31P NMR: d=10.8 (s, JP�Pt=2381 Hz, 8P), 11.0 ppm (s, JP�Pt=2374 Hz,
4P); IR (KBr): ñ=2095 cm�1 (C�C); elemental analysis calcd (%) for
C144H218O4P12Pt6 (3555.48): C 48.65, H 6.18, P 10.45; found: C 48.63, H
6.04, P 10.19.


Synthesis of second-generation dendrimer (3G2): Second-generation den-
dron DW2 (533 mg, 150 mmol) and core 7 (79.5 mg, 50 mmol) were react-
ed in a similar manner to that of the preparation of the first-generation
dendrimer 3G1. The crude product that was obtained by alumina column
chromatography was dissolved in dichloromethane and precipitated with
methanol to give a pale-yellow solid (230 mg, 38%). M.p. 195–210 8C
(decomp); 1H NMR: d=1.21 (dt, JH�P=16, JH�H=8 Hz, 378H;
PCH2CH3), 2.15–2.19 (m, 252H; PCH2CH3), 2.57 (s, 9H; C6CH3), 3.77 (s,
36H; OCH3), 6.76 (d, J=9 Hz, 24H; C6H4OMe), 6.99 (s, 27H; Ar),
7.21 ppm (d, J=9 Hz, 24H; C6H4OMe); 13C NMR: d=8.4 (s, PCH2CH3),
16.3 (vt, N=17 Hz; PCH2CH3), 20.7 (s, C6CH3), 55.2 (s, OCH3), 104.9 (t,
JC�P=15 Hz; PtC�), 106.2 (t, JC�P=15 Hz; PtC�), 108.7 (s, PtC�C), 109.4
(s, PtC�C), 109.5 (s, PtC�C), 113.5 (s, C6H4OMe), 121.5 (s, Ar Cipso�C�),
125.4 (s, Ar Cipso�C�), 128.0 (s, Ar Cipso�C�), 130.5 (s, Ar), 131.9 (s,
C6H4OMe), 135.7 (s, Ar Cipso�CH3), 157.3 ppm (s, Ar Cipso�OMe);
31P NMR: d=10.9 (s, JP�Pt=2381 Hz, 36P), 11.1 ppm (s, JP�Pt=2394 Hz,
6P); IR (KBr): ñ=2093 cm�1 (C�C); elemental analysis calcd (%) for
C483H750O12P42Pt21 (12146.84): C 47.76, H 6.22, P 10.71; found: C 47.94, H
6.12, P 10.66.


Synthesis of protected third-generation dendron (10): Second-generation
dendron DW2 (8.26 g, 2.32 mmol) and building block 8 (1.40 g,
1.13 mmol) were reacted in a similar manner to that of the preparation
of the protected first-generation dendron 6. Alumina column chromatog-
raphy was performed with dichloromethane as eluent, and recrystalliza-
tion from toluene/ethanol gave a pale-yellow solid (7.47 g, 80%). M.p.
200 8C (decomp); 1H NMR: d=1.12 (s, 21H; SiC3H7), 1.21 (dt, JH�P=16,
JH�H=8 Hz, 252H; PCH2CH3), 2.15–2.19 (m, 168H; PCH2CH3), 3.78 (s,
24H; OCH3), 6.76 (d, J=9 Hz, 16H; C6H4OMe), 6.99 (s, 18H; Ar), 7.12
(s, 3H; Ar), 7.21 ppm (d, J=9 Hz, 16H; C6H4OMe); 13C NMR: d=8.4 (s,
PCH2CH3), 11.4 (s, SiCH), 16.3 (vt, N=17 Hz; PCH2CH3), 18.7 (s,
SiCH(CH3)2), 55.2 (s, OCH3), 89.5 (s, SiC�), 104.9 (t, JC�P=15 Hz; PtC�),
106.3 (t, JC�P=15 Hz; PtC�), 107.6 (s, SiC�C), 108.7 (s, PtC�C), 109.4 (s,
PtC�C), 109.5 (s, PtC�C), 113.5 (s, C6H4OMe), 121.5 (s, Ar Cipso�C�),
122.8 (s, Ar Cipso�C�), 128.0 (s, Ar Cipso�C�), 128.6 (s, Ar Cipso�C�),
130.5 (s, Ar), 131.0 (s, Ar), 131.9 (s, C6H4OMe), 133.5 (s, Ar), 157.3 ppm
(s, Ar Cipso�OMe); 31P NMR: d=10.8 (s, JP�Pt=2382 Hz, 24P), 11.0 ppm
(s, 4P); IR (KBr): ñ=2094 cm�1 (C�C); elemental analysis calcd (%) for
C333H518O8SiP28Pt14 (8276.24): C 48.33, H 6.31, P 10.48; found: C 48.10, H
6.27, P 10.60.


Synthesis of third-generation dendron (DW3): Protected third-generation
dendron 10 (2.56 g, 0.31 mmol) was treated with a solution of Bu4NF
(0.37 mL, 0.37 mmol) in THF (1.0m) in a similar manner to that of the
preparation of the first-generation dendron DW1. The crude product was
purified by alumina column chromatography with dichloromethane con-
taining 0.25% of ethyl acetate as eluent, and recrystallization from tolu-
ene/ethanol gave a yellow solid (2.31 g, 92%). M.p. 185 8C (decomp);
1H NMR: d=1.21 (dt, JH�P=16, JH�H=8 Hz, 252H; PCH2CH3), 2.15–2.19
(m, 168H; PCH2CH3), 3.00 (s, 1H; �CH), 3.78 (s, 24H; OCH3), 6.76 (d,
J=9 Hz, 16H; C6H4OMe), 6.99 (s, 18H; Ar), 7.15 (s, 2H; Ar), 7.17 (s,
1H; Ar), 7.21 ppm (d, J=9 Hz, 16H; C6H4OMe); 13C NMR: d=8.4 (s,
PCH2CH3), 16.3 (vt, N=17 Hz; PCH2CH3), 55.2 (s, OCH3), 76.2 (s, �
CH), 84.0 (s, C�CH), 104.9 (t, JC�P=15 Hz; PtC�), 105.9 (t, JC�P=15 Hz;
PtC�), 106.3 (t, JC�P=15 Hz; PtC�), 106.4 (t, JC�P=15 Hz; PtC�), 108.5
(s, PtC�C), 108.7 (s, PtC�C), 108.7 (t, JC�P=15 Hz; PtC�), 109.4 (s, PtC�
C), 109.5 (s, PtC�C), 109.7 (s, PtC�C), 113.5 (s, C6H4OMe), 121.3 (s, Ar
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Cipso�C�), 121.5 (s, Ar Cipso�C�), 127.9 (s, Ar Cipso�C�), 128.0 (s, Ar
Cipso�C�), 128.7 (s, Ar Cipso�C�), 130.5 (s, Ar), 131.1 (s, Ar), 131.9 (s,
C6H4OMe), 134.0 (s, Ar), 157.3 ppm (s, Ar Cipso�OMe); 31P NMR: d=
10.8 (s, JP�Pt=2381 Hz, 24P), 11.0 ppm (s, 4P); IR (KBr): ñ=2095 cm�1


(C�C); elemental analysis calcd (%) for C324H498O8P28Pt14 (8119.90): C
47.93, H 6.18, P 10.68; found: C 48.04, H 6.24, P 10.60.


Synthesis of third-generation dendrimer (3G3): Third-generation dendron
DW3 (536 mg, 66 mmol) and core 7 (35 mg, 22 mmol) were reacted in a
similar manner to that of the preparation of the first-generation dendrim-
er 3G1. Purification of the product was performed by a method similar
to that of the second-generation dendrimer 3G2 to give a yellow solid
(290 mg, 51%). M.p. 220–225 8C (decomp); 1H NMR: d=1.21 (dt, JH�P=


16, JH�H=8 Hz, 810H; PCH2CH3), 2.15–2.18 (m, 540H; PCH2CH3), 2.57
(s, 9H; C6CH3), 3.77 (s, 72H; OCH3), 6.75 (d, J=9 Hz, 48H; C6H4OMe),
6.99 (s, 63H; Ar), 7.21 ppm (d, J=9 Hz, 48H; C6H4OMe); 13C NMR: d=
8.4 (s, PCH2CH3), 16.3 (vt, N=17 Hz; PCH2CH3), 20.6 (s, C6CH3), 55.2
(s, OCH3), 104.9 (t, JC�P=15 Hz; PtC�), 106.2 (s, PtC�), 108.7 (s, PtC�
C), 109.4 (s, PtC�C), 109.5 (s, PtC�C), 113.5 (s, C6H4OMe), 121.5 (s, Ar
Cipso�C�), 125.4 (s, Ar Cipso�C�), 128.0 (s, Ar Cipso�C�), 130.5 (s, Ar),
131.9 (s, C6H4OMe), 135.7 (s, Ar Cipso�CH3), 157.3 ppm (s, Ar Cipso�
OMe); 31P NMR: d=10.8 (s, JP�Pt=2381 Hz, 84P), 11.0 ppm (s, 6P); IR
(KBr): ñ=2094 cm�1 (C�C); elemental analysis calcd (%) for
C483H750O12P42Pt21 (25840.10): C 47.55, H 6.20, P 10.79; found: C 47.76, H
6.30, P 11.02.


Synthesis of protected fourth-generation dendron (11): Third-generation
dendron DW3 (2.44 g, 0.300 mmol) and building block 8 (0.186 g,
0.150 mmol) were reacted in a similar manner to that of the preparation
of the protected first-generation dendron 6. Alumina column chromatog-
raphy was performed with dichloromethane containing 1% ethyl acetate
as eluent, and recrystallization from toluene/ethanol gave a pale-yellow
solid (2.02 g, 77%). M.p. 220–230 8C (decomp); 1H NMR: d=1.12 (s,
21H; SiC3H7), 1.21 (dt, JH�P=15 Hz, JH�H=8 Hz, 540H; PCH2CH3),
2.15–2.19 (m, 360H; PCH2CH3), 3.77 (s, 48H; OCH3), 6.76 (d, J=9 Hz,
32H; C6H4OMe), 6.99 (s, 42H; Ar), 7.13 (s, 3H; Ar), 7.21 ppm (d, J=
9 Hz, 32H; C6H4OMe); 13C NMR: d=8.4 (s, PCH2CH3), 11.4 (s, SiCH),
16.3 (vt, N=17 Hz; PCH2CH3), 18.7 (s, SiCH(CH3)2), 55.2 (s, OCH3),
89.5 (s, SiC�), 104.9 (t, JC�P=15 Hz; PtC�), 106.2 (t, JC�P=15 Hz; PtC�),
108.7 (s, PtC�C), 109.4 (s, PtC�C), 109.5 (s, PtC�C), 113.5 (s, C6H4OMe),
121.5 (s, Ar Cipso�C�), 122.8 (s, Ar Cipso-C�), 127.9 (s, Ar Cipso�C�), 128.5
(s, Ar Cipso�C�), 130.5 (s, Ar), 131.9 (s, C6H4OMe), 157.3 ppm (s, Ar
Cipso�OMe); 31P NMR: d=10.8 (s, JP-Pt=2380 Hz, 56P), 10.9 ppm (s, 4P);
IR (KBr): ñ=2094 cm�1 (C�C); elemental analysis calcd (%) for
C693H1078O16SiP60Pt30 (17405.08): C 47.82, H 6.24, P 10.68; found: C 48.18,
H 6.01, P 10.41.


Synthesis of fourth-generation dendron (DW4): Protected fourth-genera-
tion dendron 11 (1.96 g, 0.11 mmol) was treated with a solution of Bu4NF
(0.13 mL, 0.13 mmol) in THF (1.0m) in a similar manner to that of the
preparation of first-generation dendron DW1. The crude product was pu-
rified by alumina column chromatography with dichloromethane contain-
ing 1% of ethyl acetate as eluent, and recrystallization from toluene/eth-
anol gave a yellow solid (1.74 g, 92%). M.p. 230–240 8C (decomp); IR
(KBr): ñ=2093 cm�1 (C�C); 1H NMR: d=1.21 (dt, JH�P=16, JH�H=8 Hz,
540H; PCH2CH3), 2.15–2.19 (m, 360H; PCH2CH3), 3.00 (s, 1H; �CH),
3.77 (s, 48H; OCH3), 6.76 (d, J=9 Hz, 32H; C6H4OMe), 6.99 (s, 42H;
Ar), 7.15 (s, 3H; Ar), 7.21 ppm (d, J=9 Hz, 32H; C6H4OMe); 13C NMR:
d=8.4 (s, PCH2CH3), 16.3 (vt, N=18 Hz; PCH2CH3), 55.2 (s, OCH3),
104.9 (t, JC�P=15 Hz; PtC�), 106.2 (t, JC�P=15 Hz; PtC�), 108.7 (s, PtC�
C), 109.40 (s, PtC�C), 109.5 (s, PtC�C), 113.5 (s, C6H4OMe), 121.5 (s, Ar
Cipso�C�), 128.0 (s, Ar Cipso�C�), 130.5 (s, Ar), 131.9 (s, C6H4OMe),
157.3 ppm (s, Ar Cipso�OMe); the signals due to the carbons of the termi-
nal acetylene could not be detected; 31P NMR: d=10.82 (s, 24P), 10.84
(s, JP�Pt=2381 Hz, 32P), 11.0 ppm (s, 4P); elemental analysis calcd (%)
for C684H1058O16P60Pt30 (17248.74): C 47.63, H 6.18, P 10.77; found: C
47.63, H 6.00, P 10.56.


Synthesis of 1-bromo-4-(triisopropylsilylethynyl)benzene (13): To a so-
lution of 1-bromo-4-iodobenzene (9.82 g, 34.7 mmol) and (triisopropylsi-
lyl)acetylene (6.65 g, 36.5 mmol) in diethylamine (200 mL), catalytic
amounts (ca. 5 mol%) of [PdCl2(PPh3)2] and CuI were added, and the re-
action mixture was stirred for two days at room temperature. After re-
moval of the solvent, the residue was extracted with diethyl ether and
the extract was dried over Na2SO4. The solvent was removed again, the


residue was dissolved in hexane and the solution was passed through a
short alumina column with hexane to give a colorless oil (10.76 g, 92%).
1H NMR: d=1.12 (s, 21H; SiC3H7), 7.33 (d, J=9 Hz, 2H; Ar), 7.43 ppm
(d, J=9 Hz, 2H; Ar). This compound was used for the next reaction
without further purification.


Synthesis of 1-(triisopropylsilylethynyl)-4-(trimethylsilylethynyl)benzene
(14): A mixture of 1-bromo-4-(triisopropylsilylethynyl)benzene 13
(10.76 g, 31.9 mmol) and (trimethylsilyl)acetylene (12.53 g, 127.6 mmol)
in triethylamine (250 mL) and benzene (100 mL) was left under reflux
overnight in the presence of catalytic amounts (ca. 5 mol%) of
[PdCl2(PPh3)2] and CuI. Similar workup to that of the preparation of 1-
bromo-4-(trimethylsilylethynyl)benzene gave a yellow oil (9.80 g, 87%).
1H NMR: d=0.25 (s, 9H; SiCH3), 1.12 (s, 21H; SiC3H7), 7.39 ppm (s,
4H; Ar); IR (neat): ñ=2159 cm�1 (C�C). This compound was also used
for the next reaction without further purification.


Synthesis of 1-ethynyl-4-(triisopropylsilylethynyl)benzene (15): To a so-
lution of 1-(triisopropylsilylethynyl)-4-(trimethylsilylethynyl)benzene 14
(9.80 g, 27.6 mmol) in acetone (250 mL) an aqueous K2CO3 solution
(30 mL; 1.38 g, 10 mmol) was added, and the reaction mixture was stirred
overnight at room temperature. Extraction with diethyl ether followed by
silica-gel column chromatography with hexane as eluent gave a yellow oil
(6.99 g, 90%). 1H NMR: d=1.13 (s, 21H; SiC3H7), 3.16 (s, 1H; �CH),
7.42 ppm (s, 4H; Ar); IR (neat): ñ=2155 (C�C), 3303 cm�1 (�C-H). This
compound was also used for the next reaction without further purifica-
tion.


Synthesis of 2,4,6-tris[{4-(trimethylsilylethynyl)phenyl}ethynyl]mesitylene
(16): A mixture of 2,4,6-triiodomesitylene (3.16 g, 6.34 mmol) and 1-eth-
ynyl-4-(triisopropylsilylethynyl)benzene 15 (6.98 g, 24.7 mmol) in diethyl-
amine (200 mL) and THF (100 mL) was reacted under reflux for one
week in the presence of catalytic amounts (ca. 5 mol%) of [PdCl2(PPh3)2]
and CuI. After extraction with diethyl ether, the crude product was puri-
fied by silica-gel column chromatography (the eluent was gradually
changed from hexane/benzene 1:1 to benzene, and then dichlorome-
thane). Recrystallization from dichloromethane/ethanol gave colorless
micro-needles (1.59 g, 26%). M.p. 156 8C; 1H NMR: d=1.14 (s, 63H;
SiC3H7), 2.73 (s, 9H; C6CH3), 7.47 ppm (s, 12H; Ar); 13C NMR: d=11.3
(s, SiCH), 18.7 (s, SiCH(CH3)2), 20.4 (s, C6CH3), 88.6 (s, C�), 92.9 (s, C�),
97.2 (s, C�), 106.7 (s, C�), 121.2 (s, Ar Cipso�C�), 123.3 (s, Ar Cipso�C�),
123.4 (s, Ar Cipso�C�), 131.2 (s, Ar), 132.0 (s, Ar), 142.4 ppm (s, Ar Cipso�
CH3); IR (neat): ñ=2154 cm�1 (C�C); elemental analysis calcd (%) for
C66H84Si3 (961.65): C 82.43, H 8.80; found: C 82.15, H 8.91.


Synthesis of 2,4,6-tris[(4-ethynylphenyl)ethynyl]mesitylene (17): To a so-
lution of 2,4,6-tris[{4-(trimethylsilylethynyl)phenyl}ethynyl]mesitylene 16
(1.56 g, 1.62 mmol) in THF (100 mL), a solution of Bu4NF (5.8 mL,
5.8 mmol) in THF (1.0m) was added in a similar manner to that of the
preparation of the first-generation dendron DW1. The crude product was
purified by alumina column chromatography with benzene as eluent fol-
lowed by recrystallization from dichloromethane/hexane to give colorless
micro-needles (0.68 g, 85%). M.p. 175 8C (decomp); 1H NMR: d=2.73 (s,
9H; C6CH3), 3.19 (s, 3H; �CH), 7.50 ppm (s, 12H; Ar); 13C NMR: d=
20.4 (s, C6CH3), 79.0 (s, C�), 83.3 (s, C�), 88.7 (s, C�), 97.0 (s, C�), 121.2
(s, Ar Cipso�C�), 122.0 (s, Ar Cipso�C�), 123.9 (s, Ar Cipso�C�), 131.3 (s,
Ar), 132.2 (s, Ar), 142.5 ppm (s, Ar Cipso�CH3); IR (KBr): ñ=2106, 2202
(C�C), 3290 cm�1 (�C�H); elemental analysis calcd (%) for C39H24


(492.62): C 95.09, H 4.91; found: C 94.85, H 4.86.


Synthesis of trinuclear core that has extended arms (18): A mixture of
[PtCl2(PEt3)2] (2.26 g, 4.50 mmol) and 2,4,6-tris[(4-ethynylphenyl)ethy-
nyl]mesitylene 17 (0.67 g, 1.36 mmol) in piperidine (150 mL) and toluene
(150 mL) was stirred under reflux for one week in the presence of a cata-
lytic amount (ca. 5 mol%) of CuI. After removal of the solvent, the resi-
due was extracted with dichloromethane and the extract was dried over
Na2SO4. The solution was concentrated, and the solution was passed
through a short alumina column with dichloromethane as eluent. The sol-
vent was evaporated again, and the crude product was purified by alumi-
na column chromatography (the eluent was gradually changed from
hexane/benzene 1:1 to benzene, and then dichloromethane). Recrystalli-
zation from dichloromethane/hexane gave yellow plates (0.52 g, 20%).
M.p. 195–205 8C (decomp); 1H NMR: d=1.21 (dt, JH�P=16, JH�H=8 Hz,
54H; PCH2CH3), 2.03–2.11 (m, 36H; PCH2), 2.71 (s, 9H; C6CH3), 7.23
(d, J=8 Hz, 6H; Ar), 7.40 ppm (d, J=8 Hz, 6H; Ar); 13C NMR: d=8.1
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(s, PCH2CH3), 14.6 (vt, N=17 Hz; PCH2), 20.3 (s, C6CH3), 86.1 (t, JC-P=
15 Hz; PtC�), 87.6 (s, C�), 97.8 (s, C�), 101.9 (s, C�), 120.1 (s, Ar Cipso�
C�), 121.5 (s, Ar Cipso�C�), 128.8 (s, Ar Cipso�C�), 130.8 (s, Ar), 131.1 (s,
Ar), 141.62 ppm (s, Ar Cipso�CH3);


31P NMR: d=14.9 ppm (s, JP�Pt=
2382 Hz); IR (neat): ñ=2116 cm�1 (C�C); elemental analysis calcd (%)
for C72H111Cl3P6Pt3·C6H14 (1940.29): C 48.28, H 6.49; found: C 48.71, H
6.29.


Synthesis of tetranuclear core (22): The reaction of [PtCl2(PEt3)2] (1.56 g,
3.10 mmol) with tetra(4-ethynylphenyl)methane (0.26 g, 0.62 mmol) by a
similar method to that of the preparation of trinuclear core 18 gave
yellow needles (0.75 g, 53%). M.p. 285–295 8C (decomp); 1H NMR: d=
1.19 (dt, JH�P=16, JH�H=8 Hz, 72H; PCH2CH3), 2.02–2.09 (m, 48H;
PCH2CH3), 7.04 (d, J=9 Hz, 8H; Ar), 7.09 ppm (d, J=9 Hz, 8H; Ar);
13C NMR: d=8.0 (s, PCH2CH3), 14.5 (vt, N=17 Hz; PCH2CH3), 64.3 (s,
CAr4), 82.0 (t, JC�P=15 Hz; PtC�), 101.2 (s, PtC�C), 126.0 (s, Ar Cipso�
C�), 129.9 (s, Ar), 130.6 (s, Ar), 143.8 ppm (s, Ar Cipso�CAr3);


31P NMR:
d=14.8 ppm (s, JP�Pt=2393 Hz); IR (KBr): ñ=2117 cm�1 (C�C); elemen-
tal analysis calcd (%) for C81H136P8Cl4Pt4 (2279.89): C 42.67, H 6.01, P
10.87, Cl 6.22; found: C 42.91, H 5.82, P 10.64, Cl 6.00.


Synthesis of first-generation dendrimer (4G1): First-generation dendron
DW1 (447 mg, 351 mmol) was reacted with core 22 (200 mg, 87.7 mmol) in
a similar manner to that of the preparation of protected first-generation
dendrimer 6. The crude product was purified by recrystallization from
ethanol to give a yellow solid (280 mg, 44%). M.p. 210–215 8C (decomp);
1H NMR: d=1.21 (dt, JH�P=16, JH�H=8 Hz, 216H; PCH2CH3), 2.15–2.19
(m, 144H; PCH2CH3), 3.77 (s, 24H; OCH3), 6.76 (d, J=9 Hz, 16H;
C6H4OMe), 6.99 (s, 12H; Ar), 7.04 (d, J=8 Hz, 8H; C(C6H4)4), 7.12 (d,
J=8 Hz, 8H; C(C6H4)4), 7.21 ppm (d, J=9 Hz, 12H; C6H4OMe);
13C NMR: d=8.4 (s, PCH2CH3), 16.3 (vt, N=17 Hz; PCH2CH3), 55.2 (s,
OCH3), 64.3 (s, CAr4), 104.9 (t, JC�P=15 Hz; PtC�), 106.2 (t, JC�P=
15 Hz; PtC�), 107.5 (t, JC�P=15 Hz;PtC�), 108.7 (s, PtC�C), 109.0 (s,
PtC�C), 109.4 (s, PtC�C), 109.6 (s, PtC�C), 113.5 (s, C6H4OMe), 121.5 (s,
Ar Cipso�C�), 126.0 (s, Ar Cipso�C�), 127.9 (s, Ar Cipso�C�), 129.9 (s,
C(C6H4)4), 130.5 (s, Ar), 130.7 (s, C(C6H4)4), 131.9 (s, C6H4OMe), 143.7
(s, Ar Cipso�CAr3), 157.2 ppm (s, Ar Cipso�OMe); 31P NMR: d=10.8 (s,
JP�Pt=2380 Hz, 16P), 10.9 ppm (s, JP�Pt=2381 Hz, 8P); IR (KBr): ñ=


2095 cm�1 (C�C); elemental analysis calcd (%) for C297H444O8P24Pt12
(7227.12): C 49.36, H 6.19, P 10.29; found: C 49.39, H 6.11, P 10.37.


Synthesis of second-generation dendrimer (4G2): Second-generation den-
dron DW2 (312 mg, 87.7 mmol) was reacted with core 22 (50 mg,
21.9 mmol) in a similar manner to that of the preparation of the protected
first-generation dendrimer 6. Reprecipitation of a dichloromethane so-
lution of the crude product with methanol gave a pale-yellow solid
(226 mg, 63%). M.p. 225–235 8C (decomp); 1H NMR: d=1.22 (dt, JH�P=


16, JH�H=8 Hz, 504H; PCH2CH3), 2.15–2.19 (m, 336H; PCH2CH3), 3.77
(s, 48H; OCH3), 6.76 (d, J=9 Hz, 32H; C6H4OMe), 7.00 (s, 36H; Ar),
7.03 (d, J=8 Hz, 8H; C(C6H4)4), 7.12 (d, J=8 Hz, 8H; C(C6H4)4),
7.21 ppm (d, J=9 Hz, 32H; C6H4OMe); 13C NMR: d=8.4 (s, PCH2CH3),
16.3 (vt, N=17 Hz; PCH2CH3), 55.2 (s, OCH3), 64.3 (s, CAr4), 104.9 (t,
JC�P=15 Hz; PtC�), 106.2 (s, PtC�), 108.7 (s, PtC�C), 109.4 (s, PtC�C),
109.5 (s, PtC�C), 113.5 (s, C6H4OMe), 121.5 (s, Ar Cipso-C�), 126.0 (s, Ar
Cipso-C�), 127.9 (s, Ar Cipso�C�), 129.9 (s, C(C6H4)4), 130.5 (s, Ar), 130.7
(s, C(C6H4)4), 131.9 (s, C6H4OMe), 143.7 (s, Ar Cipso�CAr3), 157.3 ppm (s,
Ar Cipso�OMe); 31P NMR: d=10.8 (s, JP�Pt=2381 Hz, 48P), 10.9 ppm (s,
8P); IR (KBr): ñ=2094 cm�1 (C�C); elemental analysis calcd (%) for
C657H1004O16P56Pt28 (16355.96): C 48.25, H 6.19, P 10.60; found: C 48.01,
H 6.09, P 10.33.


Synthesis of third-generation dendrimer (4G3): Third-generation dendron
DW3 (325 mg, 40 mmol) was reacted with core 22 (23 mg, 10 mmol) in a
similar manner to that of the preparation of the protected first-genera-
tion dendrimer 6. Reprecipitation of a dichloromethane solution of the
crude product with methanol gave a pale-yellow solid (223 mg, 64%).
M.p. 225–235 8C (decomp); 1H NMR: d=1.21 (dt, JH�P=16, JH�H=8 Hz,
1080H; PCH2CH3), 2.14–2.19 (m, 720H; PCH2CH3), 3.77 (s, 96H;
OCH3), 6.76 (d, J=9 Hz, 64H; C6H4OMe), 6.99 (s, 84H; Ar), 7.03 (d, J=
7 Hz, 8H; C(C6H4)4), 7.12 (d, J=7 Hz, 8H; C(C6H4)4), 7.21 ppm (d, J=
9 Hz, 64H; C6H4OMe); 13C NMR: d=8.4 (s, PCH2CH3), 16.3 (vt, N=


17 Hz; PCH2CH3), 55.2 (s, OCH3), 104.9 (t, JC�P=15 Hz; PtC�), 106.3 (s,
PtC�), 108.7 (s, PtC�C), 109.4 (s, PtC�C), 109.5 (s, PtC�C), 113.5 (s,
C6H4OMe), 121.5 (s, Ar Cipso�C�), 128.0 (s, Ar Cipso�C�), 129.9 (s,
C(C6H4)4), 130.5 (s, Ar), 130.7 (s, C(C6H4)4), 131.94(s, C6H4OMe),


157.3 ppm (s, Ar Cipso�OMe); 31P NMR: d=10.84 ppm (s, JP�Pt=
2381 Hz); IR (KBr): ñ=2094 cm�1 (C�C); elemental analysis calcd (%)
for C1377H2124O32P120Pt60 (34613.64): C 47.78, H 6.19, P 10.74; found: C
47.71, H 5.98, P 10.60.


X-ray diffraction study of complex 22 : A crystal suitable for X-ray dif-
fraction was obtained by recrystallization from a dichloromethane/
hexane solution and was mounted on a glass fiber with epoxy resin. All
measurements were performed on a MacScience DIPLabo imaging plate
detector using MoKa radiation (l=0.71069 P). The structure was solved
by a direct method and all non-hydrogen atoms were refined anisotropi-
cally using a full-matrix least-squares refinement procedure. The hydro-
gen atoms were placed at geometrically estimated positions. All calcula-
tions were performed by using the SHELXL-97 program.[23]


Crystallographic data for 22 : C81H136Cl4P8Pt4 (Mw=2279.94 gmol�1),
monoclinic, space group P21/c (No. 14), a=38.9970(5) P, b=
16.1730(1) P, c=33.2380(3) P, b=114.748, V=19039.8(3) P3, Z=8,
1calcd=1.591 gcm�3, m(MoKa)=6.129 cm�1, 200 K, 2qmax=56.048, R1=
0.0955 (wR2 (all data)=0.2515) for 1743 parameters against 27920 reflec-
tions with I>2.0s(I) out of 43131 unique reflections, GOF=1.053.
CCDC-238415 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax:
(+44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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An Electronic Perspective on the Reduction of an N=N Double Bond at a
Conserved Dimolybdenum Core


Julia K. Padden Metzker and John E. McGrady*[a]


Introduction


Despite the fact that the molecular structure of the iron–
molybdenum cofactor (FeMoco) in nitrogenase has been
known for over a decade,[1] a complete understanding of the
mechanistic details of dinitrogen reduction remains an elu-
sive goal.[2] Knowledge of the structure of the cofactor,
along with the emergence of density functional theory as a
quantitative tool for transition-metal systems, has inspired a
large number of theoretical studies in this area. The majori-
ty of these have focussed on the preferred binding site for
molecular nitrogen or its partially reduced derivatives,[3–10]


and the relative merits of Mo or Fe in this respect have
been hotly debated. Many authors have favoured the iron
cluster because of the highly unusual coordinative unsatura-
tion of the iron centres, although a recent higher resolution
study of the cofactor, which indicates the presence of a light
atom (probably N) at the centre of the cluster,[1c] has raised
doubts over this conclusion. The magnetic and spectroscopic
properties of the cofactor itself have also been the focus of
attention in recent years, most notably in the detailed stud-
ies by Noodleman and co-workers into the nature of the
magnetic coupling between the high-spin metal ions.[11]


The importance of iron and molybdenum in nitrogen fixa-
tion was appreciated long before the structure of the cofac-
tor was known, and the coordination chemistry of nitrogen
and its partially reduced derivatives has played a significant
role in enhancing our understanding of the process.[12] The
chemistry associated with nitrogen reduction is most com-
monly discussed in the context of the Chatt[13] and
Schrock[14] cycles, the key features of which are summarised
in Figure 1. The initial steps of the two cycles are similar, in-
volving two ligand-based one-electron reduction steps, ac-
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Abstract: Density functional theory has
been used to assess the role of the bi-
metallic core in supporting reductive
cleavage of the N=N double bond in
[Cp2Mo2(m-SMe)3(m-h1:h1-HN=NPh)]+ .
The HOMO of the complex, the Mo–
Mo d orbital, plays a key role as a
source of high-energy electrons, availa-
ble for transfer into the vacant orbitals
of the N=N unit. As a result, the metal


centres cycle between the MoIII and
MoIV oxidation states. The symmetry of
the Mo–Mo d “buffer” orbital has a
profound influence on the reaction
pathway, because significant overlap


with the redox-active orbital on the
N=N unit (p* or s*) is required for ef-
ficient electron transfer. The orthogon-
ality of the Mo–Mo d and N–N s* or-
bitals in the h1:h1 coordination mode
ensures that electron transfer into the
N–N s bond is effectively blocked, and
a rate-limiting h1:h1!h1 rearrangement
is a necessary precursor to cleavage of
the bond.


Keywords: cluster compounds ·
density functional calculations ·
molybdenum · nitrogen fixation


Figure 1. Schematic representation of the Chatt and Schrock cycles for ni-
trogen reduction.
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companied by a two-electron oxidation of the metal centre,
leading to the formation of a hydrazido(2�) (-N-NH2) com-
plex. In the Chatt cycle, the third one-electron reduction
step is also ligand-based and is accompanied by a further ox-
idation of the metal centre, leading to the formation of a ni-
tride. Such high oxidation states are accessible only for elec-
tron-rich metal cores[15] such as the zero-valent M(PR3)4


(M = Mo, W) studied by Chatt and co-workers.[16] In the
Schrock cycle, the third one-electron reduction is metal-,
rather than ligand-centred, leading to a stable coordinated
hydrazide, and the N�N s bond is only cleaved following
the fourth one-electron reduction (possibly via a hydrazine
intermediate, M(NH2NH2)). The key difference in the con-
text of this work is that the metal oxidation state varies by
only two units in the Schrock cycle, and hence is more plau-
sible for high-valent metal cores such as Cp*MMe3 (M =


Mo, W). The stoichiometric conversion of N2 to ammonia
through both routes is well known,[17] but examples of cata-
lytic ammonia production are rare.[17a,18] Theory has also
played a key role in the context of model chemistry, enhanc-
ing our understanding of the key electronic requirements
for efficient cleavage of the N�N bonds in dinitrogen[19] and
its partially reduced derivatives.[20–22]


The polymetallic nature of the FeMoco has encouraged a
number of groups to expand the concepts embodied in the
Chatt and Schrock cycles into the realm of bimetallic
chemistry.[23,24] In a series of recent publications, Talarmin
and co-workers have reported the synthesis and electro-
chemical properties of a number of complexes containing ni-
trogenous ligands coordinated to a dimolybdenum core,
CpMoIII(m-SR)3MoIIICp (Figure 2).[23] The high metal oxida-
tion states in these systems invite obvious comparison with
the Schrock cycle for monometallic species. In the context
of nitrogen fixation, the electrochemical reduction of the
phenyldiazene species, [Cp2Mo2(m-SMe)3(m-h1:h1-HN=
NPh)]+ , is particularly relevant as it yields aniline, along
with an ammine ligand, clearly illustrating the capacity of
the bimetallic core to support N=N bond cleavage.[23d] More-
over, both reactants and products have been characterised
crystallographically, confirming that the structure of the di-
molybdenum core {CpMo(m-SMe)3MoCp} is conserved
throughout the reaction. The reaction pathway is, however,
clearly a complex one with a number of possible intermedi-
ates and transition states separating reactants from products.
By analogy with the monomeric systems in the Chatt and
Shrock cycles, we anticipate that the metal centres may act
as a reservoir, providing a source of electrons to facilitate
the reductive cleavage of the N=N bond. In this paper, we
use density functional theory to probe the intimate electron-
ic role of the bimetallic core in the reaction, paying particu-
lar attention to the transfer of electrons between metal and
ligand.


Results and Discussion


Geometric structure of [Cp2Mo2(m-SMe)3(m-h
1:h1-HN=


NPh)]+ : The fully characterised structure of [Cp2Mo2(m-
SMe)3(m-h1:h1-HN=NPh)]+ [23a] provides an opportunity to


benchmark the chosen theoretical model, and also to exam-
ine the extent to which simplifying the system affects the ge-
ometry. [Cp2Mo2(m-SMe)3(m-h1:h1-HN=NPh)]+ has been iso-
lated in two distinct conformers, syn and anti, differing only
in the relative orientation of the methyl groups on the bridg-
ing ligands cis to the coordinated diazene. In the syn con-
former, both methyl groups are directed towards the dia-
zene, while in the anti form they are oriented in opposite di-
rections. Of the two, only the syn conformer has been struc-
turally characterized, while the closely related species
[Cp2Mo2(m-SMe)3(m-NH2)] crystallizes in the anti conforma-
tion. For both model systems, [Cp2Mo2(m-SH)3(m-h1:h1-HN=
NH)]+ and [Cp2Mo2(m-SH)3(m-NH2)], the conformation of
the bridging ligands is found to have negligible impact on
the optimized structural parameters of the core. Moreover,
calculated energy differences between the syn and anti iso-
mers are uniformly small (<0.5 kcalmol�1), with the latter
the more stable. In light of the minor structural and energet-
ic differences between the two conformers, we consider only
the more stable anti isomer (shown in Figure 2) in this work.


The optimised structure of [Cp2Mo2(m-SMe)3(m-h2-HN=
NPh)]+ is shown in Figure 2 and pertinent structural param-
eters calculated using the gradient corrected BP86 function-
al are compared to the available experimental structural
data in Table 1. All calculated bond lengths are overestimat-


ed relative to experiment, the most significant discrepancies
being in the Mo�Mo and Mo�N bond lengths, where calcu-
lated values are in error by 0.07 M. Errors of this magnitude
are, however, typical of singly bonded bimetallic species,


Figure 2. Molecular structure of [Cp2Mo2(m-SMe)3(m-h1:h1-HN=NPh)]+ .


Table 1. Optimised structural parameters for [Cp2Mo2(m-SR)3(m-h1:h1-
HN=NR’)]+ . All distances in M.


R = Me R = H R = H
R’ = Ph R’ = Ph R’ = H


X-ray[a] [23] BP86 BP86 BP86


Mo–Mo 2.650(2) 2.72 2.72 2.72
Mo–NR’ 2.137(8) 2.19 2.19 2.11
Mo–NH 2.018(9) 2.09 2.09 2.11
N–N 1.324(11) 1.31 1.30 1.30
Mo–Scis 2.44 2.53 2.53 2.53
Mo–Strans 2.47 2.53 2.53 2.55
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particularly where counterions are present to perturb the
solid-state structure. The removal of the methyl substituents
(R = H, R’ = Ph) causes only small changes (0.02 M) in
the metal core, while further removal of the phenyl group
(R = R’ = H) causes a 0.08 M decrease in the Mo�N bond
length. Overall, however, the data collected in Table 1 sug-
gest that the simplest system, [Cp2Mo2(m-SH)3(m-h1:h1-
HN=NH)]+ , (Figure 3a) provides an adequate representa-
tion of the parent complex, and so this computationally ex-
pedient model (abbreviated as 1:1+) will be used to explore
the reduction pathway.


Ground-state electronic structure of [Cp2Mo2(m-SH)3(m-
h1:h1-HN=NH)]+ (1:1+): The three highest occupied molec-
ular orbitals of 1:1+ (Figure 4a) have Mo–Mo s, d* and d


symmetry, consistent with the formal Mo–Mo bond order of
one proposed by Schollhammer et al. based on electron
count.[23a] This simplified description, however, obscures a
number of significant details that impact on the electro-
chemical behaviour. In particular, the Mo–Mo d* orbital is
strongly mixed with the out-of-plane N=N p*, as a result of
which the bonding combination (46a, 69% Mo–Mo d*,
31% N=N p*) is significantly stabilized. The antibonding
combination forms the LUMO of the complex (48a), and
the mixing of ligand and metal orbitals (43% Mo–Mo d*
57% N=N p*) suggests that the initial reduction process
will be strongly delocalised over both metal and ligand. In
contrast, the HOMO (47a, Mo–Mo d) is completely local-
ized on the metal centres and is essentially non-bonding.
This orbital has the potential, therefore, to act as an elec-
tronic “buffer”, supplying electrons to the ligand without
significantly disrupting the structure of the metal core. The
Mo–Mo s orbital (45a), is, in contrast, strongly bonding and
therefore unlikely to participate in any redox-based chemis-


try. Instead, it plays a key role in maintaining the structural
integrity of the core throughout the reaction.


Before going on to consider the structural and electronic
consequences of the reduction process, it is important to em-
phasise that the N=N double bond in diazene has two dis-
tinct components, s and p, and reductive cleavage of both is
required to achieve the release of ammonia. In the following
discussion, we will discuss each of these two steps in turn,
and argue that the fundamentally different orientation of
the two redox-active orbitals (N–N p* and s*) dictates the
complex structural reorganisation involved in the reduction


pathway.


Reduction in the absence of
acid : Electrolysis of the cationic
diazene complex, [Cp2Mo2(m-
SMe)3(m-h2-HN=NPh)]+ , at
�1.8 V has been shown to yield
the neutral species [Cp2Mo2(m-
SMe)3(m-h1:h1-N=NPh)].[23c,d]


The structure of the model spe-
cies, [Cp2Mo2(m-SH)3(m-h1:h1-
HN=NH)] (1:1) arising from a
one-electron transfer to 1:1+ ,
was optimized starting from the
geometry of the cationic parent
(Figure 3b). The additional
electron causes a significant
elongation of both N�N
(0.06 M) and Mo�N (0.08 M)
bonds, consistent with the anti-
bonding character of the
SOMO shown in Figure 4b, and
the two substituents on the dia-
zene unit bend out of the Mo-
N-N-Mo plane. The net spin
densities of 0.39 and 0.10 on the


nitrogen and molybdenum centres, respectively, confirm that
this initial reduction is largely ligand-, rather than metal-
centred. The reduced product, 1:1, is unstable with respect
to loss of 1=2H2 and formation of [Cp2Mo2(m-SH)3(m-h2-N=
NH)] (DE=�0.4 eV). Thus, our calculations are in agree-
ment with experiment; in the absence of acid, the thermody-
namically favoured outcome is the reductive generation of
hydrogen, rather than cleavage of the N�N bond.[23d]


Reduction in the presence of acid : Before describing the re-
duction process in detail, we wish to comment on our inter-
pretation of the calculated electron affinities and protona-
tion energies. The absolute values of these two quantities
cannot be compared directly to experimental electrode po-
tentials and basicities because they take as their reference
point the energies of isolated gas-phase electrons and pro-
tons, clearly poor models for the electrode and solvated
proton, respectively. The calculated electron affinities can,
however, be used in a relative sense to assess the driving
force of successive reduction steps. Thus, if the calculated
electron affinity of the starting material, 1:1+ , (DE=


�4.89 eV) is taken as an internal standard, any intermediate


Figure 3. Optimised structures of minima involved in the initial ECE reaction (reduction of the p component
of the N=N bond). The gas-phase electron affinities for the reduction steps are reported relative to that for
1:1+ (DE=�4.89 eV) (see text). The energy of the protonation step is reported relative to the process H2O +


H+!H3O
+ .
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with a more exothermic electron affinity (i.e. , DE <


�4.89 eV) should also be spontaneously reduced at the
same potential. An important corollary of this interpretation
is that any such intermediate is unlikely to be isolated under
electrolysis conditions. In all subsequent sections, the elec-
tron affinity for a given intermediate, I, is therefore reported
relative to that of 1:1+ (i.e. , the calculated energy for the
process I+ + 1:1!I + 1:1+). In this way, negative values
imply that the intermediate in question should be spontane-
ously reduced at the potential required to reduce 1:1+ . Simi-
larly, the reported protonation energies are referenced to
the gas-phase protonation energy of water (i.e. , the calculat-
ed energy for the process I + H3O


+!IH+ + H2O).
In the presence of excess acid, the reduction of 1:1+ leads


to cleavage of the N�N bond rather than generation of
H2.


[23c,d] Although no intermediates have been isolated, the
accumulated experimental evidence suggests that the com-
plete process can be divided into two distinct phases, an ini-
tial two-electron-one-proton (ECE) step, separated from the
remaining reduction and protonation steps by a slow chemi-
cal step. In the following sections, each of these processes is
considered separately.


First ECE step—Reduction of the p component of the N�N
bond : The observed irreversibility of the electrode process
clearly indicates that the primary reduction product (1:1) is
protonated in acidic conditions. Three possible sites for this
protonation have been of considered (nitrogen and two dis-
tinct sulphurs) and, consistent with earlier extended HSckel
calculations,[23i] the nitrogen sites were found to be the most
basic. The optimised structure of the reduced and protonat-
ed product, 1:1H+ , is shown in Figure 3c, where the N�N
bond length of 1.43 M is characteristic of a single, rather
than double, N�N bond, and the Mo�N bonds are highly
asymmetric (2.30 and 2.10 M). The dramatic structural
changes induced by the protonation are indicative of a sub-
stantial redistribution of charge in the molecule. Protonation
at the nitrogen centre introduces N–H s character into the
N–N p* orbital, strongly stabilizing it relative to the metal-
based manifold (Figure 4b, c). As a result, a single electron
is transferred from the Mo–Mo d orbital (HOMO of 1:1+)
into N–N p*, leaving a vacancy in the former. In formal
terms, the diazene ligand has been reduced to the hydrazi-
do(1�) level (NH2-NH�), while the metal core has been oxi-
dised to MoIIIMoIV. Significant charge redistribution has also
been noted by Tuczek and co-workers upon protonation of
coordinated N2.


[21c] The oxidation of the core is strongly lo-
calised at a single MoIV centre, which can be effectively sta-
bilised by p donation from the negatively charged pole of
the hydrazido ligand (orbital 48a of 1:1H+), leading to the
marked asymmetry in the Mo–N distances. The calculations
therefore indicate that a combination of one-electron reduc-
tion and protonation of the complex 1:1+ results in the the
two-electron reduction of the diazene unit (to NH2NH�)
with concomitant one-electron oxidation of the molybdenum
core (to MoIIIMoIV).


As a result of the redistribution of charge induced by the
protonation, the second electron transfer step in the ECE
mechanism, leading to 1:1H, is metal- (MoIV to MoIII)


rather than ligand-centred. It is unsurprising, then, that the
calculated electron affinity of 1:1H+ is greater than that of
1:1+ (�5.71 vs �4.89 eV), and therefore that 1:1H+ has not
been isolated as an intermediate. The reduction of 1:1H+


also eliminates the p-donation pathway from the hydrazi-
do(1�) ligand to the metal, as a result of which the Mo�N
bond lengths are equalized, and the increased electron re-
pulsions within the NH2-NH� ligand cause a further elonga-
tion of the N�N bond (Figure 3d). In terms of the role of
the metal core, it is significant that the Mo-Mo separation
varies by less than 0.02 M across the series 1:1+!1:1!
1:1H+!1:1H, despite the extensive electronic redistribution
described above. This rigidity can ultimately be traced to
the non-bonding nature of the redox-active metal-based or-
bital (Mo–Mo d), which has little impact on the structure.
The s bonding orbital, in contrast, remains unperturbed
throughout the process and retains the integrity of the core
throughout the redox cycle (Figure 4a–c).


Subsequent reduction steps—Reduction of the s component
of the N�N bond : The electrochemical data indicate that
the initial ECE step, leading to 1:1H, is separated from fur-
ther reduction by a slow chemical step, which Le Grand
et al. have proposed to be a rearrangement from h1:h1- to
h1-coordination of the ligand.[23d] The optimised structures of
the h1:h1- and h1-coordinated isomers (1:1H and 1H) are
compared in Figure 5a and c. The switch in coordination
mode induces a contraction in the Mo�Mo and Mo�N
bonds (0.12 and 0.07 M, respectively), but the N�N bond
length is marginally shorter in 1H, indicating that the iso-
merisation does not in itself induce cleavage of the bond.


Figure 4. Evolution of the frontier orbitals in the reductive cleavage of
the p component of the N=N bond (1:1+!1:1!1:1H+). The Mo–Mo s


orbital is taken as the energetic reference point.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6447 – 64556450


FULL PAPER J. E. McGrady and J. K. Padden Metzker



www.chemeurj.org





The driving force for the h1:h1!h1 isomerisation (DE=


�0.57 eV) is provided by the preference of the negative
pole of the hydrazido(1�) ligand to occupy a bridging posi-
tion between the two MoIII centres rather than binding to
only one. In contrast, the corresponding h1:h!h1 rearrange-
ment is strongly endothermic at the previous step in the
cycle (1:1H+!1H+) because, as noted previously, the h1:h1-
mode allows the negatively charged pole of the hydrazi-
do(1�) ligand to bond exclusively to the localised MoIV


centre. A transition state, TSa, connecting the h1:h1 and h1


isomers has been located (Figure 5b), where the N2 unit is
tilted such that the negatively charged pole migrates to-
wards the opposite metal centre. The transition state lies
0.77 eV above 1:1H, a barrier that is fully consistent with
the proposal that this step is rate limiting.


Having established that the h1:h1!h1 isomerisation is both
thermodynamically favourable and kinetically feasible at the
doubly reduced, singly protonated level, we examine the
structural and electronic consequences of further reduction
on the h1 surface. Protonation of 1H gives the cationic prod-
uct, 1H2


+ (Figure 5d), where the N�N bond (1.49 M) is mar-
ginally elongated relative to 1H, but the structure is other-
wise affected to only a minor extent. 1H2


+ , however, lies in
a very shallow local minimum on the potential energy sur-
face, and is unstable with respect to cleavage of the N�N s


bond with formation of [Cp2Mo2(m-SH)3(m-NH)]+ , denoted
NH+ , and NH3. Following cleavage of the N�N bond, the
ammonia molecule remains hydrogen bonded to amide
ligand (Figure 5f). The low barrier (TSb, Figure 5e, lies only
0.07 eV above 1H2


+) suggests that N�N bond cleavage will
not be rate limiting.


The redistribution of electron density associated with the
1H!1H2


+!NH+ + NH3 processes is summarised in


Figure 6. Protonation of 1H introduces N–H s character
into the N–N s* orbital, and elongation of the N�N bond
causes this orbital to fall below the near degenerate Mo–Mo
d/d* pair (47a, 48a) orbital. A transfer of two electrons
from metal to ligand then results in cleavage of the bond,
with concomitant oxidation of the metal core to the
MoIVMoIV level, which is again strongly stabilised by p


donation from the bridging imido ligand. The redistribution
of electron density involved in the cleavage of the s compo-
nent of the N�N bond is, in fact, remarkably similar in qual-
itative terms to that described previously for the p bond,
where protonation of 1:1 induced electron transfer (in this
case a single electron) from the Mo–Mo d orbital into the
partially occupied ligand p* orbital. The central role of the
Mo–Mo d orbital as a source of electrons in both processes
also explains the need for the h1:h1!h1 rearrangement prior
to cleavage of the s component of the N�N bond. In the ab-
sence of such a rearrangement, protonation of 1:1H yields
the cationic species 1:1H2


+ , a hydrazine complex. By analo-
gy to the isoelectronic species 1H2


+ , N�N bond cleavage in
1:1H2


+ could, in principle, lead to formation of a MoIVMoIV


core, each metal centre being stabilised by a terminal NH2


ligand (Figure 7). We have, however, been unable to locate
a transition state for this process, or even a minimum corre-
sponding to the structure with a cleaved N�N bond. The
dramatic differences between the h1:h1- and h1-potential
energy surfaces can traced to the overlap of the frontier or-
bitals, shown schematically in Figure 7. In the h1-mode
(1H2


+) there is significant overlap between the Mo–Mo d


and N–N s* orbitals, as a result of which the two orbitals
mix along the reaction coordinate. An avoided crossing then
affords smooth transfer of electron density from the metal
to the ligand. In the h1:h1 mode, however, the Mo–Mo d and


Figure 5. Optimised structures of minima involved in the reduction of the s component of the N=N bond. The protonation energy is reported relative to
the process H2O + H+!H3O


+ .
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N–N s* orbitals are orthogonal, and so electron transfer is
formally forbidden. A similar situation was noted by Tuczek
and co-workers in their recent study of the MoIV species,
[MoF(PH3)4(N-NH3)]


2+ , where the orthogonality of the
doubly occupied Mo dxy orbital and N–N s* leads to an
estimated activation barrier in excess of 40 kcalmol�1


(~1.7 eV).[21d] The lack of overlap in the bimetallic system
could, in principle, be alleviated by twisting the hydrazine
ligand relative to the Mo–Mo axis, but only at the expense
of weakening the Mo�N bonds. The net result is that con-
certed transfer of two electrons from the metal core to the
s* orbital is symmetry forbidden on the h1:h1-surface, leav-
ing the h1:h1!h1 rearrangement as the only energetically ac-
cessible pathway. This analysis clearly illustrates the crucial


role of the Mo–Mo d orbital as an electron source: in cir-
cumstances where the ligand cannot access this electron
density for symmetry reasons, cleavage of the N�N bond is
effectively blocked.


Regeneration of MoIIIMoIII core—Reduction of [Cp2Mo2(m-
SH)3(m-NH)]+ : The reductive electrochemistry of the metal-
based product remaining following N�N bond cleavage,
[Cp2Mo2(m-SMe)3(m-NH)]+ has been the subject of a de-
tailed experimental study.[23g] In this section, we use theory
to shed light on some of the unusual observations reported
in that paper. Reduction of [Cp2Mo2(m-SH)3(m-NH)]+ (ab-
breviated as NH+) to NH results in a 0.09 M elongation of
the Mo�N bonds and a significant pyramidalisation at the
nitrogen centre, and the net spin densities of 0.29 (Mo) and
0.36 (N) confirm that the SOMO is strongly delocalised
over the whole Mo-N-Mo skeleton. The high spin density at
the nitrogen atom is fully consistent with the ability of NH
to abstract a hydrogen atom from solvent.[23g] In the context
of the overall reduction of the diazene complex, 1:1+ , it is
significant that the gas-phase electron affinity of NH+ is
0.71 eV more negative than that of 1:1+ , again consistent
with the fact that it has not been possible to isolate it as an
intermediate.


Whilst a potential of �1.25 V is required to reduce
[Cp2Mo2(m-SMe)3(m-NH)]+ , reoxidation of a daughter prod-
uct was observed at a significantly more positive potential,
�0.65 V. Talarmin and co-workers have rationalised this
result by proposing that the oxidation of the pyramidalised
imide, NH, produces a second isomer of NH+ , also with a
pyramidal nitrogen, rather than the planar structure shown
in Figure 8a.[23g] A survey of the singlet potential energy sur-
face has failed to reveal any low-lying minima other than
the NH+ , but a low-lying triplet state, 3NH+ , has been locat-
ed, with a pyramidal nitrogen and significant unpaired spin
density on both metal (0.89) and nitrogen (0.33). The calcu-
lated singlet–triplet gap of 0.76 eV is of the same magnitude
as the separation between the two redox processes (0.6 V).
Moreover, the calculated electron affinity of 3NH+ is very
similar to that of the protonated species, NH2


+ (see below),
which exhibits a reversible reduction at very similar poten-
tial to the daughter product (�0.64 V). Thus the formation
of a metastable triplet state, 3NH+ , with a bent imide unit,
provides an explanation for the observed electrochemical


Figure 6. Evolution of the frontier orbitals in the reductive cleavage of
the s component of the N=N bond (1H!1H2


+!NH+ + NH3). The
Mo–Mo s orbital is taken as the energetic reference point. Numbers in
parentheses indicate energies of high-lying orbitals.


Figure 7. Schematic comparison of electron transfer pathways for N�N s bond cleavage in the h1- and h1:h1-coordination modes.
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behaviour. In the presence of acid, NH is protonated to
form an amide species [Cp2Mo2(m-SH)3(m-NH2)]


+ (NH2
+).


This protonation step strongly stabilises the final nitrogen-
based lone pair, effectively eliminating any p donation into
the vacancy in the MoIIIMoIV core. As a result, the Mo�N
bonds are further elongated, and the unpaired electron den-
sity resides in an orbital with almost exclusively metal char-
acter [net spin densities: 0.50 (Mo), �0.02 (N)]. The final re-
duction step, leading to [Cp2Mo2(m-SH)3(m-NH2)] (NH2) is
therefore entirely metal based, and regenerates the
MoIIIMoIII core. The absence of p donation in NH2


+ results
in a very high electron affinity, 1.41 eV more negative than
that of 1:1+ , confirming that the final reduction process will
again be spontaneous at the potential required to induce re-
duction of the starting material.


Summary


The calculations reported herein indicate that the bimetallic
core plays a key role in mediating the reductive cleavage of
the N=N bond by providing a source of high-energy elec-
trons. External reduction and protonation induces electron
transfer from the d orbital to the ligand, and the resulting
vacancy in the metal core is stabilized by p donation from
the reduced ligand. In this way, the redox process is effec-
tively delocalised over the entire Mo2N2 skeleton, reducing
the barriers for consecutive electron transfers. A close ex-
amination of the electronic structure reveals that the highest
energy electrons (and therefore those most accessible to the
substrate) are located in the Mo–Mo d orbital, and the sym-
metry of this orbital plays a key role in determining the
course of the reduction process. The reductive cleavage of


the p and s components of the
N=N double bond in diazene
are fundamentally distinct pro-
cesses, each requiring a specific
orientation of the N–N unit rel-
ative to the metal core to allow
efficient electron transfer from
the Mo–Mo d orbital to the
ligand. The h1:h1-coordination
mode provides optimal overlap
between the N–N p* and Mo–
Mo d orbitals, and so the first
ECE step occurs without rear-
rangement. In the same h1:h1-
coordination geometry, howev-
er, the N–N s* orbital is or-
thogonal to Mo–Mo d, effec-
tively blocking the cleavage of
the s component of the bond.
Isomerisation to the h1-coordi-
nation mode reinstates the all-
important overlap between the
metal- and ligand-based orbi-
tals, and is therefore a necessa-
ry precursor to cleavage of the
N�N bond. It is interesting to


speculate that the complex structure of the FeMoco may
allow similar changes in coordination mode to occur during
the reduction of the N�N triple bond.


The key steps in the reduction cycle are collected in
Figure 9. Of the four reduction processes, only the first, 1:1+


!1:1, is significantly localised on the ligand itself. The next
two, 1:1H+!1:1H and NH+!NH, are essentially MoIV!
MoIII processes, although the oxidised metal centre is strong-
ly stabilised by p donation from a nitrogen-based lone pair
in each case. The final reduction process (NH2


+!NH2) is
almost completely metal-centred (MoIV!MoIII) as the
bridging amide ligand is unable to stabilise the oxidised
metal centre through p donation. The increasing metal char-
acter of the successive reduction events is reflected in pro-
gressively more exothermic electron affinities, ensuring that
the initial electron transfer to [Cp2Mo2(m-SMe)3(m-h2-HN=
NPh)]+ induces a cascade leading, ultimately, to complete
reduction of the nitrogenous ligand in acidic media.


Computational Methods


Calculations were performed using the Amsterdam Density Functional
(ADF) package, version 2002.01.[25] A triple-z + polarisation Slater-type
basis was employed for molybdenum and a double-z + polarisation basis
for carbon, nitrogen, sulphur and hydrogen. All core electrons (1s–3p for
Mo, 1s–2p for S and 1 s for C, N) were frozen. Calculations were per-
formed using the local density approximation,[26] in conjunction with the
gradient corrections to exchange (Becke)[27] and correlation (Perdew).[28]


Structures of transition states were initially optimised using the Gaussi-
an98 package[29] with the same functional and the LANL2DZ basis[30] on
all atoms, and characterised by the presence of a single imaginary fre-
quency. The optimised coordinates were then used as starting geometries
for an ADF calculation, where the transition state was characterized by a
single negative eigenvalue in the Hessian matrix.


Figure 8. Optimised structures of minima involved in the regeneration of the MoIIIMoIII core. The gas-phase
electron affinities for the reduction steps are reported relative to that for 1:1+ (DE=�4.89 eV) (see text). The
protonation energy is reported relative to the process H2O + H+!H2O.
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In Quest of Factors That Control the Enantioselective Catalytic Markovnikov
Hydroboration/Oxidation of Vinylarenes


Anna M. Segarra,[a] Elias Daura-Oller,[a] Carmen Claver,[a] Josep M. Poblet,[a]


Carles Bo,*[b] and Elena Fern.ndez*[a]


Introduction


Transition metal catalysed asymmetric B–H addition across
the carbon�carbon double bond has proved to be an effi-
cient means of preparing enantioselective organometallic B–
C products as useful synthetic intermediates.[1] In addition,
chiral organoboronate esters can be efficiently converted
into interesting functionalised products (HO-C,[2–8] R2N-
C,[9–11] RCO-C[12–13]) with total retention of the configura-
tion; the catalyst can be easily separated from the inter-
mediates before the work up protocol and reused. This
makes the asymmetric hydroboration reaction a recyclable
process.[14,15] A variety of chiral bidentate P–P, P–S, P–N and
P–Se ligands have been developed to induce asymmetry in
this reaction but small changes in the ligand structure result
in dramatic increases or decreases in ee.[16] However, the
nature of the chelating ligand is not the only parameter that
affects both the regio- and enantioselectivity, the alkene and


the temperature reaction also have a considerable
effect.[17,18] The fact that small electronic and steric varia-
tions can lead to unpredictable differences in the asymmet-
ric B-H addition to vinylarene substrates, in many cases
leads to an experimentally frustrating “trial and error” se-
quence. In this context and based on a previous postula-
tion,[19] we have recently used model systems from spectros-
copic postulated key intermediates in the catalytic cycle,[20]


to rationalise the role of the steric and electronic features of
the ligands and substrates. The difference in the stability of
the key intermediates, when comparing Rh complexes modi-
fied with Binap, Quinap and Pyphos ligands, agrees with its
experimental induced asymmetry. Moreover, some intermo-
lecular interactions, such as p–p stackings, seem to play an
important role in the enantiodifferentiation, when the elec-
tronic character is modified by substituted styrenes.


To obtain a complete picture of the sensitivity of the hy-
droboration reaction, we decided to investigate the effect of
other related aspects such as the nature of the hydroborat-
ing reagent and the metal and the counterion of the catalyst
precursor.


Results and Discussion


The role of the hydroborating reagent : The boron atom of
the hydroborating reagent must be sufficiently Lewis acidic
to be catalytically activated for hydroboration, if we consid-
er the oxidative addition of the borane, as one of the first
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Abstract: This study attempts to ration-
alise the unpredictable performance of
transition metal catalysed asymmetric
hydroboration of vinylarenes on vary-
ing the precursor of the catalyst from
cationic to neutral species,
[M(cod)(L–L)]BF4, [M(m-Cl)(cod)]2/
(L–L), the metal (M=Rh and Ir), and
the hydroborating reagent (catechol-
borane, pinacolborane). The ap-
proaches are based on the agreement


between experimental data provided
by (R)-Binap and (R)-Quinap modified
catalytic systems and computational
data evidenced by DFT calculations
and QM/MM strategies. Unprecedent-


edly high enantiomeric excesses in the
hydroboration/oxidation of vinylarenes
with both electron-withdrawing sub-
stituents ((R)-(+)-1-p-F-phenylethanol,
ee up to 92 %) and electron-releasing
substituents ((R)-(+)-1-p-MeO-phenyl-
ethanol, ee up to 98 %), can be attrib-
uted to a rhodium halide key inter-
mediate.


Keywords: asymmetric catalysis ·
catecholborane · density functional
calculations · hydroboration ·
pinacolborane
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steps in the catalytic cycle. At this point, diorganyloxybor-
anes (RO)2BH have an extremely high degree of Lewis
acidity, particularly those which are cyclic compounds with
five-membered rings.[21] So far, catecholborane has proved
to be the most versatile diorganyloxyborane probably be-
cause B-H addition to the metal is straightforward and the
steric profile of C6H4O2B-coordinated to the metal is favora-
ble. However, it still presents several problems; for example,
its intrinsic instability and degradation give rise to complex
mixtures of highly active species responsible for a number
of side reactions during the catalytic hydroboration.[22] To
circumvent these difficulties, it has been recommended that
freshly redistilled catecholborane or alternative hydroborat-
ing reagents be used. Despite the relatively easy synthetic
protocol for preparing diorganyloxyboranes from the corre-
sponding diol or diketone and BH3, only a few have been
isolated. They have been qualitatively tested in the reactivi-
ty of transition metal-catalysed hydroboration of alkenes, al-
though to the best of our knowledge their influence on
enantioselectivity has not been reported yet.[22–24]


The present study expands the scope of the asymmetric
hydroboration/oxidation reaction of vinylarenes with pina-
colborane, because it is also a diorganyloxyborane with a
five membered ring, which is not as unstable or sensitive to
moisture as catecholborane. We wanted to determine the
extent to which the higher steric demand of pinacolborane
could affect both reactivity and selectivity. In general, we
found that the [Rh(cod)-(R)-Quinap]BF4 catalyst provided
slightly higher percentages of the enantioselective Markov-
nikov alcohol product when catecholborane is used as the
hydroborating reagent instead of pinacolborane, (Table 1,
entries 1 and 2). This trend is also observed for the hydrobo-
ration/oxidation of substituted styrenes, such as electron-rich
styrenes (Table 1, entries 3 and 4) and electron-poor styr-
enes, (Table 1, entries 5 and 6).


A remarkable different catalytic behavior was observed
when the chiral ancillary ligand (R)-Binap modified the rho-


dium complex. Our preliminary experiments indicated that,
in the presence of pinacolborane, the percentage of the sec-
ondary alcohol formed was similar to that of the primary al-
cohol. Furthermore, the absolute configuration of the prod-
uct changed when catecholborane was changed for pinacol-
borane, which also indicate significant structural differences
in the enantioselective step, (Table 2, entries 1 and 2). On
the basis of these results, we explored the catalytic hydrobo-
ration/oxidation reaction of substituted styrenes, and we
also observed an attenuation of regioselectivity and a rever-
sal of enantioselectivity, (Table 2). Significantly, for the cor-
responding p-MeO-styrene changes were induced from ee
values around 60 % on the (R)-(+)-sec-alcohol with cate-
cholborane to ee 38 % on the (S)-(�)-sec-alcohol with pina-
colborane, (Table 2, entries 7 and 8). The variation in the
configuration is even greater at low temperatures, where a
more constrained metal complex is expected, (Table 2, en-
tries 9 and 10).


The catalytic cycle should be taken into account when the
hydroborating reagent on both reactivity and selectivity is to
be rationalised. Since the metal complex needs to accommo-
date both the hydroborating reagent and the alkene, it
seems evident that the more crowded the environment is,
the lower the reactivity and selectivity towards the secon-
dary alcohol will be. Thus, the comparative void provided by
the isoquinoline region in Quinap allows greater tolerance
in the accommodation of pinacolborane. The catalytic activi-
ty is then similar to that when catecholborane is used, al-
though primary alcohol is also formed in small quantities.
Taking into account that Rh-(R)-Quinap mainly provides
the Markovnikov alcohol product, (Scheme 1, path a), the
primary insertion observed in the presence of pinacolborane
could be due to a b-H elimination (Scheme 1, path b), fol-
lowed by a primary reinsertion sequence, (Scheme 1,
path c). The pattern is different when catecholborane is in-
volved in the Rh-(R)-Quinap catalysed reaction because the
reductive elimination of the hindered secondary alkyl com-


plex may proceed at a rate
faster than that of b-H elimina-
tion, (Scheme 1, paths d, e).
Similar observation is extended
to the use of catecholborane
with Rh-(R)-Binap, (Scheme 1,
paths j, k). When Rh-(R)-Binap
and pinacolborane react, the al-
kylrhodium intermediate pre-
sumably undergoes a more
facile b-H elimination
(Scheme 1, path h), because of
the highly sterically congested
secondary alkyl complex, after
a primary reinsertion sequence,
(Scheme 1, path i). However,
we can not rule out the possibil-
ity of an initial primary inser-
tion of the alkene because of
the steric hindrance of the Rh–
borane intermediate, followed
by reductive elimination which


Table 1. Asymmetric hydroboration/oxidation of vinylarenes towards (R)-(+)-sec-alcohol catalysed by
[Rh(cod)-(R)-Quinap]BF4.


[a]


Entry Borane Substrate (R)-(+)-sec- Yield Branched ee[b]


Alcohol [%] [%] [%]


1 99 95 88


2 99 75.5 73


3 98 97 89


4 93 91.5 86


5 97 96 80


6 93 93 83


[a] Standard conditions: substrate/borane/Rh complex 1:1.1:0.01. Solvent: THF, T = 25 8C, t = 1 h. [b] (R)-
Configuration determined by GC with chiral column FS-Cyclodex B-IP, 50 m R 0.25 mm.
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provides the primary product in competition with the fa-
vored secondary boronate ester. The moderate reactivity of
Rh-(R)-Binap/pinacolborane with substituted styrenes, may
support this postulation.


As far as the enantioselectivity is concerned, the induced
asymmetry in the case of vinylarenes has been previously
explained by an intermolecular p–p stacking interaction be-
tween the ligand and the substrate. The reversal of enantio-
selectivity between Rh-(R)-Quinap/pinacolborane and Rh-
(R)-Binap/pinacolborane, may be due to the configuration
of the Rh–H fragment when it is transferred to the coordi-
nated alkene. However, a deeper analysis of the data is re-
quired. In a previous work,[20] an NMR spectroscopic study


of the styrene and catecholbor-
ane addition to the precursor of
catalyst [Rh(cod)(L–L)]BF4,
where L–L = (R)-Binap and
(R)-Quinap, showed evidence
of the structure of the inter-
mediates that may be involved
in the asymmetric hydrobora-
tion catalytic cycle. From this
evidence and using DFT calcu-
lations and QM/MM strategies,
we studied the origin of regio-
and stereoselectivity in the rho-
dium-catalysed hydroboration
reaction of vinylarenes and the
role of the steric and electronic
features of ligands and sub-
strates. The agreement between
the results presented in that
work and the experimental
trends was excellent. The key
intermediate was considered to
be the pentacoordinated H-Rh-
(P-N)-catecholborane-styrene
complex where styrene is coor-
dinated trans to the naphthyl-
pyridine moiety and the hy-
dride is in axial position
(Figure 1).


We defined two possible iso-
mers according to the position
of the hydride: Isomer A when
the apex of the square-based
pyramid was on the top in
Figure 1 and isomer B when it
was on the bottom. Each
isomer had four possibilities ac-
cording to the four coordina-
tion modes of styrene. In
Figure 1, the coordination
modes of a monosubstituted
alkene are labeled from A1 to
A4, and B1 to B4. Notice that
four of them lead to linear
products (A1 and A2 or B3 and
B4), two to a branched pro-S


product (A3 or B2) and two to a branched pro-R product
(A4 or B1).


Using the same methodology as in our previous study,[20]


we considered all eight possible isomers (A1–A4, B1–B4)
for the Quinap/styrene/catecholborane and Quinap/styrene/
pinacolborane key intermediates and for the Binap ana-
logues. Table 3 shows the relative stability of the most stable
isomeric forms (B1 and B2) for the H-Rh-(Quinap)-borane-
styrene catalytic system and (B1 and A3) for the H-Rh-
(Binap)-borane-styrene system. In the case of Quinap, the
difference between pro-R B1 and pro-S B2 isomers de-
creased, (from 4.1 to 1.9), when we compared catecholbor-
ane and pinacolborane as hydroborating reagents, respec-


Table 2. Asymmetric hydroboration/oxidation of vinylarenes towards sec-alcohol catalysed by [Rh(cod)-(R)-
Binap]BF4.


[a]


Entry Borane Substrate sec-Alcohol Yield Branched ee[b]


[%] [%] [%]


1 92 99 57(R)


2 97 50 18(S)


3 87 99 58(R)


4 54 41 16(S)


5 91 99 57(R)


6 46 46 16(S)


7 89 99 60(R)


8 46 58 38(S)


9[c] 77 99 70(R)


10[d] 25 99 77(R)


11 93 99 65(R)


12 71 45 4(S)


[a] Standard conditions: substrate/borane/Rh complex 1:1.1:0.01. Solvent: THF, T = 25 8C. t = 1 h. [b] Config-
uration determined by GC with chiral column FS-Cyclodex B-IP, 50 m R 0.25 mm. [c] T = 0 8C. [d] T =


�78 8C.
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tively. This result may explain why the ee values decreased
with this hydroborating agent exchange. In our previous
work,[20] we explained the p–p stacking interactions in B1
and B2 H-Rh-(Quinap)-catecholborane-styrene complexes.
We showed that the B1 isomer (see Figure 2) was stabilized
by p2 interaction and that the B2 isomer was destabilised by
p3 an interaction between the substrate and catecholborane,
(Figure 2). In the B2 isomer of the H-Rh-(Quinap)-pinacol-
borane-styrene complex system, we observed a new interac-
tion, known as H(Me)-R2, (Table 3), between the substrate
and one methyl group of the pinacolborane. This kind of
stabilising interaction was calculated by Tanabe and co-
workers.[25] and in the case of the benzene–ethylene dimer,
the equilibrium distance was 3.6 S. When we changed cate-
cholborane for pinacolborane, B2 was stabilised by this new
interaction, H(Me)-R2. In this respect, the hydroborating
agent was responsible for stereoinduction. This is in com-
plete agreement with the experimental decrease in ee and
the regioselectivity results.


Figure 3 shows the structure obtained for the A3 inter-
mediate in the case of Binap. The results obtained for the
two most stable isomers (B1 and A3) are given in Table 3.
In the case of H-Rh-(Binap)-catecholborane-styrene, the
most stable isomer was the pro-R intermediate B1 whereas
for the H-Rh-(Binap)-pinacolborane-styrene analogue, the
most stable one was the pro-S intermediate A3. The accura-
cy of the computational method to reproduce such small
energy differences is obviously questionable, but in any case
it is reassuring to be able to reproduce the reversal of enan-
tioselectivity experimentally observed when pinacolborane
was used. A detailed analysis of all the interactions of each
isomer is far beyond the scope of the present study, but we
should point out that slight changes in the catalyst structure
modify the interactions which, in turn, determine stereodif-
ferentiation (Figure 4).


The role of the metal : As far as the catalytic system is con-
cerned, the hydroboration reaction is by no means limited


Scheme 1. Plausible catalytic pathways: oxidative addition of the hydroborating reagent to the rhodium complex followed by migratory insertion of the
alkene into M�H bond (migratory insertion of the alkene into the M�B bond could also be considered) and reductive elimination.
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to rhodium complexes.[26] However, the successful enantiose-
lective transformation of vinylarenes and, to a lesser extent
norbornene, has long been restricted to the use of cationic


and neutral complexes of this particular transition metal. A
recent example of the hydroboration of meso substrates in
which the enantioselectivity between Rh and Ir systems was


Figure 1.


Table 3. Relative stability and some geometric parameters for the most stable isomeric forms of H-M ligand-borane substrate.[a]


H-Rh-Quinap- H-Ir-Quinap- H-Rh-Quinap- H-Rh-Binap- H-Rh-Binap-
catecholborane- catecholborane- pinacolborane- catecholborane- pinacolborane-


styrene styrene styrene styrene styrene
B1 B2 B1 B2 B1 B2 B1 A3 A3 B1


product (R) (S) (R) (S) (R) (S) (R) (S) (S) (R)
relative energy 0.0 4.1 0.0 2.5 0.0 1.9 0.0 0.3 0.0 0.2
distance – 3.992 – 4.647 – –
R1–R2


distance 3.555 – 3.560 – 3.410 –
R2–R3


distance – 3.125
H(Me)–R2


angle – 36.7 – 33.3
R1–R2


angle 24.3 – 24.3 –
R2–R3


distance – 4.604 4.484 –
R1–R4


distance 5.171 – – 5.127
R1–R5


[a] Energies in kcal mol�1, distances in S, angles in degrees.
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completely reversed,[27] led us
to wonder whether the Ir-Binap
system could also be a suitable
catalyst for the hydroboration
of vinylarenes. Thus, when the
complex [Ir(cod)(R)-Binap]-
BF4 was used under the same
hydroboration reaction condi-
tions as the rhodium system,
conversion was complete but
enantioselectivity was almost
zero and regioselectivity only
about 30 % on 1-phenylethanol
(Table 4. In our ongoing re-
search, we have found that the
low enantioselectivity provided
by ionic iridium complexes can
be improved by immobilising
the precursor of the catalyst
onto clays. This is the case of
[Ir(cod)-(S,S)-bdpp]PF6 which
efficiently catalyses the hydro-
genation of imines such as
N-(a-methyl-p-methoxybenzyl-


Figure 2. p–p Stacking interactions in the Quinap B1 and B2 isomers.
Fragments involved are highlighted. The p1 occurs between a (R5) and
the pyridine ring (R4). The p2 is the interaction between the phenyl sty-
rene (R2) and the phenyl–P ligand (R3), and the p3 corresponds to an in-
teraction between catechoborane (R1) and phenyl styrene (R2).


Figure 3. Molecular structure of the H-Rh-Binap-pinacolborane-styrene
complex (A3). Hydrogen atoms omitted for clarity.


Figure 4.


Table 4. Asymmetric hydroboration/oxidation of styrene towards (R)-
(+)-1-phenylethanol catalysed by [Ir(cod)-(R)-Binap]BF4.


[a]


Catalytic system Run Yield Branched ee[c]


[%] [%] [%]


[Ir(cod)-(R)-Binap]BF4 1 99 30 2
[Ir(cod)-(R)-Binap]BF4/ 1 70 17 5
montmorillonite K-10[b] 2 93 31 2


[a] Standard conditions: styrene/catecholborane/Rh complex 1:1.1:0.01.
Solvent: THF, T = 25 8C, t = 1 h. [b] Montmorillonite K-10 preheated at
100 8C for 24 h, (0.092 mmol [Ir(cod)-(R)-Binap]BF4 per g of solid).
[c] (R)-Configuration determined by GC with chiral column FS-Cyclodex
B-IP, 50 mR 0.25 mm.
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idene)benzylamine with complete conversion but zero enan-
tiomeric excess, in an homogeneous process. However, when
[Ir(cod)-(S,S)-bdpp]PF6 was immobilised onto montmoril-
lonite K-10, the catalytic system became more enantioselec-
tive on re-use, up to ee values around 60 % in a third consec-
utive run.[28] To find a similar effect, we immobilised
[Ir(cod)-(R)-Binap]BF4 on montmorillonite K-10, and found
that after two consecutive runs the activities and selectivities
were similar to those provided by the analogous homogene-
ous systems (Table 4).


In an attempt to rationalise the low selectivity exhibited
by the iridium complexes, we decided to extend our theoret-
ical study to the homogenous catalytic systems [Ir(cod)-(R)-
Quinap]BF4. Once again, the question of whether the inser-
tion step or the coordination step in the catalytic cycle are
the enantiodifferentiation key steps, is the starting point of
discussion. Recently experimental[27] and theoretical stud-
ies[29] have proposed two main catalytic cycles that show
that the enantiodifferentiation step in the iridium catalysed
hydroboration involves the Ir–B migratory insertion step,
while the rhodium catalysed hydroboration involves the Rh–
H migratory insertion. However, we have calculated a con-
siderable difference in the stability of the isomers when the
substrate coordinates to the iridum(i) or rhodium(i) com-
plexes. Table 3 shows how the difference between pro-R B1
and pro-S B2 isomers decreased when the metal center is
iridium and not rhodium. These results explain the low
enantiomeric excesses that were observed experimentally.
The most significant difference between rhodium and iridi-
um structures was in the B2 isomer, where the p3 p–p stack-
ing distance interaction increased from rhodium (3.992 S)
to iridium (4.647 S). In our previous study,[20] we made an
energetic analysis of the p2 and p3 interactions. For the p3
interaction, the equilibrium distance between ring centroids
in a model system was found at 4.6 S. We demonstrated
that, at this distance, the p3 interaction was less repulsive
than at the shorter distances found in the rhodium complex.
For this reason, in the case of
iridium, the B2 isomer is more
stable than the rhodium ana-
logue, and the difference in the
relative energies of B1 and B2
is lower, (Figure 5). This result
is again in good agreement with
the observed trends, and shows
that a change in the metal
center volume can induce
changes in the intermolecular
interactions, and therefore,
changes in ee values.


The role of the halide as coun-
terion : Since both the regio-
and the enantioselectivity of
the hydroboration of vinylar-
enes depend heavily on the
structural features of the cata-
lysts applied, we found interest-
ing to focus now our study on


the nature of the rhodium(i) source with a coordinated and
non-coordinated counterion. Thus we carried out a compa-
rative study of the asymmetric hydroboration of vinylarenes
with [Rh(cod)-(R)-Quinap]BF4 and [Rh(m-Cl)(cod)]2/2 equiv
(R)-Quinap. As in the case of cationic catalysts, we detected
a preferentially secondary insertion of styrene into the neu-
tral Rh complex formed from [Rh(m-Cl)(cod)]2/2 equiv (R)-
Quinap. However, the neutral catalytic system seems to
have an additional influence and favours the enantioselectiv-
ity to values up to 94 % for the (R)-(+)-1-phenylethanol,
(Table 5, entries 1 and 2). The scope of the neutral catalytic


Figure 5.


Table 5. Asymmetric hydroboration/oxidation of vinylarenes with catecholborane, towards (R)-sec-alcohol,
catalysed by cationic and neutral rhodium complexes.[a]


Entry Precursor of catalytic Substrate sec-Alcohol Yield Branched ee[b]


system [%] [%] [%]


1 [Rh(cod)-(R)-Quinap]BF4 92 95 88
2 [Rh(m-Cl)(cod)]2/(R)Quinap 99 98 94


3 [Rh(cod)-(R)-Quinap]BF4 98 96 94
4 [Rh(m-Cl)(cod)]2/(R)-Quinap 92 99 96


5 [Rh(cod)-(R)-Quinap]BF4 97 96 80
6 [Rh(m-Cl)(cod)]2/(R)-Quinap 98 98 91.5


7 [Rh(cod)-(R)-Quinap]BF4 77 95 38
8 [Rh(m-Cl)(cod)]2/(R)-Quinap 72 90 66


[a] Standard conditions: substrate/borane 1:1.1; cationic complex: 1 mol % [Rh(cod)-(R)-Quinap]BF4; neutral
complex: 0.5 mol % [Rh(m-Cl)(cod)]2/2 equiv (R)-Quinap. Solvent: THF, T = 25 8C, t = 1 h. [b] Configuration
determined by GC with chiral column FS-Cyclodex B-IP, 50 mR 0.25 mm.
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system was established for a variety of vinylarenes. In all
cases, for styrenes with electron-withdrawing and electron-
releasing substituents, the neutral catalytic system increased
enantioselectivity to values between 91.5 % (p-F-styrene)
and 96 % (p-MeO-styrene) (see Table 5, entries 3–6). A
clear trend is observed in the hydroboration of the electron
deficient vinylarene p-CF3-styrene, where enantioselectivity
increases from 38 % with the cationic system to 66 % with
the neutral system. Related literature on the hydroboration
of alkenylboronic esters, reports that enantioselectivity was
somewhat higher for neutral than for cationic rhodium cata-
lysts, whereas the latter provided better yields.[30] However,
no further explanation is given for these facts.


The neutralising influence of chlorine as a coordinated
counterion was confirmed in a new experiment where differ-
ent amounts of the salt BnMe3NCl were added to the cata-
lytic system [Rh(cod)-(R)-Quinap]BF4, and the products
were distributed in a very similar way to when the neutral
system was used, (Table 6, entries 1–3). An excess of chlor-


ine did not appear to be necessary. To obtain more informa-
tion about the role of the halide in the asymmetric hydrobo-
ration reaction, we used different additives containing the
halide Cl� , Br� and I� in the hydroboration of p-F-styrene,
(Table 6, entries 4–6). In the three cases, the enantioselectiv-
ity increased by the same amount, despite the different elec-
tronic and steric factors of the halide. The benefits of having
the chloride in the reaction media, in terms of enantioselec-
tivity, can be clearly seen in the hydroboration of p-CF3-sty-
rene and p-MeO-styrene, (Table 6, entries 7 and 8). When
the substrate was p-CF3-styrene, the ee value achieved was
74 %, which is only comparable with the asymmetric induc-
tion provided by the cationic rhodium complex modified
with the closely heterotopic (P,N)-ligand (S)-(+)-1-(2-di(2-
furyl)phosphino-1-naphthyl)isoquinoline.[17] As far as the
substrate p-MeO-styrene is concerned, their corresponding


secondary alcohol has been obtained with the highest enan-
tiomeric excess reported so far as ee 98 %.


In order to acquire a complete picture of the role of the
halide in the asymmetric induction of the hydroboration re-
action of vinylarenes, we first attempted to determine which
neutral metal species are involved in the first steps of the
catalytic cycle. Despite the ambiguities that remain unre-
solved for the hydroboration catalytic cycle, there is general
agreement that the oxidative addition of the hydroborating
reagent to the Rh center could be one of the first steps. The
first B-H activation from neutral rhodium complexes was
observed by Kono and Ito, who isolated the h1-boryl-rhodi-
um-hydride adduct [(PPh3)2RhClH(Bcat)],[31] (where Bcat=


catecholborane), from WilkinsonTs catalysts, (Figure 6, A).
The relative location of the hydride and boryl in these neu-
tral complexes has been confirmed by the complete structur-
al information[32] provided by the analogue complexes
[(PiPr3)2RhClH(Bcat)] ,[33] (where Bcat=catecholborane) and
[(PiPr3)2RhClH(Bpin)],[34] (where Bpin=pinacolborane),


(Figure 6, B). However, to the
best of our knowledge, little at-
tention has been paid to the
characterisation and structural
determination of h1-boryl-rho-
dium-hydride intermediates
modified with chelating diphos-
phines. We have recently pro-
vided, for first time, spectro-
scopic evidence of the key in-
termediate involved in the oxi-
dative addition of catecholbor-
ane to the cationic complex
[Rh(cod)(L–L)]BF4 (where L–
L=Binap and Quinap).[20] On
the basis of this evidence and
aimed to extend the factors that
govern borane additions to RhI


centers, we studied the stoichio-
metric oxidative addition of cat-
echolborane to the neutral cata-
lytic system formed from


[Rh(m-Cl)(cod)]2/2 equiv L–L, , (where L–L = Binap and
Quinap). For the five coordinate, 16-electron hydride-h1-
boryl-rhodium complex formed, we can expect at least
either a square-based pyramid (SP) or a trigonal bipyramid
(TBP) geometry. However, the resonances of the hydride
ligand were shifted upfield and centered at d = �15.82 ppm
as a double triplet (JH,Rh=31.2, JH,P=16.2 Hz) (Figure 7).


Table 6. Influence of the halide in asymmetric hydroboration/oxidation of vinylarenes with catecholborane, to-
wards (R)-sec-alcohol, catalysed by [Rh(cod)-(R)-Quinap]BF4.


[a]


Entry Additive Substrate sec-alcohol Yield Branched ee[b]


[%] [%] [%]


1 BnMe3NCl (0.012 mmol) 96 95 91


2 BnMe3NCl (0.03 mmol) 98 96 91.5
3 BnMe3NCl (0.05 mmol) 94 96 93


4 BnMe3NCl (0.03 mmol) 95 95 91.5
5 PhMe3NBr (0.03 mmol) 85 97.5 92
6 PhMe3NI (0.03 mmol) 95 95 91.5


7 BnMe3NCl (0.03 mmol) 88 97 74


8 BnMe3NCl (0.03 mmol) 89.5 99 98


[a] Standard conditions: substrate/borane/Rh complex 1:1.1:0.01. Solvent: THF, T = 25 8C, t = 1 h. [b] (R)-
Configuration determined by GC with chiral column FS-Cyclodex B-IP, 50 m R 0.25 mm.


Figure 6.
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This may indicate that the hydride position is cis to two
equivalent phosphorous nuclei. The 31P NMR spectrum
agrees with the postulated equivalence of the phosphorous
nuclei due to the single doublet centered at 44.92 ppm
(JP,Rh=197.8 Hz). This oxidative addition was confirmed by
11B NMR spectroscopy, since the initial doublet due to the B
bonded to H in free catecholborane (d=28.8 ppm, JB,H=


197.2 Hz) was shifted to a broad signal centered at d=


23.20 ppm. The equivalence of the phosphorous in the che-
lating diphosphine could be indicative of a TBP geometry in
which the bidentate ligand is located in the equatorial plane
and the hydride ligand occupies the apical position. Since
the hydride resonances are chemically shifted upfield and
the oxidative addition of catecholborane is expected to be
cis, we suggest a complete arrangement around the RhIII


center, where the halide Cl� is trans to the hydride and the
boryl is in the equatorial plane (Figure 6, C). Consistent
spectroscopic values are also reported in a related work that
describes the oxidative addition of catecholborane to [IrCl-
(CO)(L–L)] complexes.[35] Taking into account that the fol-
lowing step in the catalytic cycle is the coordination of the
alkene to the hydride-h1-boryl-rhodium intermediate, we
can envisage several different isomers with octahedral ge-
ometry, which we studied theoretically.


In this section we could not consider the same approxima-
tions as in the previous cases because when Cl� coordinates,
the new system presents a hexacoordinated structure. We
studied more than twenty different isomeric forms in order
to find the most stable structure and to explore much of the
configuration space. Figure 8 schematically shows the skele-
ton of all the intermediates considered here. We first de-
fined isomers in which styrene was trans to the naphthyl-pyr-
idine and the hydride trans to the Cl� . Considering the four
styrene coordination possibilities and position exchange for
hydride and chloride, we took into account eight type I iso-
mers. The second type II also had the styrene trans to the
naphthyl-pyridine but the Cl� cis to the hydride. The third
type III had the styrene trans to the Cl� and the hydride
trans to the phenyl phosphine moiety and the last type IV
had the styrene trans to the Cl� and the hydride trans to the
naphthyl-pyridine. The most stable form was isomer B1/
type III (see Table 7 and Figure 9), the intermediate that


leads to the (R)-product. The second and third most stable
intermediates are those that produce a linear product and
the (S)-product, respectively. Note that, in general, structur-
al types I and II are less stable than type III and IV, al-
though isomer I/A1 is the second most stable. By splitting
the relative energy in its former contribution, QM and MM,
the data in Table 7 indicates that the main difference arises
from the QM energy, that is, from the part of the molecule
that takes into account the differences in the rhodium coor-
dination sphere. In isomer I/A1, a stabilizing MM contribu-
tion was computed. A detailed analysis of this geometry sug-
gested that two p-stacking interactions may be present.
However, given the small amounts of energy involved and
the limitations of the methods used, we think that it is not
worthwhile making a detailed analysis of all the interactions
in all the isomers. Even so, it should be pointed out that the
results obtained using the present computational approach
justify, at least qualitatively, the experimentally observed re-
action outcome.


Conclusion


Experimentally we found that the efficiency of the hydrobo-
rating reagent depends heavily on the steric factors of the


Figure 7. a) Hydride signal in the 1H NMR of complex [Rh(m-Cl)(cod)]2


after the addition of Binap and catecholborane; b) 31P NMR spectrum of
the complex [Rh(m-Cl)(cod)]2 after the addition of Binap and catechol-
borane.


Figure 8. Skeleton of all the hexacoordinated H-Rh-Cl-Quinap-borane-p-
Cl-styrene isomeric forms considered.


Figure 9. The most stable isomeric form for the H-Rh-Cl-Quinap-borane-
p-Cl-styrene hexacoordinated complex.
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catalytic systems. So pinacolborane, which is more stable
and less sensitive to moisture, can be added to vinylarenes
and the selectivities are similar to those for catecholborane,
when the catalytic system is based on [Rh(cod)-(R)-Qui-
nap]BF4. Contrary to this trend, a significative reversal in
enantioselectivity can be achieved by using pinacolborane
or catecholborane with [Rh(cod)-(R)-Binap]BF4.


The consistently high ee values observed in the secondary
alcohols obtained from the hydroboration/oxidation of vi-
nylarenes with cationic rhodium complexes modified with
(R)-Quinap, drop sharply to an almost zero asymmetric in-
duction with the related iridium complexes. A significant
steric influence must be involved in such different catalytic
behavior provided by two catalytic systems that are based
on two transition metals with the same d shell electronic
configuration.


In addition to the efficiently catalysed hydroboration of
vinylarenes by rhodium neutral systems, the enantioselectiv-
ity can be significantly enhanced. The coordinated chloride
has a positive neutralising effect whether it comes from the
catalyst precursor or from an additive such as R3NCl. Bene-
fits are similar when the nature of the halide is varied from
Cl� , Br� to I� . A more in depth analysis was made in an at-
tempt to explain the increase in ee values, to as high as 98 %
for the hydroboration of p-MeO-styrene, which is the high-
est reported so far in the literature.


From this experimental evidence and applying the same
computational approach we used in a previous study,[20] the
influence of the nature of the hydroborating reagent, of the
metal, and of the counterion can be rationalised. We as-
sumed that the relative stability of the possible isomers is di-
rectly related to their population, and that the most stable
isomers are those that determine the reaction outcome. Al-
though transition states were not characterised, we found a
nice correlation between the experimental findings and iso-


mers stability. For cationic complexes, we previously demon-
strated that the present computational approach was able to
discriminate ligands and substrates.[20] The results presented
here allow extending those conclusions to different hydrobo-
rating reagents and to different metals. For neutral com-
plexes, formed by chloride coordination to the catalyst, the
scene becomes more complicated since the number of possi-
ble conformational isomers is quite high. But also in this
case, the most stable structure computed is related to the
main product obtained by the experimental procedure.


We expect that those “trial-and-error” approaches could
be minimised by using a combination of experiment and
theory, as we tried to apply to the hydroboration reaction.
Nevertheless, computational modelling of homogeneous cat-
alysis can nowadays complement experimental research in
order to increase understanding, but also to provide guides
towards rational catalysts design.


Experimental Section


General : All reactions and manipulations were conducted with standard
vacuum line techniques under an atmosphere of dry nitrogen. All rhodi-
um and iridium organometallic complexes were synthesised by using
standard Schlenk techniques. All organic solvents were purified by stan-
dard methods, stored on a molecular sieve (4 S Aldrich), and degassed
with nitrogen flow before use. The complexes [M(m-Cl)(cod)]2,


[36]


[M(cod)2]BF4,
[37, 38] [M(cod)-(R)-Binap]BF4,


[39] (where M=Rh, Ir) and
[Rh(cod)-(R)-Quinap]BF4,


[17] were prepared as previously reported. They
were characterised by elemental analysis, 1H and 31P NMR, and FTIR.
Montmorillonite K-10 was purchased from Fluka. Pre-dried montmoril-
lonite K-10 was obtained as follows: 5 g of clay was kept in a melting pot
in the oven at 100 8C for 24 h. NMR spectra were recorded on a Varian
Gemini 300 and Mercury 400 spectrometer. Chemical shifts were report-
ed relative to tetramethylsilane for 1H and 13C, 85% H3PO4 for 31P and
BF3OEt2 for 11B as the external reference. Gas chromatographic analyses
were performed on a Hewlett-Packard 5890 II with a flame ionisation de-
tector equipped with a chiral column FS-Cyclodex B-IP, 50 mR 0.25 mm.


Table 7. Relative stability and some geometric parameters for the most stable isomeric forms of the H-Rh-Cl-Binap-catecholborane-p-Cl-styrene system.


Isomer Isomer Hydroborated Relative Contribution Distance Distance Angle Angle
type conformation product energy QM MM R2–R3 R2–R3’ R2–R3 R2–R3’


III B1 (R) 0.0 0.0 0.0 4.490 44.9
I A1 linear 2.0 3.3 �1.3 4.735 4.88 28.6 43.4
III B2 (S) 2.3 2.1 0.2 4.854 33.23
III B4 linear 2.5 1.2 1.3
IV A2 linear 4.1 4.7 �0.6
I A3 (S) 4.4 5.4 �1.0
IV A1 linear 4.4 2.9 1.6
IV A4 (R) 6.4 3.9 2.6
III B3 linear 6.6 3.9 2.7
IV A3 (S) 6.7 5.1 1.6
I B1 (R) 7.7 8.5 �0.8
I B3 linear 7.8 12.4 �4.6
I A4 (R) 8.3 6.4 1.9
I A2 linear 9.2 7.0 2.2
II B3 linear 9.7 18.1 �8.4
I B4 linear 12.1 11.7 0.4
I B2 (S) 12.5 10.9 1.6
II A3 (S) 17.3 17.5 �0.2
II B2 (S) 17.9 20.6 �2.7
II B4 linear 19.8 22.8 �3.0
II B1 (R) 20.2 23.5 �3.3


[a] Energies in kcal mol�1, distances in S, angles in degrees. R2: phenyl styrene, R3: phenyl–P ligand, R3’: phenyl–P ligand.
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Elemental analysis of organometallic complexes was carried out on a
Carlo-Erba microanalyzer. IR spectra (range 4000–400 cm�1) were re-
corded on a FTIR Prospect IR of Midac Corporation spectrometer in
KBr pellets.


Homogeneous catalytic hydroboration/oxidation of styrene with catechol-
borane : Styrene (2 mmol) was added to a solution of catalyst (1 mol %)
in THF (2 mL) under nitrogen. The solution was stirred for 5 min and
freshly distilled catecholborane (2.2 mmol) was then added. The mixture
was stirred at ambient temperature for 1 h and then quenched with
EtOH (2 mL). Work up must be carried out carefully because of the risk
of explosion by using peroxides with Et2O and THF. Afterwards, NaOH
(2m, 2 mL) and H2O2 (2 mL) were added and the mixture was stirred for
several hours. The reaction mixture was extracted into Et2O, washed
(NaOH 2m, H2O, saturated brine) dried over MgSO4, and the products
characterised by chromatography.


Preparation of the supported complexes : The ionic iridium complexes
were immobilised in the following manner. The dichloromethane solu-
tions (5 mL) of complex [Ir(cod)-(R)-Binap]BF4 (0.2 mmol) were pre-
pared under nitrogen and added to a suspension of the solid support
Montmorillonite K-10 in deoxygenated dichloromethane (10 mL), and
then stirred for 24 h under nitrogen at room temperature. The suspension
was filtered off and the solid was washed with dichloromethane and
dried under vacuum. The amount of metal complex immobilised on the
clay was determined by gravimetric analysis.


Heterogenised catalytic hydroboration/oxidation of styrene : Styrene
(2 mmol) was added to a suspension of supported catalyst [Ir(cod)-(R)-
Binap]BF4 in montmorillonite K-10, (2 mol % immobilised in 0.5 g of
clay), in THF (2 mL) under nitrogen. The solution was stirred for 5 min
and freshly distilled catecholborane (2 mmol) was then added. The mix-
ture was stirred at ambient temperature for 2 h. The solution was filtered
off under vacuum and the filtrates were then quenched with EtOH
(2 mL). The quenched filtrates were treated with NaOH (2m, 2 mL) and
H2O2 (2 mL) and the mixture was stirred for several hours. The mixture
was finally extracted into Et2O, washed (NaOH 2m, H2O, saturated
brine) and dried over MgSO4. The products were then characterised by
chromatography. The solid that contained the complex was dried under
vacuum for 10 minutes and introduced to the Schlenk for another run.


Computational details : DFT calculations were carried out using the Am-
sterdam density functional program (ADFv2000) developed by Baerends
et al.[40, 41] . The numerical integration scheme used in the calculations was
developed by te Velde et al.[42, 43] and the geometry optimization algo-
rithms implemented by Versluis and Ziegler.[44] The electronic configura-
tions of the molecular systems were described by a triple zeta plus polari-
zation Slater type basis set, as included in the ADF package (basis set
IV). The 1s–3d electrons for Rh, the 1s electrons for C, B, O, N and the
2p electrons for P and Cl were treated as frozen cores. Energy differences
were calculated by augmenting the local VWN exchange–correlation po-
tential with nonlocal BeckeTs exchange–correlation correction[45] and Per-
dewTs correlation corrections[46] (BP86). Relativistic effects were consid-
ered using the zeroth-order regular approximation (ZORA).[47] No sym-
metry constraints were used.


For the QM/MM calculations, we applied the IMOMM method[48] as im-
plemented in the ADF package.[49] The QM level we used was the same
as the one in the paragraph above. SYBIL[50] force field was used as im-
plemented in ADF to describe the atoms included in the MM part. For
the rhodium and boron atom, we used UFF parameters from the litera-
ture.[51] The ratio between the P�C(aromatic) bond length and the P�H
bond length was 1.234 S, the ratio between the C(aromatic)�C(aromatic)
bond length and the C�H bond length was 1.473 S and the ratio between
the C(aromatic)�C(sp3) bond length and the C�H bond length was
1.466 S.


Note Added in Proof


A related report on catalytic hydroboration of vinylarenes with pinacol-
borane by Cathleen M. Crudden, Yonek B. Hleba and Austin C. Chen,
has simultaneously been accepted for publication in J. Am. Chem. Soc.


Acknowledgements


The authors are grateful to the Ministerio de EducaciVn y TecnologCa for
financial support with reference BQU-2002-04110-C02-01 and BQU-
2001–0656 and from the CIRIT of the Generalitat de Catalunya under
Project SGR-1999-00182 and SGR-2001-00316. We thank Ramon Guer-
rero (NMR techniques) and Jose Carlos Ortiz (computational resources).


[1] K. Burgess, M. J. Ohlmeyer, J. Org. Chem. 1988, 53, 5178 – 5179.
[2] T. Hayashi, Y. Matsumoto, Y. Ito, Tetrahedron: Asymmetry 1991, 2,


601 – 612.
[3] J. M. Brown, D. I. Hulmes, T. P. Layzell, J. Chem. Soc. Chem.


Commun. 1993, 1673 – 1674.
[4] J. M. Valk, G. A. Whitlock, T. P. Layzell, J. M. Brown, Tetrahedron:


Asymmetry 1995, 6, 2593 – 2596.
[5] A. Schnyder, A. Togni, U. Wiesly, Organometallics 1997, 16, 255 –


260.
[6] I. Beletskaya, A. Pelter, Tetrahedron 1997, 53, 4957 – 5026.
[7] a) M. McCarthy, M. W. Hooper, P. J. Guiry, Chem. Commun. 2000,


1333 – 1334; b) M. McCarthy, P. J. Guiry, Tetrahedron 2001, 57,
3809 – 3844.


[8] S. Demay, F. Volant, P. Knochel, Angew. Chem. 2001, 113, 1272 –
1275; Angew. Chem. Int. Ed. 2001, 40, 1235 – 1238.


[9] E. Fernandez, J. M. Brown, Modern Amination Methods, VCH,
Weinheim, 2000.


[10] E. Fernandez, K. Maeda, M. W. Hooper, J. M. Brown, Chem. Eur. J.
2000, 6, 1840 –1846.


[11] E. Fernandez, M. W. Hooper, F. I. Knight, J. M. Brown, Chem.
Commun. 1997, 173 – 174.


[12] A. C. Chen, L. Ren, C. M. Crudden, Chem. Commun. 1999, 611 –
612.


[13] a) L. Ren, C. M. Crudden, Chem. Commun. 2000, 721 –722; b) C. M.
Crudden, D. Edwards, Eur. J. Org. Chem. 2003, 4695 – 4712.


[14] A. M. Segarra, R. Guerrero, C. Claver, E. Fernandez, Chem.
Commun. 2001, 1808 – 1809.


[15] A. M. Segarra, R. Guerrero, C. Claver, E. Fernandez, Chem. Eur. J.
2003, 9, 191 –200.


[16] F. Blume, S. Zemolka, T. Fey, R. Kranich, H. G. Schmalz, Adv.
Synth. Catal. 2002, 344, 868 – 883.


[17] H. Doucet, E. Fernandez, P. T. Layzell, J. M. Brown, Chem. Eur. J.
1999, 5, 1320 –1328.


[18] F. Y. Kwong, Q. Yang, T. C. W. Mak, A. S. C. Chan, K. S. Chan, J.
Org. Chem. 2002, 67, 2769 –2777.


[19] J. M Brown, H. Doucet, E. Fernandez, H. E. Heeres, M. W. Hooper,
D. I. Hulmes, F. I. Knight, T. P. Layzell, G. C. Lloyd-Jones, Transition
Metal Catalysed Reactions (Eds.: S. I. Murahashi, S. G. Davies),
Blackwell Science, Oxford, 1999, pp. 465 – 481.


[20] E. Daura-Oller, A. M. Segarra, J. M. Poblet, C. Claver, E. Fernan-
dez, C. Bo, J. Org. Chem. 2004, 69, 2669 –2680.


[21] A. Lang, H. Nçth, M. Thomann-Albach, Chem. Ber./Recueil 1997,
130, 363 –369.


[22] S. A. Wescott, H. P. Blom, T. B. Marder, R. T. Baker, J. C. Calabrese,
Inorg. Chem. 1993, 32, 2175 –2182.


[23] S. Pereira, M. Srebnik, Organometallics 1995, 14, 3127 – 3128.
[24] S. Pereira, M. Srebnik, Tetrahedron Lett. 1996, 37, 3283 – 3286.
[25] S. Tsuzuki, K. Honda, T. Uchimaru, M. Mikami, K. Tanabe, J. Am.


Chem. Soc. 2002, 124, 104 –112.
[26] a) D. MXnnig, H. Nçth, Angew. Chem. 1985, 97, 854 – 855; Angew.


Chem. Int. Ed. Engl. 1985, 24, 878 – 879; b) D. A. Evans, A. R. Muci,
R. StYrmer, J. Org. Chem. 1993, 58, 5307 –5309; c) K. Burgess, M.
Jaspers, Organometallics 1993, 12, 4197 – 4200; d) K. N. Harrison,
T. J. Marks, J. Am. Chem. Soc. 1992, 114, 9220 – 9221; e) D. A.
Evans, G. C. Fu, J. Am. Chem. Soc. 1991, 113, 4042 – 4043;


[27] A. Perez Luna, M. Bonin, L. Micouin, H. Husson, J. Am. Chem.
Soc. 2002, 124, 12 098 – 12099.


[28] R. Margalef-Catala, C. Claver, P. Salagre, E. Fernandez, Tetrahe-
dron: Asymmetry 2000, 11, 1469 –1476.


[29] R. P. Rablen, J. F. Hartwig, S. P. Nolan, J. Am. Chem. Soc. 1994, 116,
4121 – 4122.


K 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6456 – 64676466


FULL PAPER C. Bo, E. FernAndez et al.



www.chemeurj.org





[30] C. Wiesauer, W. Weissensteiner, Tetrahedron: Asymmetry 1996, 7,
5– 8.


[31] H. Kono, K. Ito, Y. Nagai, Chem. Lett. 1975, 1095 –1096.
[32] W. H. Lam, S. Shimada, A. S. Barsanov, Z. Lin, T. B. Marder, J. A.


Cowan, J. A. K, Howard, S. A. Mason, G. J. McIntyre, Organome-
tallics 2003, 22, 4557 –4568.


[33] S. A. Westcott, N. J. Taylor, T. B. Marder, R. T. Baker, N. J. Jones,
J. C. Calabrese, J. Chem. Soc. Chem. Commun. 1991, 304 – 305.


[34] S. Shimada, A. S. Batsanov, J. Ak. Howard, T. B. Marder, Angew.
Chem. 2001, 113, 2226 – 2229; Angew. Chem. Int. Ed. 2001, 40, 2168 –
2171.


[35] B. P. Cleary, R. Eisenberg, Organometallics 1995, 14, 4525 –4534.
[36] J. Chatt, L. M. Venanzi, J. Chem. Soc. 1957, 4735 –4741.
[37] M. D. Fryzuk, B. Bosnich, J. Am. Chem. Soc. 1977, 99, 6262 –6267.
[38] M. Green, S. H. Kuc, S. H. Taylor, J. Chem. Soc. 1971, 2334 – 2335.
[39] T. Tani, T. Akutagawa, H. Kumobayashi, T. Taketomi, H. Takaya,


A. Miyashita, R. Noyori, S. Otsuka, J. Am. Chem. Soc. 1984, 106,
5208 – 5217.


[40] E. J. Baerends, D. E. Ellis, P. Ros, Chem. Phys. 1973, 2, 41– 51.
[41] C. Fonseca Guerra, J. G. Snijders, G. te Velde, E. J. Baerends, Theor.


Chem. Acc. 1998, 99, 391 – 403.


[42] G. te Velde, E. J. Baerends, J. Comput. Chem. 1992, 13, 84 –98.
[43] P. M. Boerigter, G. te Velde, E. J. Baerends, Int. J. Quantum Chem.


1988, 33, 87–113.
[44] L. Versluis, T. Ziegler, J. Chem. Phys. 1988, 88, 322 –328.
[45] A. Becke, Phys. Rev. A 1988, 38, 3098 –3100.
[46] a) J. P. Perdew, Phys. Rev. B 1986, 34, 7406; b) J. P. Perdew, Phys.


Rev. B 1986, 33, 8822 –8824.
[47] E. Van Lenthe, A. E. Ehlers, E. J. Baerends, J. Chem. Phys. 1999,


110, 8943 –8953.
[48] a) F. Maseras, K. Morokuma, J. Comput. Chem. 1995, 16, 1170 –


1179; b) F. Maseras, Chem. Commun. 2000, 1821 – 1827.
[49] T. K. Woo, L. Cavallo, T. Ziegler, Theor. Chem. Acc. 1998, 100, 307 –


313.
[50] a) M. Clark, R. D. Cramer, N. Van Opdenbosch III, J. Comput.


Chem. 1989, 10, 982 – 1012; b) U. C. Singh, P. A. Kollman, J.
Comput. Chem. 1986, 7, 718 –730.


[51] A. K. RappZ, C. J. Casewit, K. S. Colwell, W. A. Goddard III, W. M.
Shiff, J. Am. Chem. Soc. 1992, 114, 10 024 – 10035.


Received: June 8, 2004
Published online: November 10, 2004


Chem. Eur. J. 2004, 10, 6456 – 6467 www.chemeurj.org K 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 6467


Enantioselective Markovnikov Hydroboration 6456 – 6467



www.chemeurj.org






Improved Reaction and Activation Energies of [4+2] Cycloadditions,
[3,3] Sigmatropic Rearrangements and Electrocyclizations with the
Spin-Component-Scaled MP2 Method


T. P. M. Goumans,[a] Andreas W. Ehlers,[a] Koop Lammertsma,*[a]


Ernst-Ulrich W-rthwein,*[b] and Stefan Grimme*[b]


Introduction


Accurately predicting reaction energies and activation barri-
ers for pericyclic reactions remains a challenge for ab initio
theoretical methods.[1] These reactions, which are of im-
mense importance to organic chemists, are usually com-
posed of too large a number of atoms to be amenable to the
best composite methods, like G3,[2] or those that treat multi-
configurational and dynamical electron correlation accurate-
ly (e.g., multireference CI). Neither can these reactions be
treated by simple schemes that rely on the cancellation of
errors, like isodesmic[1] and homodesmotic[3] reactions, to


minimize the effect of neglect of electron correlation, be-
cause of the changing type and/or number of bonds. By far
the most popular method that includes electron correlation
has been second-order Møller–Plesset perturbation theory
(MP2),[4] before the recent advancement of density function-
al theory (DFT).[5] However, both methods have their short-
comings in treating pericyclic reactions. For example, DFT
often underestimates barrier heights[6,7] and overestimates
p-conjugative effects,[7,8] and MP2 uses an unbalanced treat-
ment of electron correlation (vide infra).


Recently, one of us showed that a simple and logical cor-
rection to the MP2 scheme leads to significant improve-
ments in cases in which MP2 underperforms.[9,10] The correc-
tion is based on a different scaling of the spin-parallel (Et)
and spin-antiparallel (Es) electron pair contributions to the
correlation energy, Ec=psEs+ptEt, with ps and pt scaling fac-
tors of 6/5 and 1/3, respectively. This spin-component-scaled
MP2 approach (SCS-MP2) differs from MP2, in which both
components contribute equally. It was shown that the simple
correction in scaling gives performances in reaction energies
comparable to the QCISD(T) method.[11] This success is
easily traced to the manner in which the dynamic (spin-anti-
parallel) and static (spin-parallel) correlation effects are in-
troduced. In the Hartree–Fock method the spin-parallel
electron pairs are correlated (Fermi holes), while the spin-
antiparallel pairs remain uncorrelated. Low (second) order
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Abstract: A new quantum mechanical
scheme to calculate electronic correla-
tion energies, spin-component-scaled
MP2, was tested as a tool to predict re-
action energies and barriers in compu-
tational organic chemistry. Three
common pericyclic reactions with
known unsatisfactory MP2 descriptions
were reinvestigated with the modified
MP2 approach, in which the parallel
and anti-parallel spin components of
the correlation energy are scaled sepa-


rately. The SCS-MP2 calculated reac-
tion and activation energies of nine
Diels–Alder reactions, four [3,3] sigma-
tropic rearrangements, and ten electro-
cyclization reactions are compared to


those of the MP2, B3LYP, QCISD(T),
and G3 methods. For each, the SCS-
MP2 results are in excellent agreement
with the experimental data and com-
pare far more favorably to G3 than
both MP2 and B3LYP. Careful evalua-
tion of the effect of the size of the
atomic orbital (AO) basis set shows
that the larger expansions improve the
agreement with experiment for the
SCS-MP2 method, while they get
worse for both MP2 and B3LYP.


Keywords: ab initio calculations ·
Cope rearrangement · Diels–Alder
reaction · electrocyclization
reaction · heterocycles · pericyclic
reaction
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perturbation theory cannot fully correct for this unbalanced
description. Hence, the non-HF-correlated pair contribution
must be scaled-up, while the HF-correlated contribution
must be scaled-down.


Inspired by the remarkable improvement of SCS-MP2
over MP2 for the prediction of reaction energies for simple
organic systems,[9] we wondered about its performance for
the computationally challenging pericyclic processes, which
are still scrutinized extensively to find the most appropriate
theoretical method.[12] In this study we will show that SCS-
MP2 calculated reaction energies and activation barriers for
Diels–Alder reactions, [3,3] sigmatropic rearrangements, and
electrocyclization reactions[13] compare very favorably with
experimental data and those obtained with the G3 method,
and that they are far superior to those obtained with both
B3LYP and conventional MP2.


Results and Discussion


For each of the following [4+2] cycloaddition, [3,3] sigma-
tropic shift, and electrocyclic reactions we discuss the per-
formance of SCS-MP2 against the MP2(full), B3LYP, and
G3 methods and available experimental data. QCISD(T)
energies are provided for completeness, because the re-
ported scaling parameters of SCS-MP2 are calibrated
against this method.[9] Two basis sets were used, a small
one, labeled S, for 6-31G*, and a large one, labeled L, for
6-311++G(3df,3pd) to evaluate their influence. The
6-311++G(3df,3pd) basis is of similar size as the G3Large
basis set used in the G3 procedure to extrapolate the corre-
lation energy to the basis set limit. Scaled HF/6-31G* zero
point energy (ZPE) corrections (F=0.8929)[14] were applied
to all HF, MP2, SCS-MP2, and QCISD(T) energies and
scaled B3LYP/6-31G* ZPE corrections (F=0.9614)[14] to
those at B3LYP. The reported activation barriers refer to


transition states that were all relatively well described by a
single Slater (Kohn–Sham) determinant and thus the single-
reference methods applied were appropriate. For a more de-
tailed discussion about electronic structures and possible di-
radicalic pathways see, for example, reference [15]. Details
on the methodology and the used geometries are given in
the Computational Methods section.


[4+2] Cycloaddition : The Diels–Alder reaction is an ex-
tremely powerful synthetic tool that has received a great
deal of attention from theoreticians. Much effort has been
devoted to mapping potential energy surfaces, such as the
nature of the reaction pathway, that require an accurate de-
termination of barrier heights and reaction energies. It is
these we focus on in the present study.[16] For that purpose,
we chose a simple uniform set of [4+2] cycloaddition reac-
tions in which first and second row elements are included.
Recently, Sastry and co-workers[17] benchmarked various
quantum chemical methods for their performance on the


simple [4+2] cycloaddition shown in Equation (1). They
concluded that the MP2 method is unsuitable for obtaining
reliable energetics and that the B3LYP method appears to
perform better, despite its apparent underestimation of reac-
tion energies. We re-investigated the same series of reac-
tions and find that the SCS-MP2 method outperforms both
MP2 and B3LYP.


Activation and reaction energies for the reaction of ethyl-
ene with butadiene, cyclopentadiene, pyrrole (in anti (a) and
syn (s) fashion), furan, silole, phosphole (in anti (a) and syn (s)
fashion), and thiophene [Eq. (1)] are summarized in Table 1


Table 1. Reaction and activation energies [kcalmol�1] for the Diels–Alder reactions of Equation (1).[a,b,c]


X Energy HF B3LYP MP2 SCS-MP2 QCISD(T) G3(OK) Exptl
S S L S L S L S (T-corr. G3)[d]


none DE �36.8 �36.9 �28.2 �47.0 �44.5 �43.1 �40.0 �40.5 �37.8(-38.4) �38.7[e]


DE� 47.5 24.7 28.3 20.1 15.7 26.8 23.9 27.4 24.4(26.9) 27.5[f]


CH2 DE �18.5 �18.6 �10.6 �32.0 �30.9 �28.2 �26.6 �25.2 �24.2 (�25.2) �20.9[g]


DE� 42.0 22.2 25.9 13.6 9.4 20.5 17.6 21.9 18.8(19.8) 21.4[h]


NH a DE 4.1 6.4 15.0 �3.7 �1.5 �2.7 �0.2 �2.4 0.1
DE� 49.8 32.3 37.5 24.7 21.9 30.2 28.7 30.6 28.8


NH s[i] DE 1.8 4.5 16.7 �5.9 �3.4 �4.9 �2.0 �4.4 �1.7
O DE �6.8 �3.8 3.1 �13.6 �12.6 �12.0 �10.6 �11.1 �10.2


DE� 44.4 27.0 30.9 20.0 15.9 26.1 23.4 26.7 23.7
SiH2 DE �15.8 �19.6 �12.7 �33.2 �32.9 �28.1 �26.9 �24.9 �25.2


DE� 43.2 21.4 24.5 12.4 7.4 19.9 16.4 21.5 17.1
PH a DE �15.3 �16.0 �7.8 �29.1 �28.0 �25.7 �23.9 �22.9 �21.7


DE� 46.6 26.6 30.2 17.1 12.0 24.2 20.5 25.9 22.0
PH s DE �13.0 �13.9 �5.8 �27.1 �26.0 �23.7 �22.0 �21.0 �19.9


DE� 46.3 26.4 30.1 17.3 12.3 23.8 20.2 25.3 21.4
S DE �2.7 �1.4 7.7 �11.7 �9.2 �10.2 �7.3 �8.7 �6.3


DE� 54.7 35.9 40.3 27.4 23.0 33.4 30.5 34.5 31.3


MAE 13.6 4.5 10.9 5.4 6.6 2.9 1.1 2.4 –
MAX 26.1 6.5 18.4 9.2 10.0 5.3 2.4 4.4 –


[a] S=6-31G*, L=6-311++G(3df,3pd). [b] B3LYP/6-31G* scaled ZPE included, others with HF-ZPEs. [c] MP2/6-31G* geometries except for those at
HF and B3LYP. [d] In parentheses, exptl temperature corrected G3 energies (see Computational Methods). [e] References [18,19] hTi=849 K. [f] Ref-
erence [19] hTi=858 K. [g] Reference [20] hTi=547.75 K. [h] Reference [20] hTi=545.65 K. [i] No TS could be located for the syn-pyrrole cycloaddi-
tion.[17]
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for the HF, B3LYP, MP2, SCS-MP2, QCISD(T), and
G3(0 K) levels of theory with the S and L basis sets. This
table also gives the experimental reaction and Arrhenius ac-
tivation energies for the cycloaddition of ethylene to buta-
diene and to cyclopentadiene, as well as the correspondingly
temperature corrected G3 energies (see Computational
Methods). The mean average (MAE) and maximum
(MAX) errors of the combined activation and reaction ener-
gies calculated with these methods are referenced against
G3(0 K) (which is expected to be accurate to about
0.5 kcalmol�1 for the investigated systems) and are graphi-
cally depicted in Figure 1.


The data reveal remarkable effects. Foremost, the per-
formance of SCS-MP2 with the large 6-311++G(3df,3pd)
basis set (L) is exceptionally good, as it hardly deviates from
the G3 energies with an MAE of only 1.1 kcalmol�1 for
nine barriers and nine reaction energies, with the largest
MAX being a mere 2.4 kcalmol�1. With the smaller 6-31G*
basis set (S) slightly larger differences are obtained, but
with a performance that remains superior to MP2 (with
either basis set) and also when compared to B3LYP. The
common notion that relative energies improve with larger
basis sets is not at all the case for either of these two meth-
ods. In fact, the MAE (MAX) values increase for MP2 from
5.4 (9.2) to 6.6 (10.0) kcalmol�1 in going from the smaller
basis set S to the larger one L, while the corresponding
MAE (MAX) value increases even more for B3LYP, from
4.5 (6.5) to 10.9 (18.4) kcalmol�1, culminating in only a very
modest improvement over HF/6-31G* (13.6 (26.1) kcal
mol�1). Clearly, SCS-MP2 outperforms either of these meth-
ods. As expected, the results with the smaller basis set are
similar to the QCISD(T)/S data, while those with the larger
set compare better with the G3 method, which also employs
a large extended triple-zeta basis set for parts of the calcula-
tion. The agreement of the SCS-MP2 energies with the ex-
perimental activation and reaction energies for the cycload-
dition of ethylene with both butadiene[18,19] and cyclopenta-
diene[20] is also good.


Instructive are the comparisons against G3 within each
set of activation and reaction energies, which are displayed
graphically for the calculations with the larger basis set L in
Figures 2 and 3, respectively. This shows that the activation


energies are all substantially overestimated at B3LYP and
equally underestimated at MP2 with MAE values of 7.5 and
8.7 kcalmol�1, respectively (see Figure 2). Just the opposite
is observed for the reaction energies, but with a still larger
underestimation at B3LYP and a smaller overestimation at
MP2 with MAE values of 13.8 and 4.7 kcalmol�1, respective-
ly (see Figure 3). The performance of B3LYP is rather
dismal, as the ethylene cycloadditions to pyrrole, furan, and
thiophene are even erroneously endothermic at this level of
theory. This poor behaviour of B3LYP underscores the im-
balanced treatment of p conjugation.[7,8] In passing, we note
that this method also occasionally has difficulties in correct-
ly predicting the stereochemistry of Diels–Alder reactions.[21]


In conclusion, SCS-MP2 gives impressively good compari-
sons for both the activation and reaction energies with
MAE values of only 0.8 and 1.4 kcalmol�1, respectively, and
performs far superior to both MP2 and B3LYP. Note that
the two empirical parameters of the SCS-MP2 method have
not been specially adjusted to reproduce activation barriers,
which indicates that the scaling procedure has a deep physi-


Figure 1. Mean average (MAE) and maximum (MAX) errors for the ac-
tivation and reaction energies [kcalmol�1] of the Diels–Alder reactions
of Equation (1) with respect to the G3(0 K) energies.


Figure 2. Deviations from G3(0 K) energies for the activation energies
[in kcalmol�1] of the Diels–Alder reactions of Equation (1) using the 6-
311++G(3df,3pd) basis set.


Figure 3. Deviations from G3(0 K) energies for the reaction energies [in
kcalmol�1] of the Diels–Alder reactions of Equation (1) using the 6-
311++G(3df,3pd) basis set.
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cal basis and removes the inherent bias of the original MP2
method.


[3,3] Sigmatropic shifts : Another important class of pericy-
clic reactions is the sigmatropic shift.[22] Of these we focus
on the reaction energies and barriers for the Cope and
Claisen rearrangements or [3,3] shifts, but again not on the
nature of the reaction pathway as this aspect has already
been discussed in the literature.[23] In passing, we do note
that all five MP2-optimized transition structures are dissym-
metric. Importantly, the energies of the transition structures
are not very sensitive to geometrical distortions (see Com-
putational Methods).


As test set for the performance of SCS-MP2 we choose
the set of four reactions, Equations (2)–(5), that Houk and
co-workers[15] reported on earlier, complemented with the
parent Claisen rearrangement, Equation (6). The conclusion


of the earlier study was that the MP2 activation energies are
unsatisfactory for the Cope rearrangements and that instead
B3LYP performs better.[15] We reinvestigated these reac-
tions with SCS-MP2 in comparison to experimental activa-
tion and reaction energies and those obtained with the
B3LYP, MP2, QCISD(T), and G3 methods, all of which are
summarized in Table 2. Figure 4 graphically presents the
mean average (MAE) and maximum (MAX) errors of the
combined five activation and three reaction energies calcu-


lated with these methods and referenced against G3(0 K);
the Cope rearrangements [Eqs. (2) and (5)] are degenerate
processes. Comparisons of the deviation in B3LYP, MP2,
and SCS-MP2 energies, obtained with basis set L, from
those at G3 are graphically displayed in Figure 5.


SCS-MP2/L performs well, better than MP2, with a MAE
of 1.9 kcalmol�1, but not as well as for the Diels–Alder reac-


Table 2. Reaction and activation energies [kcalmol�1] for the Cope rearrangements of Equations (2)–(5).[a,b,c]


Eq. Energy HF B3LYP MP2 SCS-MP2 QCISD(T) G3(OK) Exptl
S S L S L S L S (T-corr. G3)[d]


(2) DE� 62.3 34.1 35.4 27.7 24.6 34.7 32.5 35.8 34.5 (34.5) 34.3[e]


(3) DE 0.2 �5.2 �4.3 2.4 2.6 2.0 2.1 �1.2 �0.7
DE� 59.5 33.0 35.1 28.7 26.0 34.8 32.8 32.7 32.4 (32.6) 32.7[f]


(4) DE �3.8 �15.4 �12.8 0.2 0.9 �0.3 0.2 �6.9 �5.5
DE� 63.4 32.7 35.7 28.3 26.6 34.1 33.0 33.0 34.2 (34.6) 34.4[g]


(5) DE� 60.3 33.7 36.0 23.7 21.2 29.5 27.7 29.8 29.8 (30.0) 30.8[h]


(6) DE �20.4 �18.3 �16.6 �21.2 �18.8 �21.1 �19.0 �19.6 �16.6 (�16.2) �17[i]


DE� 47.5 27.8 28.5 24.8 23.9 30.1 29.6 30.2 30.0 (29.4) 30.3[j]


MAE 15.4 2.7 2.6 4.6 5.6 1.7 1.9 0.9 –
MAX 30.5 9.8 7.3 6.8 9.9 5.2 5.7 1.4 –


[a] S=6-31G*, L=6-311++G(3df,3pd). [b] B3LYP/6-31G* scaled ZPE included, others with HF-ZPEs. [c] MP2/6–31G* geometries except for those at
HF and B3LYP. [d] In parentheses, exp. temperature corrected G3 energies (see Computational Methods). [e] Reference [24] hTi=530.8 K. [f] Ref-
erence [25] hTi=638.15 K. [g] Reference [26] hTi=551.65 K. [h] Reference [27] hTi=478.1; experimental Ea is for 4-methyl-1,2-hexadien-5-yne. [i] Ref-
erence [28] hTi=454.65 K. [j] Reference [29] hTi=454.65 K.


Figure 4. Mean average (MAE) and maximum (MAX) errors for the ac-
tivation and reaction energies [kcalmol�1] of the [3,3] sigmatropic shifts
of Equations (2)–(6) with respect to the G3(0 K) energies.


Figure 5. Deviations from G3(0 K) energies for reaction energies (left)
and activation energies (right) [in kcalmol�1] of the [3,3] sigmatropic
shifts of Equations (2)–(6) using the 6-311++G(3df,3pd) basis set.
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tions as the MAX value of 5.7 kcalmol�1 illustrates. Particu-
larly, the reaction energies for the [3,3] shifts of Equa-
tions (3) and (4) show significant deviations (Figure 5). This
behavior can be traced to the allene!propyne (C3H4) con-
version, which is not well treated with either MP2 or
B3LYP. In the original paper by one of us,[9] it was shown
that relative to QCISD(T) (DE�1.5 kcalmol�1), MP2 and
SCS-MP2 give errors of 3.3 and 2.7 kcalmol�1, respectively,
(correctly favoring propyne) and B3LYP of �3.3 kcalmol�1


(favoring allene). The same characteristics are observed for
the reactions in Equations (3) and (4), which concern two
propyne!allene conversions. For both cases the SCS-MP2
reaction energies are slightly better than those at MP2. The
calculated exothermicity of the allyl vinyl ether/4-pentenal
Claisen rearrangement is at the B3LYPL�1 level in perfect
agreement with the G3(0 K) value, while both the MP2 and
SCS-MP2 values are only slightly worse. The behavior of
SCS-MP2 in calculating the activation energies for these
electronically difficult to describe reactions is far better
(Figure 5, right-hand side). With an MAE value of only 1.2
(0.6) kcalmol�1, the SCS-MP2/L (S) energies resemble
closer the G3 and experimental barriers of 30–34 kcalmol�1


than either MP2 or B3LYP.


Electrocyclization reactions : Interconverting cyclic and acy-
clic compounds by electrocyclic processes represents anoth-
er class of pericyclic reactions that is important to prepara-
tive organic chemistry.[30] Besides the ubiquitous ring-open-
ing and -closing reactions of neutral systems with an even
number of participating atoms, there are also numerous ex-
amples of cations and anions with an odd number of partici-
pating atoms that undergo these reactions. Like the cycload-
ditions and sigmatropic rearrangements, many electrocycli-
zations are known in which a heteroatom is involved. The
pericyclic nature of this reaction has been amply debated,
but only those of the very polar, ylid-like systems show evi-
dence for reactive intermediates.[31] Again we focus only on
activation and reaction energies. In this case, we chose sets
of neutral molecules [Eqs. (7)–(10)], cations [Eqs. (11)–
(13)], and anions [Eqs. (14)–(16)] to illustrate that SCS-MP2
performs well for a broad range of structures.


The set of neutral reactions consists of two parent sys-
tems, the heavily studied 4e electrocyclic ring opening of cy-
clobutene[32,33] and the 6e ring closure of 1,3,5-hexa-
triene,[34,35,36] and two reactions that contain heteroatoms,
namely the ring closure of 1-oxa-3,5-diazahexatriene,[37]


which also illustrates ring–chain tautomerism, and the im-
portant oxepine–benzeneoxide interconversion.[38] All these
reactions have been well documented in the literature. The
second set consists of three cations, the well-studied ring clo-
sure of the parent 4e pentadienyl cation,[13,39,40,41] and its 3-
hydroxy[42,43] and 1-aza derivatives[44] that received less at-
tention, but that are of synthetic value for the preparation
of cyclopentenones (Nazarov reaction) and pyrrole deriva-
tives. The third group is composed of the 6p-electron penta-
dienyl anion,[41,45] which does not cyclize,[46] and its 2-aza[47]


and 2,4-diaza derivatives, which readily lead to the heterocy-
clic products.[48] These processes are depicted in Equa-
tions (7)–(16), with the cyclized products shown on the right
hand side. The activation and reaction energies for ring clo-
sure at HF, B3LYP, MP2, SCS-MP2, QCISD(T), and
G3(0 K) for all ten reactions are summarized in Table 3,
which also lists the experimental data for the ring-closure
reactions of 1,3-butadiene, 1,3,5-hexatriene, and oxepine.
The table further gives the MAE and MAX values for the
differences of these methods with respect to G3, which are
also graphically presented in Figure 6 for clarity.


The ring opening of cyclobutene to 1,3-butadiene has re-
ceived much attention. The reaction is exothermic by
10.9 kcalmol�1 and has an activation energy of 34.5�
0.5 kcalmol�1 (Arrhenius Ea=32.9�0.5), both of which
compare well with the G3(0 K) calculated reaction and acti-
vation energies of 13.4 and 32.4 kcalmol�1, respectively;
note that the entry in Table 3 gives the data for the ring clo-
sure reaction (45.4 kcalmol�1). Likewise, the G3(0 K) activa-
tion energy of 30.8 kcalmol�1 for the hexatriene–cyclohexa-
diene ring-closure reaction is in good agreement with the re-
ported experimental value of 29 kcalmol�1. We assume that
G3 performs equally well for the other reactions.


For the benzeneoxide–oxepine system the presence of
both tautomers in solutions at low and room temperature
has been reported.[49,50] The quantum chemical methods con-
sidered here give relative energies from �3 to 3 kcalmol�1,
with small negative values for the MP2-methods and small
positive ones for QCISD(T) and G3. This is in reasonable
agreement with the experimentally determined reaction en-
thalpy of �1.5 to �1.9 kcalmol�1, which, however, must be
corrected for solvent effects when detailed comparisons be-
tween theory and experiment are made; the dipole moment
for benzeneoxide is about 0.6 Debye larger than that of the
tautomer. Again, SCS-MP2 improves the MP2 result signifi-
cantly by about 2 kcalmol�1. The calculated barrier of about
6.6 kcalmol-1 (G3, Ea(exp)=7.2–9.1 kcalmol�1) is well re-
produced by the SCS-MP2, QCISD(T) and DFT calcula-
tions, but strongly underestimated by the MP2 method.


The cyclization of the pentadienyl cations [Eqs. (11)–(13)]
shows the same trend as found for the neutral compounds
[Eqs. (7)–(10)], but for the pentadienyl anions [Eqs. (14)–
(16)] the particularly poor performance of B3LYP stands
out. Heats of reaction are generally overestimated by about
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7–11 kcalmol�1 and reaction barriers by about 5–8 kcal
mol�1.


The MAE and MAX values for the combined ten activa-
tion and ten reaction energies of only 1.0 and 3.2 kcalmol�1,
respectively, show that the performance of SCS-MP2 with
the larger basis set is excellent. The errors are slightly larger
with the smaller basis set, mainly due to the 6.0 kcalmol�1


larger cyclization energy for the 2,4-diazapentadienyl anion
than at G3. Both MP2 and B3LYP show the opposite be-
havior, that is, the MAE and MAX values increase with the
larger basis set. Both these methods perform poorer than
SCS-MP2 with B3LYP giving the least satisfactory energies.
The HF/S energies in Figure 6 nicely illustrate for the elec-


trocyclizations, even more so than for the [3,3] shifts and the
Diels–Alder reactions, that inclusion of the effects of elec-
tron correlation are of imminent importance; the MAE and
MAX values of 9.0 and 37.4 kcalmol�1, respectively, are
very substantial.


The performance of SCS-MP2 over both MP2 and
B3LYP is even much better than indicated by the MAE and
MAX values when the activation and reaction energies are
separated as shown graphically in Figures 7 and 8 for the
data obtained with the larger basis set. At MP2/L the reac-
tion energies are overestimated and the activation energies
are underestimated, while the opposite is the case at B3LYP
where this effect is even enhanced. This is not at all the case
for SCS-MP2. Only the activation energy for the cyclization


Table 3. Reaction and activation energies [kcalmol�1] for the electrocyclization reactions in Equations (7)–(16).[a,b,c]


Eq. Energy HF B3LYP MP2 SCS-MP2 QCISD(T) G3(OK) Exptl
S S L S L S L S


(7) DE 13.5 12.7 16.1 8.7 10.1 9.7 11.3 11.5 13.4 10.9[d]


DE� 58.9 46.7 47.5 44.7 42.8 47.6 46.2 46.6 45.8 45.4[d,e]


(8) DE �14.9 �12.6 �9.3 �19.5 �17.9 �18.2 �16.0 �16.4 �14.4
DE� 45.9 30.3 31.1 26.7 24.4 30.9 30.4 32.1 30.8 29[f]


(9) DE �7.1 �6.3 �3.6 �7.3 �8.1 �6.0 �6.4 �6.3 �7.0
DE� 17.0 9.0 10.5 12.5 11.6 15.0 14.8 12.8 11.6


(10) DE �36.4 1.2 3.1 �3.1 �2.0 �1.7 �0.7 0.1 0.9 1.5[g]


DE� 16.5 6.4 7.5 2.1 1.6 6.3 6.5 7.4 6.6 7.5[h]


(11) DE �15.4 �15.0 �13.2 �19.6 �19.4 �18.1 �17.0 �17.8 �17.3
DE� 22.2 13.2 13.2 7.7 6.3 7.6 9.5 10.1 9.6


(12) DE 1.9 �1.9 �0.9 �4.3 �5.4 �3.0 �3.2 �2.3 �3.2
DE� 31.6 19.9 19.8 14.9 11.2 17.5 16.8 19.7 18.1


(13) DE �50.1 �53.0 �52.1 �60.8 �62.0 �58.8 �57.9 �56.8 �58.4
DE� 10.3 12.5 11.6 11.2 10.3 10.8 10.0 10.8 10.2


(14) DE 15.2 16.8 17.8 6.8 6.7 8.5 8.3 9.0 9.6
DE� 53.0 41.5 42.1 33.9 32.7 36.6 36.2 36.6 36.6


(15) DE �6.9 1.1 3.2 �10.0 �8.7 �9.2 �8.1 �7.9 �6.7
DE� 36.6 29.1 29.6 20.0 18.7 23.8 21.8 23.3 22.9


(16) DE �33.2 �17.9 �14.6 �29.9 �26.3 �31.3 �27.1 �28.3 �25.3
DE� 25.3 19.4 18.9 9.7 7.2 11.4 9.6 13.2 11.1


MAE 9.0 3.3 4.3 2.7 3.1 1.6 1.0 1.1 –
MAX 37.4 8.2 10.7 5.1 6.9 6.0 3.2 2.9 –


[a] S=6–31G*, L=6–311++G(3df,3pd). [b] B3LYP/6–31G* scaled ZPE included, others with HF-ZPEs. [c] MP2/6–31G* geometries except for those at
HF and B3LYP. [d] Reference [33]. [e] The DH� for the cyclobutene ring-opening reaction is 34.5 kcalmol�1. [f] References [35,36]. [g] Reference [49].
[h] Reference [50].


Figure 6. Mean average (MAE) and maximum (MAX) errors for the ac-
tivation and reaction energies [kcalmol�1] of the electrocyclization of
Equations (7)–(16) with respect to G3(0 K) energies.


Figure 7. Deviations from G3(0 K) energies for activation energies [in
kcalmol�1] of the electrocyclizations of Equations (7)–(16) using the 6-
311++G(3df,3pd) basis set.
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of 1-oxo-3,5-diazahexatriene to 1-oxa-3,5-diazine deviates
with a “large” difference of 3.2 kcalmol�1 from the G3
energy barrier.


Conclusion


Spin-component-scaled MP2 (SCS-MP2) calculations repre-
sent a considerable improvement over traditional MP2 cal-
culations, even for very basic organic reactions, such as the
pericyclic reactions we consider here. Where MP2 consider-
ably underestimates activation barriers for [4+2] cycloaddi-
tions [Diels–Alder reactions, Eq. (1)], [3,3] sigmatropic rear-
rangements [Eqs. (2)–(6)], and electrocyclization reactions
[Eqs. (7)–(16)], SCS-MP2 energies are in harmony with G3,
QCISD(T) and, where available, experimental values. Al-
though B3LYP has proven to be a fast and accurate tool for
computational organic chemistry, it occasionally does not
perform well. We suggest SCS-MP2 as a very attractive al-
ternative. Especially for Diels–Alders reactions, the accurate
B3LYP activation barriers that are obtained only with a
small basis set may be coincidental as the reaction energies
are generally too low. Instead, SCS-MP2 predicts both accu-
rate activation and accurate reaction energies.


Computational Methods


All calculations were performed with the Gaussian 98 suite of pro-
grams.[51] All reported HF, MP2(full),SCS-MP2(full) and B3LYP/6-31G*
energies (in kcalmol�1) are obtained by using geometries optimized at
the same level of theory, but with the 6-31G* basis set (S), except for
both the B3LYP/L energies of the electrocyclization reactions (Table 3)
that are based on the geometries optimized at this level with the 6-311+
+G(3df, 3pd) basis set (L) and the single-point QCISD(T)/S//MP2(full)/S
energies that are extracted from the G§ calculations. SCS-MP2 single-
point energies, using MP2/S optimized geometries, are obtained by scal-
ing the a-a and b-b components of the second-order pertubation energies
by 1/3 and the a-b components by 6/5.[9] For the HF, MP2, SCS-MP2 and
QCISD(T) methods we included zero-point energies (ZPE) from scaled
HF/S-frequencies (F=0.8929), while for the B3LYP-methods scaled
B3LYPS-frequencies (F=0.9614) were used.[14] Only the G3 energies are,
where appropriate, compared with experimental data at the experimen-


tally applied temperatures to check their temperature dependence (see
values in parentheses in Tables 1 and 2). For that purpose, we added for
comparison, Arrhenius energies of activation, a thermal correction from
scaled HF/S-frequencies and the RT term to the calculated G3 energy
using the temperature at the midpoint of the experimental range, that is,
Ea=E�+RT=E�


(G3*)+DEtherm.corr.+RT, in which E(G3*) is the electronic
energy without the ZPE correction. The same approach was applied to
the reaction energies, that is, Er=Er(G3*)+DEtherm.corr.


[3,3] Sigmatropic transition structures can be sensitive to the theoretical
method employed as illustrated in a recent study by Birney.[52] They are
usually tighter at MP2, displaying 1,4-diyl character,[23] than they are at
B3LYP (and HF) with differences in C�C bond breaking/forming distan-
ces that can be over 0.1 T. However, these geometrical differences
appear to have little influence on the energies of the transition structures
of the pericyclic reactions of this study. Illustrative is the Cope rearrange-
ment [Eq. (2)]. The C2h-symmetric structure is a transition structure at
B3LYPS, but an intermediate at MP2/S,[53] while its associated transition
state is dissymmetric with C�C bond-breaking/forming lengths of 1.761
and 1.814 T, indicating an asynchronous diradicaloid pathway; no open
shell singlet states were located. However, the difference in activation
energy between MP2/L//B3LYPS and MP2/L//MP2/S is only
1.0 kcalmol�1 and at SCS-MP2/L even smaller (0.8 kcalmol�1). For con-
sistency, we do not mix theoretical levels in this study, but it is evident
that the less expensive MP2//B3LYP approach is a viable option for de-
termining activation energies.
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Aggregation of [CuII
4 ] Building Blocks into [CuII


8 ] Clusters or a [CuII
4 ]¥ Chain


through Subtle Chemical Control


Guillem Arom�,*[a] Joan Ribas,[a] Patrick Gamez,[b] Olivier Roubeau,[c] Huub Kooijman,[d]


Anthony L. Spek,[d] Simon Teat,[e] Elizabeth MacLean,[e] Helen Stoeckli-Evans,[f] and
Jan Reedijk[b]


Introduction


An essential element of the spectacular progress experi-
enced in the area of molecular magnetism during the last
decade has been the creation of its objects of study. An illus-
tration of this is the discovery of the phenomenon called
single-molecule magnetism by which individual molecules
can retain the orientation of their magnetic moment below a
certain temperature.[1–3] The preparation of a handful of mo-
lecular compounds presenting this fascinating behavior
(single-molecule magnets, SMMs)[4–6] has preceded much of
the work that is leading to the understanding of the condi-
tions and physicochemical properties that are necessary to
observe it.[7,8] A great synthetic effort is still essential for the
production of systems that will allow better understanding
and control of the new properties observed, and eventually
to discover new phenomena. Therefore, a major goal in this
respect continues to be the preparation of multinuclear tran-
sition-metal complexes with unprecedented topologies, ca-
pable of presenting new and interesting magnetic properties.
After many years devoted to this aim by a variety of groups,
it has been recognized that the large number of synthetic
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Abstract: Coordination complexes of
the ligand H3L [1,3-bis(3-oxo-3-phenyl-
propionyl)-2-hydroxy-5-methylben-
zene] with CuII are reported. Clusters
showing various nuclearities or modes
of supramolecular organization have
been prepared by slightly changing the
reaction conditions and have been crys-
tallographically characterized. The re-
action of H3L with one equivalent of
Cu(OAc)2 in DMF yields the dinuclear
complex [Cu2(HL)2(dmf)2] (1). Reac-
tion in MeOH of H3L with an in-
creased amount of metal, in the form
of Cu(NO3)2, and excess strong base
(nBu4NOH) affords the cluster [Cu8-
(L)2(OMe)8(NO3)2] (2). Complex 2 is a
dimer of two linear [Cu4] arrays bridg-
ed by methoxide ligands, where the


polynucleating ligand is fully deproto-
nated. The [Cu4]2 clusters are linked to
each other by NO3


� bridges to form
one-dimensional coordination poly-
mers. The link between [Cu8] units and
their relative spatial positioning can be
modified by changing the anion of the
CuII salt, as demonstrated by the syn-
thesis of the cluster polymers [Cu8-
(L)2(OMe)8Cl2] (3) and [Cu8(L)-
(OMe)7.86Br2.14] (4), where only NO3


�


has been replaced by Cl� or Br� , re-
spectively. Similarly, when ClO4


� is
used, compound [Cu8(L)2(OMe)8-


(ClO4)2(MeOH)4] (5) can be isolated.
It contains independent [Cu8] units. A
slight change in the stoichiometry of
the reaction leading to 2 affords the re-
lated complex catena-[Cu4(L)(OMe)3-
(NO3)2(H2O)0.36] (6). This polymer con-
tains essentially the same [Cu4] moiety
as 2, albeit organized in a completely
different arrangement. Each [Cu4] unit
in 6 is linked by OMe� ligands to two
such equivalent groups to form an in-
finite chain. Magnetic susceptibility
measurements reveal weak antiferro-
magnetic exchange between CuII cen-
ters in 1 (J = �0.73 cm�1) and strong
antiferromagnetic coupling within
[Cu4] chains in 2, 5, and 6 (most nega-
tive J values of �113.8 and
�177.3 cm�1 for 2 and 6, respectively).


Keywords: beta-diketones · coordi-
nation polymers · copper · ligand
design · magnetic properties
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methodologies employed can be located anywhere within a
spectrum delimited by two contrasting approaches. These
two opposing strategies have been termed “serendipitous
approach” and “molecular rational design”, respectively.
The first method relies on the high versatility of certain
bridging ligands to stabilize transition-metal aggregates with
a variety of geometries.[9] The precise structure of the ensu-
ing clusters can be determined by many factors. It is there-
fore extremely difficult to predict and most often the ex-
planation is given after the fact. The second method allows
the synthesis of polynuclear complexes with a previously de-
signed structure. This is possible when precise knowledge is
available about the manner in which the various compo-
nents of the reaction system are going to assemble.[10,11] In
this context, the design and preparation of polynucleating li-
gands with a complex structure, which is capable of directing
the aggregation of various metals in a precise topology, has
led to the preparation of aggregates in a variety of impres-
sive architectures.


In recent years, some of us have been exploring the coor-
dination chemistry of a phenol-bis(b-diketonate) ligand[12]


(H3L, see Scheme 1), which was designed for the assembly


of rows of closely spaced transition metals. Such an arrange-
ment of 3d metals is of particular interest in the study of
magnetic interactions within molecular magnets, and re-
markable success has been achieved in this direction with
polydentate N-ligands.[13–15] The new ligand H3L possesses
three ionizable protons that can be removed gradually and
this has allowed the preparation of a variety of complexes
with different metals featuring various nuclearities.[16–20]


These complexes contain the ligand in its di- or trianionic
form, depending on the amount of basic equivalents used in
the reaction system. When only two protons are removed,
the ligand was shown to be capable of assembling two or
three metals within a molecular complex. Thus, the com-
pounds with formulae [Cu2(HL)2(dmf)2] (1),[20]


[M2(HL)2(py)4] (M
II = NiII, MnII, CoII),[18] and [Mn3(HL)3]


have been prepared and characterized. If the three ionizable
protons from H3L are removed with an excess of base, the
resulting ligand binds to a larger number of metal atoms, as
demonstrated by the preparation of [Cu8(L)2(OMe)8(NO3)2]
(2).[17] The later complex consists of two rows of four CuII


ions held together by two L3� ligands respectively, and
linked to each other by bridging OMe� groups to give octa-
nuclear clusters. These [Cu8] moieties are organized in the
solid state in the form of one-dimensional (1D) chains of
clusters as a result of the bridging action of NO3


� ligands.
Herein we present full details of the structure of 2 and its
magnetic properties. The association of [Cu8] units in the
crystal has been modified by changing the nature of the
counterion in the CuII salt. Thus, the synthesis and structure
of the new Cl�- and Br�-bridged coordination polymers
[Cu8(L)2(OMe)8Cl2] (3) and [Cu8(L)2(OMe)7.86Br2.14] (4), re-
spectively, are presented here. Likewise, with the prepara-
tion of the new complex [Cu8(L)2(OMe)8(ClO4)2(MeOH)4]
(5), it is shown in this report that the basic [Cu8] moieties
can also exist as discrete clusters in the solid state. Finally,
we report the preparation, structure, and magnetochemistry
of a related compound, catena-[Cu4(L)(OMe)3-
(NO3)2(H2O)0.36] (6), also containing [Cu4L]


5+ moieties, but
organized in a drastically different manner compared to 2.
The coordination polymer 6 was obtained by simply chang-
ing the amount of base used in the reaction system. Prelimi-
nary accounts of this work have been previously communi-
cated.[17,20]


Abstract in Catalan: Diversos complexos de coordinaci� del
lligand H3L (1,3-bis(3-oxo-3-fenilpropionil)-2-hidroxi-5-me-
tilbenz() amb CuII s�n presentats. S+han preparat clfflsters que
mostren una gran varietat de nuclearitats i modes d+organit-
zaci� supramolecular, nom.s canviant lleugerament les con-
dicions de reacci�, els quals han estat caracteritzats cristal·lo-
gr0ficament. La mescla de H3L amb un equivalent de
Cu(AcO)2 en DMF proporciona el complex dinuclear
[Cu2(HL)2(dmf)2] (1). La reacci� en MeOH de H3L amb
una major quantitat de metall en forma de Cu(NO3)2 i un
exc.s d+una base forta (nBu4NOH) d�na lloc al clfflster [Cu8-
(L)2(OMe)8(NO3)2] (2). El complex 2 .s un d;mer de dues
s(ries lineals [Cu4] enllaÅades per ponts met=xid, on el lli-
gand polinucleant es troba completament desprotonat. Els
clfflsters [Cu4]2 estan units entre ells mitjanÅant ponts NO3


� ,
tot formant pol;mers de coordinaci� uni-dimensionals. La
uni� entre unitats [Cu8] i la seva disposici� relativa en l+espai
poden .sser modificades tot canviant l+ani� de la sal de CuII,
tal com queda demostrat amb la s;ntesi dels clfflsters polim(-
rics [Cu8(L)2(OMe)8Cl2] (3) i [Cu8(L)2(OMe)7.86Cl2.14] (4),
on fflnicament s+ha canviat NO3


� per Cl� o Br� , respectiva-
ment. De manera similar, quan s+utilitza ClO4


� s+obt. el com-
post [Cu8(L)2(OMe)8(ClO4)2(MeOH)4] (5), format per uni-
tats [Cu8] independents. Un petit canvi en l+estequiometria de
la reacci� que produeix el producte 2 d�na lloc al compost
relacionat catena-[Cu4(L)(OMe)3(NO3)2(H2O)0.36] (6).
Aquest pol;mer cont. essencialment la mateixa unitat [Cu4]
del compost 2, tot i que organitzada d+una manera completa-
ment diferent. Cada unitat [Cu4] en el compost 6 est0 unida
per lligands MeO� a dues unitats equivalents a ella mateixa,
tot formant cadenes infinites. Mesures de susceptibilitat mag-
n(tica revelen intercanvi antiferromagn(tic feble entre centres
CuII en el compost 1 (J = �0.73 cm�1) i acoblament antifer-
romagnetic fort dins de les cadenes [Cu4] en els compostos 2,
5 i 6 (amb m0xims valors negatius de J de �113.8 i
�177.3 cm�1 per a 2 i 6, respectivament).


Scheme 1. The H3L ligand.
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Results and Discussion


Synthesis : In previous work, we have shown the feasibility
of selectively removing only two of the three acidic protons
from the H3L ligand by the use of a stoichiometric amount
of a mild base. Thus, the dinuclear complexes
[M2(HL)2(py)4] (M = MnII, NiII, CoII)[18] were prepared and
characterized crystallographically, as well as the trinuclear
molecule [Mn3(HL)3].


[16] Whether the latter or the dinuclear
complex [M2(HL)2(py)4] is formed depends only on the
presence or absence of pyridine in the system.[19] In all these
compounds, both protons are provided by the b-diketone
units, while the phenol moiety remains in its neutral form.
Interestingly, a comparison of the MnII complex with the
NiII/CoII dinuclear analogues showed that the bis(diketo-
nate) ligand displayed a completely different conformation
depending on the preferred local cis versus trans configura-
tion at the metal centers. The CoII and NiII ions show a pref-
erence for the trans configuration of the py solvate ligands,
leading to a syn,syn conformation of HL2� in the assembly,
whereas MnII displays the cis arrangement, leading to an ar-
chitecture in which the ligand HL2� adopts the syn,anti
form.
Given the versatility in the coordination geometry of cop-


per(ii), it was of interest to study its behavior with respect to
H3L. The reaction of equimolar amounts of Cu(AcO)2 and
H3L in DMF produced crystals of [Cu2(HL)2(dmf)2] (1) in
47% yield within a few hours of standing at �5 8C, accord-
ing to the reaction in Equation (1).


2CuðAcOÞ2 þ 2H3L þ 2DMF !
½Cu2ðHLÞ2ðdmfÞ2� þ 4AcOH


ð1Þ


In this dimer, the CuII ions have a square-pyramidal coor-
dination geometry (see Figure 1) and the HL2� ligands are
again in the syn,syn conformation, presumably allowing the
most stable coordination geometry of CuII with the set of
donors available in the system.


To extend the above results, the possibility was explored
of generating a fully deprotonated form of H3L as a poten-
tial way of binding a larger number of metals to this ligand.
To this aim, the reaction of Cu(NO3)2 (1 mmol) and H3L
(1=8 mmol) in methanol was performed in the presence of an
excess of a stronger base (1.8 mmol), namely nBu4NOH.
Recrystallization of the green solid that precipitated imme-
diately led to the isolation of the new octanuclear complex
[Cu8L2(OMe)8(NO3)2] (2). The crystal structure of this com-
plex (see below) shows the L3� form of the ligand chelating
four CuII ions arranged in close proximity to each other in a
metallic array, which was the goal that had prompted the
preparation of H3L originally. The [CuII4 L]


5+ oligomers di-
merize into the octanuclear units of 2 as a result of the
bridging action of the OMe� groups, which are produced by
the deprotonation of the solvent molecules by the remaining
base. The large excess of MeOH in the system explains, in
part, the fact that OMe� ligands are found in the complex,
rather than OH� groups. Complex 2, however, changes color
from green to brown and loses crystallinity upon exposure


to air. Microanalyses (see the Experimental Section) suggest
that the compound undergoes complete hydrolysis in con-
tact with atmospheric moisture. X-ray powder diffraction
confirmed that the hydrolyzed product, 2a, is composed of a
different crystalline phase, as deduced by comparison of its
diffraction pattern with that calculated from the single-crys-
tal data of 2 (see Figure S1 in the Supporting Information).
The solid-state structure of 2 (see below) also shows that
the NO3


� ligands serve as linkages that join the octanuclear
aggregates to produce infinite linear cluster polymers. This
observation prompted our interest in influencing the supra-
molecular organization of the [Cu8] units within the crystal
by means of CuII salts of other anions. Thus the reaction
above was repeated with CuCl2 and CuBr2 which led to the
crystallization of the two new compounds [Cu8L2(OMe)8Cl2]
(3) and [Cu8(L)2(OMe)7.86Br2.14] (4), respectively. Complexes
3 and 4 are very similar and feature the same [Cu8L2] clus-
ters as 2, but linked by Cl� or Br� ions, respectively. In com-
plex 4, site occupancy disorder was found between m-Br and
m-OMe, which explains the fractional numbers in the formu-
la. The consequence of replacing NO3


� by Cl� or Br� is es-
sentially that of modifying the relative positions in the space
of the octanuclear aggregates within the cluster polymer
(see below). The possibility of using this method to further
influence the spatial organization of the [Cu8L2] units was
explored by the use of Cu(ClO4)2 in the reaction. This led to
the formation of the analogous complex [Cu8L2(OMe)8-
(ClO4)2(MeOH)2] (5). It was found that the yield of this re-
action improved significantly when the ratios between the
reagents were adjusted in accordance with the composition
of the final compound (see the Experimental Section). The
crystal structure of this compound (see below) revealed the
presence of isolated Cu8 clusters in the crystals in which,
this time, the ClO4


� ions are each blocking two axial coordi-
nation positions of CuII but are not acting as a bridge be-
tween clusters. Structural data from complex 5 were origi-
nally collected on a conventional diffractometer that al-
lowed the product to be identified; however, it gave a very
bad fit owing to poor diffraction. Since this product was con-
sidered a key compound in this report, the data were col-
lected again with a synchrotron radiation source, which pro-
vided an excellent data set (see below). Thus, in this
manner, it was unequivocally demonstrated that the spatial
positioning of the individual octanuclear units could be
dramatically influenced by means of a small chemical varia-
tion.
As a different way to affect the structure of the final


product, the reaction leading to 2 was performed with differ-
ent stoichiometries. When a lower proportion of nBu4NOH
was used, more precisely, a 1:1:0.25 molar ratio of
Cu(NO3)2/nBu4NOH/H3L, no precipitate could be obtained
from the mixture, which indicated that the reaction was fol-
lowing a different path. Upon addition of diethyl ether, crys-
tals of a different compound, namely catena-[Cu4L(OMe)3-
(NO3)2(H2O)0.36] (6), were obtained after leaving the system
unperturbed for a few days. Coordination polymer 6 fea-
tures [CuII4 L]


5+ oligomers as in 2, again aggregated to each
other by OMe� bridges (see below). In complex 6, however,
each tetranuclear moiety is connected to two other identical


J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6476 – 64886478


FULL PAPER G. Arom. et al.



www.chemeurj.org





units to constitute the repeating
step of an infinite one-dimen-
sional ladder.
The above revelations under-


score the feasibility of introduc-
ing small and subtle changes to
a given reaction system to sig-
nificantly change the supra-
molecular arrangement of a
magnetic building block.


Description of structures : The
structure of complex 1 has been
reported with full details in a
previous publication.[20] Only a
brief description will be given
here. Crystallographic details
for complex 2 have been report-
ed elsewhere.[17] Selected intera-
tomic distances and bond angles
of complexes 2 and 6 are given
in Table 1 and Table 2, respec-
tively. Average parameters are
summarized for complexes 3, 4,
and 5 in the captions to the fig-
ures.


[Cu2(HL)2(dmf)2] (1): Complex
1 (Figure 1) is a centrosymmet-
ric dinuclear complex contain-
ing two CuII ions in an almost
square-pyramidal coordination environment (t = 0.16,
where t = 0 or 1 for the perfect square-pyramidal and
trigonal-bipyramidal geometries, respectively).[21] These two
CuII ions are chelated and bridged by two HL2� groups
through their b-diketonate units. The apical position of each
metal is occupied by one DMF solvent molecule, coordinat-
ed through its oxygen atom. The phenol moieties of the
HL2� ligand are not deprotonated and donate hydrogen
bonds to O-acceptors from neighboring b-diketonate moie-
ties.


[Cu8(L)2(OMe)8(NO3)2] (2): Complex 2 (Figures 2–4) is a
cluster of eight CuII centers arranged in two tetranuclear
linear oligomers that are linked together by methoxide
groups (six in the m3- and two in the m-OMe� mode). The
asymmetric unit (Figure 2) contains four metals that have
been gathered by the template action of one L3� ligand,
through the formation of four fused six-membered chelate
rings involving a total of five oxygen donors. In these tetra-
nuclear chains, the metals do not form a strictly linear array,
as emphasized in Figure 4 (the Cu1-Cu2-Cu3 and Cu2-Cu3-
Cu4 angles are 159.78(2)8 and 170.18(3)8, respectively). The
coordination around copper is completed by nitrate ligands
in a very rare h3 :m3-NO3


� binding mode,[22] which links each
[Cu8L2(OMe)8]


2+ aggregate to two other such fragments to
result in the formation of a 1D coordination polymer of
clusters (Figure 4). Of the four crystallographically inde-
pendent CuII ions of 2, two are in a distorted Jahn–Teller-


elongated octahedral environment (Cu2 and Cu3), Cu1 is in-
termediate between trigonal bipyramidal and square pyra-
midal (t = 0.50), and Cu4 is in a square-pyramidal coordi-
nation geometry (t = 0.01). Of these coordination environ-
ments, the axial positions are taken by the six long bonds of
the metal with m3-OMe


� groups, which connect both [Cu4]
moieties to each other, or by the bonds with NO3


� ligands.
The Cu···Cu distances within the seven nonequivalent
[Cu2O2] pairs of the octanuclear aggregate (Figure 3 and
Figure 12) are on average shorter within the tetranuclear
arrays (2.8834(7) to 2.9995(8) S) than between them
(2.9610(9) to 3.4677(8) S). The shortest intercluster Cu···Cu
distance within the 1D chain is 5.2317(10) S (Cu1···
Cu2[1�x,�y,1�z]). A few coordination polymers of CuII


clusters have been reported in the literature over the years,
but the number of such species remains small.[22–25]


[Cu8(L)2(OMe)8(Cl)2] (3): Complex 3 (Figure 5) is structur-
ally related to 2 in that it consists of almost identical octanu-
clear [Cu8L2(OMe)8]


2+ aggregates linked by counterions. In
3, the connection between clusters takes place with Cl� li-
gands through coordination to copper with Cu-Cl-Cu angles
of 127.28(6)8. The core of the [Cu8] units has essentially the
same geometry as in 2, except that two coordinating posi-
tions of CuII filled by NO3


� in the previous complex are now
vacant, the corresponding metals now presenting square-pyr-
amidal geometry instead of octahedral (microanalysis shows
these vacant positions to be occupied by H2O molecules


Table 1. Selected interatomic distances [S] and angles [8] for [Cu8(L)2(OMe)8(NO3)2] (2).
[a]


Cu1�O5 1.922(3) Cu1�O20b 1.958(3) Cu1�O6 1.994(3)
Cu1�O18 1.954(3) Cu1�O13a 2.226(3) Cu2�O18 1.940(3)
Cu2�O6 1.963(3) Cu2�O14b 1.935(2) Cu2�O7 1.949(3)
Cu2�O16b 2.743(3) Cu2�O11 2.340(3) Cu3�O8 1.964(3)
Cu3�O14b 1.954(3) Cu3�O12 2.433(3) Cu3�O14 2.389(3)
Cu3�O7 1.953(3) Cu3�O16 1.936(3) Cu4�O20 1.921(3)
Cu4�O8 1.958(3) Cu4�O18b 2.418(2) Cu4�O9 1.906(3)
Cu4�O16 1.952(3)
Cu1···Cu2 2.8999(8) Cu2···Cu3 2.8834(7) Cu3···Cu4 2.9995(8)
Cu1···Cu4b 2.9610(9) Cu2···Cu4b 3.4677(8) Cu2···Cu3b 3.3225(8)
Cu3···Cu3b 3.2981(8) O5-Cu1-O6 90.73(12) O5-Cu1-O20b 92.24(12)
O6-Cu1-O20b 140.11(11) O13a-Cu1-O20b 100.67(12) O5-Cu1-O18 170.23(12)
O6-Cu1-O18 81.27(11) O18-Cu1-O13a 102.11(10) O5-Cu1-O13a 86.66(12)
O6-Cu1-O13a 119.22(10) O18-Cu1-O20b 90.37(11) O6-Cu2-O18 82.43(11)
O7-Cu2-O11 96.00(10) O7-Cu2-O16b 92.04(10) O11-Cu2-O16b 168.16(9)
O14b-Cu2-O16b 80.01(10) O6-Cu2-O7 89.47(11) O6-Cu2-O14b 167.12(11)
O7-Cu2-O18 164.58(12) O11-Cu2-O18 98.19(10) O18-Cu2-O14b 102.36(11)
O6-Cu2-O11 98.86(10) O6-Cu2-O16b 89.87(10) O7-Cu2-O14b 82.99(11)
O11-Cu2-O14b 92.33(11) O18-Cu2-O16b 74.92(10) O7-Cu3-O14 85.37(10)
O8-Cu3-O12 96.51(11) O8-Cu3-O14b 171.08(12) O12-Cu3-O14b 86.74(10)
O16-Cu3-O14b 108.74(11) O7-Cu3-O8 89.39(12) O7-Cu3-O16 167.14(12)
O8-Cu3-O14 94.27(11) O12-Cu3-O14 167.50(9) O14-Cu3-O16 89.81(11)
O7-Cu3-O12 88.42(10) O7-Cu3-O14b 82.38(11) O8-Cu3-O16 79.08(12)
O12-Cu3-O16 98.43(11) O14-Cu3-O14b 81.69(10) O8-Cu4-O20 170.06(13)
O9-Cu4-O20 94.88(14) O16-Cu4-O18b 83.06(11) O8-Cu4-O9 91.55(14)
O8-Cu4-O18b 108.19(11) O9-Cu4-O18b 96.49(12) O20-Cu4-O18b 78.64(11)
O8-Cu4-O16 78.85(12) O9-Cu4-O16 169.66(14) O16-Cu4-O20 95.15(12)
Cu3-O14-Cu3b 98.31(10) Cu2b-O14-Cu3b 95.68(12) Cu3-O14-Cu2b 99.87(11)
Cu3-O16-Cu2b 88.75(10) Cu3-O16-Cu4 100.96(13) Cu4-O16-Cu2b 93.70(11)
Cu1-O18-Cu4b 84.55(10) Cu1-O18-Cu2 96.27(12) Cu2-O18-Cu4b 104.94(10)
Cu4-O20-Cu1b 99.50(13) Cu1-O6-Cu2 94.24(12) Cu2-O7-Cu3 95.28(12)
Cu3-O8-Cu4 99.75(13) Cu1-Cu2-Cu3 159.78(2) Cu2-Cu3-Cu4 170.18(3)


[a] Suffixes “a” and “b” denote symmetry operations [1�x,�y, 1�z] and [2�x,�y, 1�z], respectively.
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upon exposure to air). The distribution of coordination geo-
metries within the asymmetric unit of 3 is thus one octahe-
dral CuII ion with axial elongation (Cu3), two square-pyra-
midal (Cu2 and Cu4, with t = 0.07, and 0.06, respectively),
and one ion in a geometry that is intermediate between
square-pyramidal and trigonal-bipyramidal (t = 0.54). The
Cu-Cu-Cu angles defining the bending of the metallic chain


are 170.76(3)8 (Cu1b-Cu3-
Cu4c) and 155.65(3)8 (Cu2c-
Cu4c-Cu3), respectively.
Ranges for selected interatomic
distances and angles are listed
in the caption to Figure 5. The
main structural difference be-
tween 2 and 3, as imposed by
the replacement of Cl� by
NO3


� , lies in the relative posi-
tion of the [Cu8] clusters. The
exchange of a tridentate bridge
by a mononuclear link causes
slippage of the clusters with re-
spect to each other so that only
two Cu ions per cluster partici-
pate in each intercluster link.
This leads to shorter interclus-
ter metal–metal distances (the
shortest Cu···Cu vector, which
corresponds to Cu1···Cu3,
measures 4.473(2) S). The
Cu···Cu distances within
[Cu2O2] units are in the range
2.904(1) to 2.990(1) S within
the tetranuclear arrays and
3.013(2) to 3.567(2) S across
the chains, for both categories,
only slightly longer than in 2.


[Cu8(L)2(OMe)7.86(Br)2.14] (4):
Complex 4 (Figure 6) is almost
the isostructural Br� version of
3. The chief difference with the
latter is that the position occu-


pied by m-OMe� is now partially filled with m-Br� with a site
occupancy disorder that has a OMe� to Br� ratio of 93:7.
This occupancy disorder explains the fractional numbers in
the formula of 4. The remaining features of this derivative
are essentially the same as for the chloride compound, only


Table 2. Selected interatomic distances [S] and angles [8] for catena-[Cu4(L)(OMe)3(NO3)2(H2O)0.36] (6).
[a]


Cu1�O5 1.848(6) Cu1�O6 1.947(3) Cu1�O14 1.932(3)
Cu1�O1 2.413(15) Cu1�O65 2.030(12) Cu1�O11b 1.989(3)
Cu1�O14b 2.481(3) Cu2�O6 1.928(3) Cu2�O7 1.949(3)
Cu2�O11 2.410(3) Cu2�O14 1.963(3) Cu2�O16a 1.940(3)
Cu2�O21Aa 2.435(6) Cu2�O21Ba 2.783(12) Cu3�O7 1.953(3)
Cu3�O8 1.928(3) Cu3�O12 2.676(4) Cu3�O18 1.931(3)
Cu3�O16a 1.927(3) Cu3�O18a 2.587(3) Cu4�O8 1.952(3)
Cu4�O9 1.914(3) Cu4�O16 2.367(3) Cu4�O18 1.943(3)
Cu4�O21A 1.993(6) Cu4�O22A 2.710(11) Cu4�O21B 1.919(12)
Cu4�O22B 2.522(18) Cu1···Cu2 2.9653(8) Cu1···Cu1b 3.3255(8)
Cu1···Cu2b 3.3766(9) Cu2···Cu3 2.8502(8) Cu2···Cu4a 3.4294(8)
Cu3···Cu4 2.9945(8) Cu3···Cu4a 3.2781(8) Cu3···Cu3a 3.3097(8)
O5-Cu1-O6 93.0(2) O5-Cu1-O14 172.8(2) O5-Cu1-O11b 90.6(2)
O5-Cu1-O14b 99.7(2) O6-Cu1-O14 80.24(12) O6-Cu1-O1 93.8(4)
O6-Cu1-O65 87.7(4) O6-Cu1-O11b 171.06(12) O6-Cu1-O14b 91.56(11)
O14-Cu1-O1 87.3(4) O14-Cu1-O65 165.0(4) O14-Cu1-O11b 96.51(12)
O14-Cu1-O14b 83.00(11) O1-Cu1-O65 84.6(5) O1-Cu1-O11b 94.3(4)
O1-Cu1-O14b 167.9(3) O65-Cu1-O11b 96.7(4) O65-Cu1-O14b 106.5(4)
O11b-Cu1-O14b 79.75(11) O6-Cu2-O7 89.58(12) O6-Cu2-O11 88.36(11)
O6-Cu2-O14 79.94(12) O6-Cu2-O16a 173.08(12) O6-Cu2-O21Aa 101.46(17)
O6-Cu2-O21Ba 103.4(3) O7-Cu2-O11 96.91(11) O7-Cu2-O14 169.48(12)
O7-Cu2-O16a 83.78(12) O7-Cu2-O21Aa 88.37(18) O7-Cu2-O21Ba 93.0(3)
O11-Cu2-O14 82.09(11) O11-Cu2-O16a 94.37(11) O11-Cu2-O21Aa 168.92(15)
O11-Cu2-O21Ba 164.7(2) O14-Cu2-O16a 106.72(12) O14-Cu2-O21Aa 94.48(18)
O14-Cu2-O21Ba 90.2(3) O16a-Cu2-O21Aa 76.46(17)
O16a-Cu2-O21Ba 75.1(3) O7-Cu3-O8 90.99(12) O7-Cu3-O12 86.23(11)
O7-Cu3-O18 167.71(12) O7-Cu3-O16a 84.03(12) O7-Cu3-O18a 87.21(10)
O8-Cu3-O12 93.11(12) O8-Cu3-O18 79.02(12) O8-Cu3-O16a 174.90(12)
O8-Cu3-O18a 97.10(11) O12-Cu3-O18 101.32(12) O12-Cu3-O16a 87.66(11)
O12-Cu3-O18a 167.96(11) O18-Cu3-O16a 105.78(12) O18-Cu3-O18a 86.95(11)
O16a-Cu3-O18a 81.62(10) O8-Cu4-O9 91.06(13) O8-Cu4-O16 102.25(11)
O8-Cu4-O18 78.17(12) O8-Cu4-O21A 173.2(2) O8-Cu4-O22A 128.2(3)
O8-Cu4-O21B 171.2(4) O8-Cu4-O22B 114.9(4) O9-Cu4-O16 91.04(12)
O9-Cu4-O18 168.50(13) O9-Cu4-O21A 95.7(2) O9-Cu4-O22A 93.4(3)
O9-Cu4-O21B 88.1(4) O9-Cu4-O22B 82.2(4) O16-Cu4-O18 87.37(11)
O16-Cu4-O21A 77.19(18) O16-Cu4-O22A 129.2(3) O16-Cu4-O21B 86.5(4)
O16-Cu4-O22B 142.3(4) O18-Cu4-O21A 95.0(2) O18-Cu4-O22A 96.5(3)
O18-Cu4-O21B 103.1(4) O18-Cu4-O22B 105.9(4) O21A-Cu4-O22A 52.0(3)
O21B-Cu4-O22B 56.3(5) Cu1-Cu2-Cu3 171.22(3) Cu2-Cu3-Cu4 172.43(3)


[a] Labels A and B refer to major and minor components of the disordered structure, respectively, and suffixes
“a” and “b” denote symmetry operations [�x, 1�y,�z] and [1�x, 1�y,�z], respectively.


Figure 1. PLATON representation of [Cu2(HL)2(dmf)2] (1). Hydrogen
atoms have been removed for clarity. Cu: large; O: medium; N: medium
hashed spheres; C: rest. Figure 2. Representation of the asymmetric unit of [Cu8(L)2(OMe)8-


(NO3)2] (2). Hydrogen atoms have been removed for clarity. Non-carbon
atoms are labeled and represented as displacement ellipsoids at the 50%
probability level.
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differing slightly in the exact measure of the metric parame-
ters. Thus, the t values of the five coordinate Cu ions are
0.06 (Cu1), 0.06 (Cu2), and 0.50 (Cu3), respectively, and the
Cu-Cu-Cu angles within the tetranuclear chains are
170.59(1)8 (Cu2-Cu1c-Cu4) and 155.09(1)8 (Cu1c-Cu4-
Cu3d), respectively. Complex 4 displays the same 1D ar-
rangement of [Cu8] units (not shown) as 3, this time bridged
by bromide ligands with Cu-Br-Cu angles of 124.248, with
the shortest Cu···Cu intercluster distance of 4.6710(5) S
(Cu3···Cu4), thus 0.2 S longer than in 3. The distances be-
tween O-bridged CuII centers, however, are very similar to
these in the chloride compound, and measure 2.8947(4) to
2.9904(4) S (all O donors on equatorial positions) and
3.0010(5) to 3.5652(4) S (some O donors on axial positions),
respectively.


[Cu8(L)2(OMe)8(ClO4)2(MeOH)4] (5): Complex 5 is an in-
teresting addition to the above family of [Cu8] compounds
in that its structure (Figure 7) shows an octanuclear unit,
similar to these of 2, 3, and 4, which, in this case, is not
bridged into infinite chains, but appears in the form of dis-
crete isolated clusters. This drastic change in the spatial or-
ganization of the clusters is caused by the nature of the
anionic ligand. In 5, this ion is ClO4


� , which acts as biden-
tate ligand of CuII on the [Cu8] clusters but does not facili-
tate intercluster linkage through coordination bonds. Anoth-
er feature that is unique, within this family, to complex 5 is
that four vacant coordination sites are occupied by MeOH
molecules (O5, O7, and their symmetry equivalents, which,
according to elemental analysis, are replaced by H2O upon
exposure to air). Thus, Cu1, Cu2, and Cu3 are in elongated
octahedral coordination environments, whereas the geome-
try of Cu4 is closer to square pyramidal (t = 0.35) than the


Figure 3. POV-Ray representation of the structure of [Cu8(L)2(OMe)8-
(NO3)2] (2) in the crystal. Cu atoms and atoms listed in Table 2 and not
shown in Figure 2 are labeled. Hydrogen atoms have been removed for
clarity. Cu: large gray; O: medium gray; N: medium black; C: rest. The
dashed lines are bonds to neighboring homologous octanuclear units.


Figure 4. POV-Ray representation of [Cu8(L)2(OMe)8(NO3)2] (2) in the
crystal emphasizing the polymerization of [Cu8] units into infinite 1D
chains by h3:m3-NO3


� bridges. Hydrogen atoms have been removed for
clarity. Cu: large gray; O: medium gray; N: medium black; C: rest.
Bonds to Cu are highlighted as dashed lines.


Figure 5. POV-Ray representation of the solid-state polymeric 1-D struc-
ture of [Cu8(L)2(OMe)8(Cl)2] (3), achieved through the bridging of [Cu8]
units by m-Cl� ions. Hydrogen atoms have been removed for clarity. The
four independent Cu atoms, and these quoted in the text are labeled. Cu:
large gray; O: small gray; Cl: medium black; C: rest. Bonds to Cu are
highlighted as dashed lines. Bond length ranges [S]: Cu�Oeq. 1.904(4)–
1.992(3); Cu�Oax. 2.385(3)–2.889(3); Cu�Cl 2.4208(17) and 2.5708(17);
Cu1a�O2 2.022(3) (this bond is neither axial nor equatorial).


Figure 6. POV-Ray representation of the structure of the major compo-
nent of [Cu8(L)2(OMe)3.93(Br)1.07] (4). Only the Cu atoms are labeled.
Cu: large gray; O: small gray; Br: medium black; C: rest. Bonds to Cu
are highlighted as dashed lines. Bond length ranges [S]: Cu�Oeq.


1.898(2)–1.974(2); Cu�Oax. 2.376(2)–2.884(2); Cu�Br 2.399(6)–2.7100(4);
Cu3�O2 1.997(2) (this bond is neither axial nor equatorial).
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analogue ions in 2, 3, and 4. The angles between metals
within the tetranuclear arrays are 160.43(3)8 (Cu1-Cu2-Cu3)
and 171.24(3)8 (Cu2-Cu3-Cu4), respectively. The distances
between adjacent CuII ions are in the ranges 2.860(1) to
3.001(4) S and 2.981(1) to 3.564(1) S, within and across the
[Cu4] moieties, respectively.


catena-[Cu4(L)(OMe)3(NO3)2(H2O)0.36] (6): The asymmetric
unit of complex 6 (Figure 8) is very similar to that of 2
(Figure 2). Again, it features four closely spaced CuII ions
assembled by the chelating effect of the five adjacent
oxygen atoms of the ligand L3�. They only differ in the ratio
of OMe� versus NO3


� groups, which is 3:2 in 6 compared to
4:1 in 2. This seemingly small difference has a profound
effect on the manner in which the [Cu4L]


5+ building blocks
organize into more complex architectures. In 2, the ratio of
bridging ligands is such that the aggregation of the [Cu4L]


5+


units occurs in the form of a facial dimerization to yield oc-
tanuclear entities. In 6, by contrast, each tetranuclear
moiety is linked to two other equivalent fragments in a shift-
ed manner, rather than face to face, which leads to an infin-
ite succession of such motifs, intimately bridged by m3-OMe


�


groups without discontinuity (Figure 9). There are two dif-


ferent ways in which the [CuII4 L]
5+ units are connected; they


involve different contact lengths. The linkage of the largest
contact involves a total of four m3-OMe


� ligands and two
h2 :m2-NO3


� groups. The other connection mode occurs
through the action of two m3-OMe


� groups, one h2 :m-NO3
�


ligand, and one h2 :m3-NO3
� moiety. Contrary to compound


2, there are no m-OMe� ligands in this complex. In addition
to the bridging ligands already described, the asymmetric
unit also contains one terminal ligand consisting of a partial-
ly occupied molecule of water (with refined occupancy of
0.362(5)) coordinated to Cu1 and H bonds donating to two
NO3


� ions (Figure 10). The presence or absence of this mol-
ecule slightly influences the orientation of the NO3


� group
bridging Cu4 to Cu2, which is therefore disordered over two


Figure 7. ORTEP representation at the 50% probability level of [Cu8-
(L)2(OMe)8(ClO4)2(MeOH)4] (5). Carbon atoms are represented as iso-
tropic spheres. Hydrogen atoms are not shown for clarity. Non-carbon
atoms are labeled. Bond length ranges [S]: Cu�Oeq. 1.911(3)–1.975(3);
Cu�Oax. 2.417(3)–2.701(3); Cu�O(MeOH), 2.346(4) and 2.368(5); Cu�O-
(ClO4), 2.349(5) and 2.500(5).


Figure 8. Representation of the asymmetric unit of the [Cu4(L)(OMe)3-
(NO3)2(H2O)] component of (6). Hydrogen atoms have been removed
for clarity. Non-carbon atoms are labeled and represented as displace-
ment ellipsoids at the 50% probability level.


Figure 9. POV-Ray representation of the [Cu4(L)(OMe)3(NO3)2(H2O)]
component of (6) in the crystal showing the organization of the [Cu4]
oligomers into an infinite 1D coordination polymer. Cu atoms and atoms
listed in Table 2 not shown in Figure 5 are labeled. Hydrogen atoms have
been removed for clarity. Cu: large gray; O: medium gray; N: medium
black; C: rest. The dashed lines are bonds to neighboring equivalent
[Cu4] arrays.


Figure 10. PLATON representation showing the partially occupied coor-
dinated water molecule in 6. Minor component bonds are displayed as
open, dashed bonds, with exception of the hydrogen bonding. All hydro-
gen atoms not involved in hydrogen-bonding and all atoms located fur-
ther than 6 S from the water oxygen have been omitted for clarity. The
disordered phenyl ring is therefore not complete. Cu: large; O: small
black; N: small hashed; C: rest.
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positions. This disorder is also present in the “Ph-C=O”
moiety of L3� containing the atom O5 or O65 (minor com-
ponent). In both Figures 8 and 9, the minor component of
the structure is represented, which contains the coordinated
water molecule. The coordination around copper in complex
6 is exclusively ensured by O donors. In the repeating unit
of this polymer there are two CuII centers (Cu2 and Cu3) in
an octahedral coordination environment, one CuII ion (Cu1)
whose coordination geometry is distributed between two
types, octahedral or square pyramidal (t = 0.03) according
to the disorder present in this compound (0.362(5):0.638(5)),
and a fourth metal (Cu4) that can be described as square
pyramidal with an additional, very long (2.710(11) or
2.522(18) S), axial bond to a NO3


� ligand (disordered owing
to the partial presence of a coordinated water molecule, see
above), which in this form is acting as a chelating anion.
The metallic core of 6 is an infinite array of oligomeric units
intimately linked by methoxide ligands. To the best of our
knowledge, such an arrangement is unique. However, a re-
lated series of compounds with stoichiometry CunX2nL2
(X = halide, L = halide or neutral ligand) have been pre-
pared that feature infinite stacks of oligomeric [Cun] frag-
ments.[26,27] Within the coordination polymer 6 there are
eight unique [Cu2O2] pairs with the following Cu···Cu distan-
ces: 2.8502(8) to 2.9645(8) (within the [CuII4L]


5+ unit),
3.3255(8) and 3.3766(9) S (within the short link), and
3.2781(8) to 3.4294(8) S (within the long link). Interestingly,
in this structure the repeating arrays of four CuII metals are
less bent than in compound 2, as gauged by the Cu1-Cu2-
Cu3 and Cu2-Cu3-Cu4 angles (171.22(3)8 and 172.43(3)8, re-
spectively).


Magnetochemistry : The nature of the magnetic exchange in
1, 2, 5, and 6, as representative of the different categories of
complexes, was examined by susceptibility measurements.
Complex 1 was investigated to assess a possible interex-
change between its distant CuII centers, mediated by the
HL2� ligand and presumed to be very weak. Of particular
interest was the study of the magnetic properties of 2, 5, and
6, because both contain the same very unusual [Cu4L]


5+


magnetic building block gathered by L3�, although organ-
ized into dramatically different supramolecular structures.
Bulk magnetization measurements of the dinuclear com-


plex [Cu2(HL)2(dmf)2] (1) were collected in the 1.8–300 K
temperature range under a constant magnetic field of 500 or
10000 G. In the plot of experimental cmT versus T (see Fig-
ure S2 in the Supporting Information), where cm is the
molar magnetic susceptibility per [Cu2] unit, the value of
cmT at room temperature is 0.92 cm3Kmol�1, which is very
close to the expected number for a molecule containing two
magnetically uncoupled CuII ions (S = 1=2) with g = 2.19
(0.90 cm3Kmol�1). This value remains practically constant
over the entire temperature range and drops suddenly at
low temperatures (�30 K) to reach 0.62 cm3Kmol�1 at 2 K.
This behavior suggests the presence of a very weak antifer-
romagnetic coupling between the CuII centers that is only
manifested at very low temperatures. The extent of the cou-
pling was determined by fitting the experimental data of cm
to the Bleaney–Bowers equation for two exchanged coupled


CuII centers.[28,29] To this theoretical expression was added a
temperature-independent paramagnetism (TIP) term, which
was allowed to vary during the fitting procedure. The best
fit (Figure S2, solid line) was obtained for values of g =


2.19, J = �0.73 cm�1 (with the H = �2 JS1S2 convention
for the Heisenberg Spin Hamiltonian) and TIP = 58T
10�6 cm3mol�1.
The bulk magnetization at variable temperature of [Cu8-


(L)2(OMe)8(NO3)2] (2) under a constant magnetic field was
also examined. Data were collected at temperatures be-
tween 1.8 and 300 K with an applied magnetic field of
1000 G. A plot of the experimental cmT versus T values per
[Cu8] unit corrected for temperature-independent paramag-
netism (TIP = 0.48T10�3 cm3mol�1) is represented in
Figure 11 (inset). This plot has the same qualitative appear-


ance as that originally reported,[17] but it is shifted to lower
values. This is attributed to experimental error during
sample preparation in the preliminary work that produced
anomalously higher values of cmT. At room temperature,
the product cmT takes the value of 2.29 cm3Kmol�1, which is
smaller than the expected number for eight independent
CuII ions with g = 2 (3.00 cm3Kmol�1). This value drops
quite rapidly with decreasing temperature to reach
0.02 cm3Kmol�1 at 1.8 K. These results show that the spin
magnetic moments of the CuII centers are strongly coupled
antiferromagnetically. This interaction is already manifested
at room temperature and leads to a diamagnetic spin
ground state of the [Cu8] units. The sharp raise at the lowest
temperatures in the plot of cm versus T (Figure 11) under-
scores the presence of a small amount of uncoupled para-
magnetic impurity (very common in this type of system and
especially apparent with strongly antiferromagnetic com-
pounds). To describe quantitatively the magnetic exchange
within the cluster, the experimental data of the magnetic


Figure 11. Plot of experimental cm versus T for [Cu8(L)2(OMe)8(NO3)2]
(2) per [Cu8]. The solid line is a fit to the T>80 K experimental data
using the program CLUMAG (see text for details). The inset is a repre-
sentation of the same data plotted as cmT versus T.
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susceptibility were fitted to a theoretical model. Figure 12
shows a scheme of the core of 2 indicating the seven inde-
pendent interactions between nearest Cu ions that are nec-


essary to describe the magnetic coupling within 2. The spin
topology of this system precludes the use of a Kambe vector
coupling method to obtain the energies of the spin states. In-
stead, a numeric method was employed by using the pro-
gram CLUMAG.[30] This program finds the set of parameters
that best fits a spin-only model to the experimental data
after an iterative procedure. This iteration is performed by
diagonalization of the matrix resulting from the considera-
tion of a particular coupling scheme by means of the irredu-
cible tensor operator (ITO) formalism. To avoid over-para-
metrization in the calculation for compound 2, only the in-
teractions deemed most likely to dominate the coupling
were considered. In this approximation, it was assumed that
any intercluster interaction was negligible because those
would be mediated by NO3


� bridges, all through long axial
bonds to Cu. Within the [Cu8] unit, the interactions occur-
ring through short equatorial Cu�O bonds were considered
to be the most important, whereas those involving axially
long or Jahn–Teller elongated bonds were estimated to be
negligible. Such an approximation is especially appropriate
with systems where the main interactions are antiferromag-
netic, which suppress any other weaker effect that otherwise
would only be apparent at lower temperatures. This resulted
in the model shown in Scheme 2A, in which the crystallo-
graphic symmetry of the cluster was considered that can be
described by the spin Hamiltonian of Equation (2).


H ¼ �2 J1ðS1S2 þ S10S20 Þ�2 J2ðS2S3 þ S20S30 Þ
�2 J3ðS3S4 þ S30S40 Þ�2 J4ðS4S10 þ S40S1Þ


ð2Þ


In this equation, Si or Si’ are the spin operators of Cui and
Cui’, respectively. To limit the perturbing effects of the para-
magnetic impurity during the fit, which are magnified at low
temperatures because of the strong antiferromagnetic char-
acter of 2, only the data above 80 K were included. A group
of best parameters was obtained from the numeric proce-
dure, in which nonadjacent J constants became grouped into
two sets of one value each, despite being left to vary freely.
These values are J1 = J3 = �104 cm�1 and J2 = J4 =


�90 cm�1. An almost equally satisfactory fit (solid lines in
Figure 9) was obtained when the calculation was carried out
under the constraint J1 = J2, yielding the parameters J1 =


J2 = �99 cm�1, J3 = �114 cm�1 and J4 = �81 cm�1. This
was the preferred result because it bears more physical
sense (vide infra) than the previous one. In these fits, an
upper limit of 2.30 was imposed for the value of g. The
strong antiferromagnetic coupling constants revealed by this
analysis are consistent with extensive experimental and the-
oretical studies performed on the spin exchange within
[Cu2O2] units constituted by hydroxide,[31] alkoxide,[32,33] or
phenoxide[34] equatorial bridges. It is clear from this vast
amount of research that the nature and strength of the ex-
change is chiefly affected by the Cu-O-Cu angle (referred to
as f below). In general, the coupling is antiferromagnetic
and jJ j decreases as f becomes more acute. For each type
of bridge there is a predicted critical value of f where J
changes sign to become ferromagnetic. The antiferromag-
netic character of the interaction is favored by the nature of
the bridge in the order OPh>OR>OH. Other geometric
or electronic factors have also been found to exert a particu-
lar influence on the value of J, such as the coordination ge-
ometry around CuII,[35–37] the Cu�O bond distances,[38,39] or
the electronegativity of the additional ligands bound to the
metals.[40] All spin interactions modeled for compound 2 cor-
respond to the above-mentioned [Cu2O2] categories, except
for that between Cu1 and Cu4’ (and its symmetric equiva-
lent) where only one of the two Cu-O-Cu pathways involves
two short equatorial Cu�O bonds. The bridging ligands are
methoxide, phenoxide, or pseudoalkoxides arising from the
diketonate moieties. In all cases, the Cu-O-Cu angles are
well inside the range expected for strong antiferromagnetic
coupling, respectively, consistent with the results from the
fit. The smallest J value (J4, �81 cm�1) has been assigned to
the Cu1···Cu4’ interaction (and its symmetric counterpart),
since it only has one equatorial MeO� bridge. The two de-
generate intermediate coupling constants (J1 and J2,
�99 cm�1) are attributed to the Cu1Cu2 and Cu2Cu3 pairs
(and their respective symmetric equivalents). For these
pairs, f ranges from 94.24 to 96.278. The strongest interac-
tion (J3, �114 cm�1) is associated with the Cu3···Cu4 cou-
pling, which involves Cu-O-Cu angles of 99.75 and 100.968,
and is therefore expected to display enhanced antiferromag-
netism. Because of the approximations included in this anal-
ysis, however, the numbers obtained must be regarded with
skepticism.
For comparison, bulk magnetization measurements of the


discrete octanuclear complex [Cu8L2(OMe)8(ClO4)2-
(MeOH)4] (5) were performed at temperatures between 2
and 300 K under a constant magnetic field of 1 T. The plot


Figure 12. Schematic representation of the [Cu8O14] core of [Cu8(L)2-
(OMe)8(NO3)2] (2). The arrows show the seven unique interactions be-
tween adjacent Cu ions necessary to describe the magnetic coupling
within the cluster.


Scheme 2. Spin topologies employed to model the magnetic coupling
within 2 (A) and 6 (B), respectively.
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of cmT versus T (Figure S3) is very similar to that of com-
plex 2. This is in agreement with the above assumption that
the magnetic properties of compounds 2–5 are dominated
by the exchange within the octanuclear core, which is very
similar in all these complexes. For this reason, a numerical
treatment of the experimental data was not attempted with 5.
The variable-temperature magnetic susceptibility of


catena-[Cu4(L)(OMe)3(NO3)2(H2O)0.36] (6) was investigated
under the influence of a constant magnetic of 1000 or
10000 G in the same temperature range as 1, 2, and 5. The
results, per [Cu4] unit and corrected for TIP (0.24T
10�3 cm�3mol�1), are represented in Figure 13 as cm or cmT


(inset) vs T plots. For each representation, the plots at both
magnetic fields were found to be superimposable. The cmT
experimental curve is very similar in appearance to that of
the [Cu8] cluster in 2. The room temperature value of cmT
per [Cu4] moiety is 0.90 cm


3Kmol�1, which is significantly
smaller than that expected for four magnetically uncoupled
CuII centers (1.5 cm�3Kmol�1). A decrease is observed as
the sample is cooled, until a value of 0.02 cm3Kmol�1 is
reached at 1.8 K. This behavior reveals that very strong anti-
ferromagnetic interactions dominate the magnetic coupling
within this system. As a result, a small amount of a para-
magnetic impurity becomes very apparent in the cm versus T
plot at the lowest temperature range (�20 to 2 K). The
strong antiferromagnetic character of the coupling in this
sample results in the extreme weakness of the signal in the
approximate range between 25 and 100 K, causing the data
in this interval to be subject to an important experimental
error. Thus, only data above 120 K were used for its quanti-
tative description. For this, the experimental data in that in-
terval was fit with the program CLUMAG as before. Again,
it was considered that the magnetization in 6 was controlled


by the interactions within equatorially bridged [Cu2O2] moi-
eties. Therefore, the coupling between metal ions in differ-
ent [Cu4] units, occurring through axial Jahn–Teller elongat-
ed bonds, was assumed to be suppressed by the strong anti-
ferromagnetic exchange prevailing within the tetranuclear
chains. Thus, a 2J model was used (Scheme 2B) consisting
of independent arrays of four CuII ions bridged by L3�, as
described by the spin Hamiltonian H = �2J1(S1S2+
S3S4)�2J2(S2S3). The symmetry imposed in this model within
the [Cu4] arrays is a consequence of the similarity in struc-
tural parameters of the Cu1Cu2 and Cu3Cu4 pairs (range of
Cu-O-Cu angles: 99.16 to 101.248) in contrast with the
Cu2Cu3 pair (Cu-O-Cu angles: 93.83 and 94.978). The best
fit was obtained for J1 = �177 and J2 = �154 cm�1, with an
imposed maximum for g of 2.30. These values may only be
taken as indicative on account of the number of approxima-
tions invoked and the weakness of the signal. It was found,
however, that the quality of the fit was little affected by the
value of the central interaction, provided it remained less
antiferromagnetic than J1. This dominance of the coupling
by two external antiferromagnetic interactions over an inno-
cent central exchange has already been observed in other
Cu4 systems with the same spin topology.


[41] The Hamiltoni-
an adopted here to model the experimental data of 6 can
not be solved by the Kambe vector coupling method[42] but
has an analytical solution, as reported previously for a Cu4
complex with the same symmetry.[41] Therefore, the data was
fitted to the equation given in reference [42] to give the fol-
lowing parameters: J1 = �166 and J2 = �142 cm�1, where-
by an upper limit of 2.3 for g was imposed. Again, this fit is
not affected significantly by the value of J2, provided it re-
mains less antiferromagnetic than J1. If the approximations
used are kept in mind, as well as the inaccuracy derived
from the low intensity of the magnetization in this system,
the results arising from both fits are comparable. The extent
of the exchange, however, seems to be significantly stronger
in this complex than in 2. The structural differences of these
two compounds prevent a systematic comparison between
their J values. However, the strongest interaction, which
controls the coupling in both cases, can be compared. In
both compounds, the corresponding Cu···Cu pair features
the largest Cu-O-Cu angles, which are similar for both com-
pounds (average of 100.4 and 100.38 in 2 and 6, respective-
ly). Among the factors causing this interaction to be stron-
ger in 6 could be the fact that in this complex the Cu–O dis-
tances are slightly shorter (average of 1.940 versus
1.953 S),[38,39] or that it displays a smaller hinge distortion of
the [Cu2O2] moiety (Cu-O-O-Cu torsion angles of 172.9 and
171.28 in 6 vs 168.68 in 2), which has been shown to have an
important effect on the nature of the magnetic ex-
change.[38,39,43, 44]


Conclusions


Herein, the great potential of the H3L ligand for the aggre-
gation of CuII spin carriers into structures with different de-
grees of aggregation and magnetic spin–spin interactions has
been shown. The identity of the product formed can be


Figure 13. Plot of experimental cm versus T for catena-[Cu4(L)(OMe)3-
(NO3)2(H2O)0.36] (6) per [Cu4]. The solid line is a fit to the T>120 K ex-
perimental data using the program CLUMAG (see text for details). The
inset is a representation of the same data plotted as cmT versus T.
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chemically controlled by small changes in the reaction con-
ditions. A binuclear complex with very weakly interacting
CuII ions is formed when the stoichiometric amount of a
mild base is used. In contrast, full deprotonation of H3L is
achieved by the use of an excess of a stronger base, which
leads to the assembly of tetranuclear arrays of closely
spaced and strongly interacting CuII ions. This structural
moiety is attained exclusively as a result of the templating
capability of L3� which is based on its five strategically posi-
tioned O donors. Subtle variations in the stoichiometry lead
to a dramatic change in the supramolecular organization of
the [CuII4] magnetic building blocks, starting from arrays of
[Cu4]2 units and changing to a chain of strongly linked [Cu4]
oligomers. The supramolecular organization of the octanu-
clear [Cu4]2 entities can be influenced by the nature of the
accompanying counterion. Thus, infinite chains of clusters
are formed as a result of the bridging action of NO3


� , Cl� ,
or Br� , whereas the use of ClO4


� blocks the polymerization
and leads to the formation of independent [Cu4]2 cages. This
work is therefore an important contribution towards the
goal of exploiting chemical tools in the construction of mo-
lecular-based magnetic materials with complicated structures
and tunable magnetic properties. Extension of this chemistry
to other open-shell transition metals is currently underway.


Experimental Section


Physical measurements : IR spectra were collected on a Perkin-Elmer
Paragon1000 spectrophotometer equipped with a Golden Gate Diamond
ATR as a sample support. Bulk magnetization measurements of smooth-
ly powdered microcrystalline samples of (1, 24.7 mg), (2, 18.1 mg), (5,
3.8 mg), and (6, 15.0 mg) were performed in the range 300–1.8 K with a
Quantum Design MPMS-XL (1 and 6) or MPMS-7XL (2 and 5) SQUID
magnetometer with an applied field of 0.5, 1, or 10 kG. Data were cor-
rected for the magnetization of the sample holder. Diamagnetic contribu-
tions were calculated using PascalUs constants (�5.12, �6.14, �7.46, and
�2.86 T10�4 cm3Kmol�1 for 1, 2, 5, and 6, respectively). Elemental anal-
yses were performed in-house on a Perkin Elmer Series II CHNS/O Ana-
lyzer 2400, at the Servei de Microan4lisi of CSIC, Barcelona (Spain), or
at the Microanalytical Laboratory of the University College, Dublin (Ire-
land).


Syntheses : All reagents were used as received except if otherwise indicat-
ed. The ligand H3L (1,3-bis(3-oxo-3-phenylpropionyl)-2-hydroxymethyl-
benzene) was prepared according to a previously published procedure.[12]


[Cu2(L)2(dmf)2] (1): To a blue solution of Cu(AcO)2·H2O (25 mg,
0.13 mmol) in DMF (5 mL) was added a yellow solution of H3L (50 mg,
0.13 mmol) in DMF. The solution turned dark green. It was stirred for a
few minutes and was then left unperturbed at �5 8C overnight. Crystals
of 1 were then collected by filtration. Yield: 47%; elemental analysis
calcd (%) for C63.2H66.8N4.4Cu2O14.4 (1·2.4DMF, 1046.11): C 60.94, H 5.41,
N 4.95; found: C 60.56, H 5.26, N 4.61.


[Cu8(L)2(OMe)8(NO3)2] (2): To a blue solution of Cu(NO3)2·2.5H2O
(233 mg, 1 mmol) in MeOH (14 mL) was added dropwise an orange so-
lution of H3L (50 mg, 0.13 mmol) and nBu4NOH (1.8 mL of a 1m so-
lution in MeOH, 1.8 mmol) in MeOH (14 mL). The solution turned dark
green and a fine green precipitate started to form before the addition
was complete. The mixture was stirred for about 30 min, and the precipi-
tate was collected by filtration. The green solid was immediately slurried
in MeOH for about 30 min and then separated by filtration. The remain-
ing green-yellow filtrate was layered with Et2O in various tubes and left
for 2 weeks, after which, green crystals of 2, suitable for X-ray crystallog-
raphy, had been deposited on the sides and were collected by filtration.
Yield: 20%; elemental analysis calcd (%) for C59H62N2Cu8O25 (2·MeOH,
1707.56): C 41.50, H 3.66, N 1.64; found: C 41.11, H 3.30, N 1.75.


Complex 2 was found to decompose upon exposure to air. Therefore,
when the solid was separated from the mother liquor, it was manipulated
in a glove box and all the physical measurements were performed under
an inert atmosphere. Microanalysis experiments suggest that complex 2
undergoes complete substitution of the OMe� ligands by OH� in contact
with atmospheric moisture to form the fully hydrolyzed product [Cu8-
(L)2(OH)8(NO3)2] (2a). Elemental analysis calcd (%) for C50H46N2Cu8O26


(2a·2H2O, 1599.32): C 37.55, H 2.90, N 1.75; found: C 37.14, H 2.42, N
1.92.


[Cu8(L)2(OMe)8(Cl)2] (3): This complex was prepared in the same
manner as complex 2 from CuCl2·2H2O (170.45 mg, 1 mmol) instead of
the nitrate salt, and was obtained as green crystals, suitable for X-ray
crystallography, in similar yields. The compound absorbs H2O upon expo-
sure to air. Elemental analysis calcd (%) for C58H70Cl2Cu8O24 (3·6H2O,
1730.5): C 40.26, H 4.08; found: C 39.89, H 3.31.


[Cu8(L)2(OMe)7.86Br2.14] (4): This compound was prepared in the same
manner as complexes 2 and 3 from CuBr2 (223.36 mg, 1 mmol) as the
CuII salt. Green crystals were obtained in �20% yield. They were used
for single-crystal X-ray diffraction studies. The compound absorbs H2O
upon exposure to air. Elemental analysis calcd (%) for
C57.86H65.58Br2.14Cu8O21.86 (4·4H2O, 1790.2): C 38.82, H 3.69; found: C
38.51, H 3.35.


[Cu8(L)2(OMe)8(ClO4)2(MeOH)4] (5): This complex was prepared as for
2, 3, and 4, from Cu(ClO4)2·6H2O as the metal salt but with different sto-
ichiometries. Thus a solution of Cu(ClO4)2·6H2O (370 mg, 1 mmol) in
MeOH (15 mL) was mixed with another solution of H3L (100 mg,
0.25 mmol) and nBu4NOH (1.8 mL of a 1m solution in MeOH, 1.8 mmol)
in MeOH (14 mL). The resulting green slurry was treated in the same
manner as in the above three preparations. Extremely thin plates were
obtained in yields of 10–15%. The terminal MeOH was replaced by H2O
upon exposure to air to form [Cu8(L)2(OMe)8(ClO4)2(H2O)4] (5a). Ele-
mental analysis calcd (%) for C58H66Cl2Cu8O30 (5a, 1822.46): C 38.23, H
3.65; found: C 37.65, H 3.30.


catena-[Cu4(L)(OMe)3(NO3)2(H2O)0.36] (6): To a stirred blue solution of
Cu(NO3)2·2.5H2O (349 mg, 1.5 mmol) in MeOH (45 mL) was added an
orange solution of H3L (150 mg, 0.38 mmol) and nBu4NOH (1.5 mL of a
1m solution in MeOH, 1.5 mmol) in MeOH (45 mL). The solution turned
dark green, and stirring was maintained for about 20 min. The system
was left unperturbed after addition of Et2O (100 mL), and 3 weeks later,
small black needles of 6, which were suitable for X-ray diffraction, were
collected in 25% yield. Elemental analysis calcd (%) for
C28H26.8N2Cu4O14.4 (6·0.04H2O, 875.93): C 38.39, H 3.08, N 3.20; found: C
38.20, H 3.21, N 3.19.


X-ray crystallography :


Complexes 1 and 2 : Details of the crystal structure determination of
complexes 1 and 2 have been published elsewhere.[17,20]


Complex 3 : C58H52Cl2Cu8O18·1.5CH3CH2OCH2CH3, Mr = 1727.40, green
block, triclinic, space group P1̄ with a = 10.640(4), b = 13.525(5), c =


13.566(4) S, a = 101.278(5), b = 101.278(5), g = 96.568(4)8, V =


1850.8(11) S3, Z = 1, 1calcd = 1.550 gcm�3, F(000) = 873, m(MoKa) =


2.389 mm�1. X-ray data were collected on a Bruker SMART CCD area-
detector single-crystal diffractometer with graphite-monochromatized
MoKa radiation (l = 0.71073 S) by the f–w scan method at 293 K. A
total of 11980 reflections were measured (1.57<q<28.308), 8420 of
which were independent (Rint = 0.0392). The structure was solved by
direct methods using the program SHELXS-97.[45] The refinement and all
further calculations were carried out using SHELXL-97.[46] The H atoms
could be located from Fourier difference maps but were finally treated as
riding atoms using SHELXL default parameters. The non-hydrogen
atoms were refined anisotropically with weighted full-matrix least-
squares on F2. A region of highly disordered electron density was equa-
ted to 1.5 molecules of diethyl ether per molecule of complex and the
HKL file was modified with the SQUEEZE routine in PLATON;[47]


66 electrons for a volume of 513 S3. Refinement of 392 parameters re-
sulted in a final wR2 of 0.1075, w = 1/[s2(F2) + (0.0506P)2], where P =


(max(F2
o,0) + 2F2


c)/3, R1 = 0.0514 (for 4713 I>2s(I)), S = 0.893,
�0.628<D1<0.659 eS�3.


Complex 4 : C57.86H57.58Br2.14Cu8O17.86·CH3CH2OCH2CH3, Mr = 1792.15,
green block, (0.40T0.27T0.33 mm), triclinic, space group P1̄ with a =


10.7644(7), b = 13.6003(9), c = 13.4636(9) S, a = 101.250(5), b =
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109.288(5), g = 101.549(5)8, V = 1869.3(2) S3, Z = 1, 1calcd =


1.592 gcm�3, F(000) = 897, m(MoKa) = 3.435 mm�1. The intensity data
were collected at 153 K on a Stoe Mark II Image Plate Diffraction
System equipped with a two-circle goniometer with MoKa graphite-mono-
chromated radiation (l = 0.71073 S). A total of 20740 reflections were
measured (1.14<q<29.778), 9748 of which were independent (Rint =


0.0301). The structure was solved by direct methods using the program
SHELXS-97.[45] The refinement and all further calculations were carried
out using SHELXL-97.[46] An empirical absorption correction with
DIFABS in PLATON was applied; transmission factors Tmin/Tmax =


0.311/0.747. The SQUEEZE routine in PLATON was also applied and
gave a solvent area occupied by �40 electrons for a volume of 509.5 S3.
This was equated to one molecule of diethyl ether per unit cell (per [Cu8]
complex molecule). A peak in the region of the methoxy group bridging
atoms Cu2 and Cu3 was assumed to be a partially occupied bromine
atom, whereby bond lengths were used as a reference. The refined occu-
pancies for the CH3O/bromine were 0.931/0.069. Hence, we can assume
that atoms Cu2 and Cu3 are bridged by a Br for �7% of the molecules
in the crystal, and atoms Cu2 and Cu3 are bridged by a methoxy group
for �93% of the molecules in the crystal. The hydrogen atoms were in-
cluded in calculated positions as riding atoms using SHELXL default pa-
rameters. Non-hydrogen atoms were refined anisotropically with weight-
ed full-matrix least-squares on F2. Refinement of 403 parameters resulted
in a final wR2 of 0.0789, w = 1/[s2(F2)+ (0.0552P)2], where P =


(max(F2
o,0) + 2F2


c)/3, R1 = 0.0298 (for 8202 I>2s(I)), S = 1.003,
�0.976<D1<0.724 eS�3.


Complex 5 : C128H140Cl4Cu16O64, Fw = 3860.84, pale green plate, (0.12T
0.06T0.01 mm), monoclinic, space group P21/n with a = 15.248(2), b =


15.322(2), c = 16.244(2) S, a = 90, b = 105.751(2), g = 90(5)8, V =


3652.6(8) S3, Z = 1, 1calcd = 1.755 gcm�3, F(000) = 1776, m =


2.443 mm�1. The structure was determined at the microcrystal diffraction
facility on station 9.8 of the Synchrotron Radiation Source, CCLRC
Daresbury Laboratory. The intensity data were collected at 150(2) K on a
Bruker Nonius APEXII CCD area-detector diffractometer equipped
with a Cryostream nitrogen gas stream. The wavelength was calibrated
by measurement of the unit cell parameters of a standard crystal of
known structure. Data collection nominally covered a sphere of recipro-
cal space by three series of w-rotation exposure frames with different
crystal orientation f angles. Reflection intensities were integrated by
using standard procedures,[48] allowing for the plane-polarized nature of
the primary synchrotron beam. Corrections were applied semiempirically
for absorption and incident beam decay.[48] Unit cell parameters were re-
fined from the observed w angles of all strong reflections in the complete
data sets. A total of 28330 reflections were measured (2.541<q<


25.6748), 6963 of which were independent (Rint = 0.0495). The structure
was solved by routine automatic direct methods and refined by least-
squares refinement on all unique measured F2 values.[49] All non-hydro-
gen atoms were refined anisotropically. Hydrogen atoms were found by a
combination of methods: the methyl hydrogen atoms were located in the
difference map and the others were placed geometrically. All were re-
fined with a riding model. The crystal used for data collection was twin-
ned; however, a suitable twin law could not be determined. Instead, the
most disagreeable reflections were omitted from the refinement. Refine-
ment of 485 parameters resulted in a final wR2 of 0.1392, w = 1/
[s2(F2


o)+ (0.0.962P)2], where P = (F2o + 2F2
c)/3, R1 = 0.0545 (for 5379


I>2s(I)), S = 1.037, �0.654<D1<1.904 eS�3.


Complex 6 : 0.638 (C28H26Cu4N2O14)·0.362 (C28H28Cu4N2O15), Mr = 875.23,
dark green prism, (0.1T0.1T0.3 mm), monoclinic, space group P21/c
(no. 14) with a = 13.1111(10), b = 17.437(2), c = 17.271(2) S, b =


109.288(10)8, V = 3726.8(7) S3, Z = 4, 1calcd = 1.560 gcm�3, F(000) =


1758, m(MoKa) = 2.315 mm�1. Data were collected at T = 150 K on an
Enraf-Nonius Kappa CCD area detector on a rotating anode (MoKa radi-
ation, graphite monochromator, l = 0.71073 S). A total of 48291 re-
flections were measured (1.0<q<25.258), 6756 of which were independ-
ent (Rint = 0.0708). The structure was solved by direct methods with
SHELXS86,[50] and refined on F2 with SHELXL-97.[51] One of the CuII


ions is coordinated by a partly occupied water molecule. Introduction of
the water molecule causes a small shift in the position of two coordinated
nitrate ions and a section of the L3� ligand, compared to the situation
where the water is absent. This disorder could be satisfactorily modeled
with a two-site disorder model. The occupancy of the major component


refined to 0.638(5). The coordinated water is only present in the minor
disorder component. The crystal structure of complex 6 also contains two
symmetry-related cavities with a volume of 405 S3 each, filled with disor-
dered solvent. The disordered section of the L3� ligand lies directly
against the disordered solvent cavity. Since no satisfactory disorder
model could be found, the contribution of the solvent to the structure
factors was taken into account with PLATON/SQUEEZE.[47] A total of
178 electrons were found in each cavity. All hydrogen atoms of 6 were in-
cluded in the refinement on calculated positions riding on their carrier
atoms. Ordered non-hydrogen atoms were refined with anisotropic dis-
placement parameters. The disordered atoms were refined with isotropic
displacement parameters; the parameters for the major and minor site of
each atom were equated. Hydrogen atoms were refined with a fixed iso-
tropic displacement parameter linked to the value of the equivalent iso-
tropic displacement parameter of their carrier atoms. Refinement of
419 parameters resulted in a final wR2 of 0.1122, w = 1/[s2(F2)
+ (0.0501P)2 + 5.48P], where P = (max(F2


o,0) + 2F2
c)/3, R1 = 0.0448


(for 5209 I>2s(I)), S = 1.061, �0.80<D1<0.91 eS�3.


CCDC-225813, and CCDC-243258–243260 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).
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Nitration of Alkanes with Nitric Acid by Vanadium-Substituted
Polyoxometalates


Satoshi Shinachi,[a] Hidenori Yahiro,[b] Kazuya Yamaguchi,[a] and Noritaka Mizuno*[a]


Introduction


Polyoxometalates catalyze transformation of various kinds
of functional groups because the acid and redox properties
can be controlled at the atomic and molecular levels by
changing the constituent elements.[1] Various kinds of poly-
oxometalate-catalyzed reactions have been reported,[2] and
Keggin-type phosphovanadomolybdates such as
[H4PVMo11O40], [H5PV2Mo10O40], and [H6PV3Mo9O40] are
reported to be catalytically active for liquid-phase oxidation
reactions.[3]


Nitration of alkanes is an important reaction in academic
and industrial fields because nitroalkanes are important pre-
cursors for pharmaceuticals and agrochemicals,[4] and are
used as various synthetic intermediates because the nitro


group can be removed selectively while maintaing other
functional groups; furthermore the reduction of nitro com-
pounds affords various nitrogen derivatives such as amines,
oximes, nitroso compounds, and hydroxyl amines.[5] Despite
their significant importance, there are only a few useful
methods for the nitration of alkanes[6] in contrast to the ni-
tration of aromatics.[7] Nitration of lower alkanes such as
propane is usually carried out using nitrogen dioxide or
nitric acid under forced reaction conditions (523–673 K) be-
cause of the difficulty of activation of C�H bonds as well as
nitrating agents. Under such conditions, alkanes undergo
cleavage of the C�C bonds, which results in the formation
of the undesirable lower alkanes/nitroalkanes.[8]


Even in the case of rather reactive adamantane, it is
known that the nitration with concentrated nitric acid or ni-
trogen dioxide does not proceed even under the forced con-
ditions.[9] In the presence of ozone, nitrogen dioxide reacts
with adamantane at tertiary position to give 1-nitroadaman-
tane as a main product.[6a] Nitration of adamantane under
free-radical conditions was carried out by irradiating a so-
lution of adamantane and dinitrogen pentoxide to give a
mixture of 1-nitroadamantane, adamantyl nitrate, 2-nitro-
adamantane, and 2-adamantanone as products.[6d] The nitra-
tion of adamantane with nitronium tetrafluoroborate (NO2


+


BF4
�) in a carefully purified (nitrile free) nitroalkane sol-


vent gives 1-nitroadamantane in 60–70% yield.[6b] However,
these systems have disadvantages; they require special han-
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Abstract: The nitration of alkanes by
using nitric acid as a nitrating agent in
acetic acid was efficiently promoted by
vanadium-substituted Keggin-type
phosphomolybdates such as
[H4PVMo11O40], [H5PV2Mo10O40], and
[H6PV3Mo9O40] as catalyst precursors.
A variety of alkanes including alkyl-
benzenes were nitrated to the corre-
sponding nitroalkanes as major prod-
ucts in moderate yields with formation
of oxygenated products under mild re-
action conditions. The carbon�carbon
bond cleavage reactions hardly pro-


ceeded. ESR, NMR, and IR spectros-
copic data show that the vanadium-
substituted polyoxometalate, for exam-
ple, [H4PVMo11O40], decomposes to
form free vanadium species and
[PMo12O40]


3� Keggin anion. The reac-
tion mechanism involving a radical-
chain path is proposed. The polyoxo-
metalates initially abstract the hydro-


gen of the alkane to form the alkyl rad-
ical and the reduced polyoxometalates.
The reduced polyoxometalates subse-
quently react with nitric acid to pro-
duce the oxidized form and nitrogen
dioxide. This step would be promoted
mainly by the phosphomolybdates,
[PMo12O40]


n�, and the vanadium cati-
ons efficiently enhance the activity.
The nitrogen dioxide promotes the fur-
ther formation of nitrogen dioxide and
an alkyl radical. The alkyl radical is
trapped by nitrogen dioxide to form
the corresponding nitroalkane.


Keywords: alkanes · molybdo-
phosphate · nitration · nitric acid ·
vanadium


Chem. Eur. J. 2004, 10, 6489 – 6496 DOI: 10.1002/chem.200400049 G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6489


FULL PAPER







dling, for example, the use of ozone, and careful purification
of solvents; also, they are of limited use for some alkanes,
such as adamantane derivatives. In these contexts, efficient,
widely usable catalytic systems are previously unknown,
while the key is activation of unreactive alkanes as well as
nitrating agents with catalysts under mild reaction condi-
tions. Recently, Ishii and co-workers have developed an effi-
cient nitration system with nitric acid or nitrogen dioxide by
using N-hydroxyphthalimide (NHPI) as a catalyst precur-
sor.[10] However, in the nitration of adamantane using nitric
acid as a nitrating reagent (employed by our group), the
NHPI almost completely decomposed to phthalic acid and
other products. Therefore, a large amount of NHPI (at least
10 mol%) was required to achieve the high conversion even
in the nitration of adamantane and the catalyst could not be
recycled.


We have previously reported that [VO(H2O)5]H[PMo12-
O40] could act as a catalyst for the nitration of alkanes.[11]


During the course of our investigation, we found that
Keggin-type vanadium-substituted phosphomolybdates such
as [H4PVMo11O40], [H5PV2Mo10O40], and [H6PV3Mo9O40]
also showed high catalytic activity for the nitration of alka-
nes by using nitric acid as a nitration agent. Various alkanes
including alkylbenzenes were nitrated to the corresponding
nitroalkanes in high or moderate yields under mild reaction
conditions [Eq. (1)]. In this paper, we report the scope of ni-
tration by using the vanadium-substituted phosphomolyb-
dates as catalyst precursors. Further, we investigate the pos-
sible reaction path.


Results and Discussion


Scope of the present nitration : The nitration of adamantane
with nitric acid was first carried out in the presence of
[H4PVMo11O40] (1.67mm, 0.5 mol%) at 356 K in acetic acid
(3 mL) under argon. The time
course is shown in Figure 1.
The nitration of adamantane
proceeded with an induction
period (3–4 h). The main prod-
uct was 1-nitroadamantane and
oxygenated products of 1-ada-
mantanol and 2-adamantanone
were also produced. After 12 h,
the successive nitration of 1-ni-
troadamantane to 1,3-dinitroa-
damantane proceeded. The
yields of 1-nitroadamantane,
1,3-dinitroadamantane, 1-ada-
mantanol, and 2-adamantanone
after 24 h were 51, 7, 17, and
5%, respectively, and the yield
ratio of (1-nitroadamantane


+ 1,3-dinitroadamantane):1-adamantanol:2-adamantanone
changed little with time. This means that the nitration and
oxygenation products are formed in parallel. Table 1 shows
the results of the nitration of adamantane under several re-
action conditions. Among the solvents tested, acetic acid
and trifluorotoluene gave the high yields of the correspond-
ing nitro compounds (entries 3 and 5), while the yields were
low for ethyl acetate and acetonitrile (entries 6 and 7).


When the nitration was carried
out with various solvents, the
conversion decreased with de-
crease in the amount of gaseous
nitrogen dioxide evolved. When
the reaction was performed
below 343 K, prolonged reac-
tion time was needed to attain


high yields of the corresponding nitro compounds (entries 1
and 2). The increase in the reaction temperature to 373 K
resulted in the decrease in the selectivity to 1-nitroadaman-
tane probably because of the acceleration of the nitration of


Figure 1. Reaction profiles of the nitration of adamantane with nitric acid
catalyzed by H4PVMo11O40; conversion of adamantane (*), yields of 1-ni-
troadamantane (*), 1,3-dinitroadamantane (^), 1-adamantanol (~), 2-
adamantanone (&). Reaction conditions: Adamanatane (1 mmol, 0.33m),
[H4PVMo11O40] (0.5 mol%, 1.67 mm), nitric acid (2 mmol, 0.67m), acetic
acid (3 mL), 356 K, under 1 atm of argon.


Table 1. Nitration of adamantane with nitric acid under various reaction conditions.[a]


Entry Solvent T/K Yield/%
1-nitro 1,3-dinitro 1-ol 2-one total


1[b] AcOH 333 trace n.d. trace n.d. <1
2[b] AcOH 343 10 1 11 trace 22
3 AcOH 356 51 7 17 5 80
4 AcOH 373 41 20 13 5 81
5 PhCF3 356 59 7 25 4 95
6 AcOEt 356 14 trace 22 3 39
7 CH3CN 356 n.d. n.d. n.d. n.d. <1


[a] Adamantane (1 mmol), H4PVMo11O40 (1.67mm, 0.5 mol%), nitric acid (2 mmol), solvent (3 mL), under
1 atm of argon, 24 h. Yields were based on adamantane used and determined by GC using naphthalene as an
internal standard. [b] 48 h.
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1-nitroadamanatne to 1,3-dini-
troadamantane (entry 4).
Therefore, the nitration was
hereafter carried out at 356 K
in acetic acid.


Table 2 summarizes the re-
sults of the nitration of various
alkanes by [H4PVMo11O40] in
acetic acid at 356 K. The nitra-
tion of adamantane proceeded
at the tertiary C�H bonds to
give mainly 1-nitroadamana-
tane and 1,3-dinitroadamantane
with oxygenated products
(entry 1). After the nitration of
adamantane was completed,
adamantane (1 mmol) and
nitric acid (2 mmol) were again
added to the reaction solution
and the solution was heated to
356 K. The nitration again pro-
ceeded with almost the same in-
duction period, reaction rate
and selectivity as those ob-
served for the first run (Fig-
ure S1, Supporting Information). Thus, the [H4PVMo11O40]
is intrinsically recyclable. Substituted adamantanes of 1,3-di-
methyladamantane and 1-chloroadamantane were also ni-
trated to the corresponding nitro compounds (entries 2 and
3). Cyclohexane was highly selectively nitrated to nitrocyclo-
hexane, while hardly any C�C bond cleavage was observed
(entry 4). Cyclooctane was also nitrated to the correspond-
ing mono and dinitro compounds along with cyclooctanone
(entry 5). It is noted that alkylbenzenes such as toluene and
p-xylene were also nitrated only at the alkyl side-chain C�H
bonds and that no nitration of the aromatic ring was ob-
served under these reaction conditions (entries 6 and 7), al-
though the nitration of the alkyl side-chain of alkylbenzenes
is very difficult with the conventional methods.[1,2] In the
case of benzene, nitration as well as hydroxylation of aro-
matic ring did not occur under the present conditions.


State of catalyst : Next, ESR spectra of [H4PVMo11O40] in
acetic acid were measured to investigate the catalyst state.
In the measurements, 1,3-dimethyladamantane was used as
a substrate because the solubility of adamantane in acetic
acid was low below 298 K (the temperature of ESR meas-
urements) and adamantane added was in part insoluble. The
acetic acid solution of [H4PVMo11O40] (1.67mm) without 1,3-
dimethyladamantane was completely ESR silent after the
treatment at 356 K under argon. To the solution, 200 equiva-
lents of 1,3-dimethyladamantane with respect to
[H4PVMo11O40] were added and the solution was kept at
356 K under 1 atm of argon. After 4 h, the color of the so-
lution was changed from orange to yellow-green, suggesting
the reduction of [H4PVMo11O40]. Then, the ESR spectrum
of the solution was measured at 100 K (solid line in Fig-
ure 2a). The hyperfine structure of vanadium was observed
and the spectrum was well reproduced by the simulation


with parameters characteristic of V4+ as follows; g?=1.982,
gk =1.935, A?=7.0 mT, and Ak =18.1 mT (dotted line in
Figure 2a).[12,13] The signal intensity corresponds to the
extent of reduction of 1.0 electron per polyanion; this shows
that all of the V5+ was reduced to V4+ . Separately, we syn-
thesized [VO(H2O)5]H[PMo12O40] and measured the ESR
spectrum in acetic acid at 100 K. It was found that the pa-
rameters of the hyperfine structure were the same as those
in Figure 2a. To the yellow-green solution, two equivalents
of nitric acid with respect to 1,3-dimethyladamantane were
added under argon, resulting in the quick disappearance of
ESR signals (Figure 2b) and the evolution of nitrogen diox-
ide. This fact indicates that the reduced polyoxometalate is
easily reoxidized by nitric acid.[13] Then, the nitration reac-
tion proceeded with almost the same rate as that under the
catalytic turnover conditions (in Table 2). In the case of
[H3PMo12O40], a very weak broad signal of Mo5+ was ob-
served at g=1.951 (100 K).


51V and 31P NMR measurements were carried out at 356 K
with the same sample as that used for the ESR measure-
ments. The fresh [H4PVMo11O40] in acetic acid gave a chem-
ical shift of d �562.9 in the 51V NMR analysis. The signal
intensity became much weaker after the treatment with 1,3-
dimethyladamantane at 356 K under argon. The decrease in
the intensity can be explained by the reduction of V5+ spe-
cies to V4+ .[14] On the other hand, no spectral changes were
observed without 1,3-dimethyladamantane. These observa-
tions are in good agreement with the ESR results. The fresh
[H4PVMo11O40] showed a 31P NMR signal at d �1.59 in
acetic acid. The signal intensity became very weak and an
intense signal at d �2.16 was observed after the treatment
with 1,3-dimethyladamantane at 356 K under argon. This
signal at d �2.16 is assigned to [PMo12O40]


3� since the
31P NMR spectra of H3PMo12O40 and [VO(H2O)5]H[P-
Mo12O40] in acetic acid (1.67mm) showed signals at d �2.20


Table 2. Nitration of various alkanes catalyzed by H4PVMo11O40 with nitric acid.[a]


Entry Substrate Conditions TTON[b] Products Yield/%


1 adamantane I 160 1-nitroadamantane 51
1,3-dinitroadamantane 7
1-adamantanol 17
2-adamantanone 5


2 1,3-dimethyladamantane I 114 1,3-dimethyl-5-nitroadamantane 41
3,5-dimethyl-1-adamantanol 16


3 1-chloroadamantane I 108 1-chloro-3-nitroadamantane 36
3-chloro-1-adamantanol 18


4 cyclohexane II 40 nitrocyclohexane 9
cyclohexanol 1


5 cyclooctane I 100 nitrocyclooctane 25
dinitrocyclooctanes 14
cyclooctanone 11


6 toluene II 168 (nitromethyl)benzene 20
benzyl alcohol 7
benzaldehyde 15


7 p-xylene II 320 1-methyl-4-(nitromethyl)benzene 48
p-tolualdehyde 32


[a] Reaction conditions I : alkane (1 mmol), [H4PVMo11O40] (1.67mm, 0.5 mol%), nitric acid (2 mmol), acetic
acid (3 mL), 356 K, under 1 atm of argon. Yields were based on alkanes used and determined by GC using
naphthalene as an internal standard. Reaction conditions II : alkane (18.5 mmol), [H4PVMo11O40] (1.00mm,
0.03 mol%), nitric acid (2 mmol), acetic acid (3 mL), 356 K, under 1 atm of argon. Yields were based on nitric
acid used and determined by GC using naphthalene as an internal standard. [b] TTON (total turnover
number)=products (mol)/[H4PVMo11O40] used (mol).
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and �2.19, respectively. The IR spectrum of fresh
[H4PVMo11O40] showed the bands characteristic of the
Keggin structure; ñ(Mo-O-Mo) (787 and 866 cm�1), ñ(Mo=
O) (961 cm�1), ñ(P-O-Mo) (1062 cm�1), and ñ(P-O-V)
(1078 cm�1). By the treatment with 1,3-dimethyladamantane,
the band position and intensities were almost unchanged
except that a shoulder ñ(P-O-V) band disappeared (Fig-
ure S2).


These ESR, NMR, and IR
data show the elimination of
the vanadium from the Keggin
structure to form free vanadium
species and [PMo12O40]


3�


Keggin anions.[16]


Roles of [PMo12O40]
n� and va-


nadium : Table 3 shows the re-
sults of the nitration of ada-
mantane using various catalysts
in acetic acid at 356 K. The ni-
tration did not proceed in the
absence of catalysts (entry 11),
but proceeded in the presence
of [H3PMo12O40] to give the cor-
responding nitroadamantanes
and oxygenated products in
moderate yields (entry 1).
Vanadium-substituted poly-
oxomolybdates such as
[H4PVMo11O40],


[H5PV2Mo10O40], and [H6PV3Mo9O40] exhibited higher activ-
ity and selectivity to the nitration products than those of
[H3PMo12O40] (entries 2–4). [VO(acac)2] gave 1-nitroada-
mantane and 1-adamantanol in 8 and 6% yields, respective-
ly, and the activity was much lower than those of phospho-
molybdates (entry 8). Interestingly, a mixture of
[H3PMo12O40] and [VO(acac)2] showed higher activity than
those of [H3PMo12O40] and [VO(acac)2] (entry 9). When
[VO(H2O)5]H[PMo12O40] was used as a catalyst, the nitra-
tion of various alkanes was efficiently promoted and the ac-
tivity was similar to that of [H4PVMo11O40] (entry 10 and
Table S1 in the Supporting Information).[11] These facts show
that there is a synergistic effect between phosphomolybdates
and vanadium cations. As mentioned above, [H3PMo12O40]
as intrinsically active for the nitration and the activity was
higher than that of vanadium compounds. Therefore, the
present nitration would be proceeded mainly by the
[PMo12O40]


3� anion. Since the metal cations such as Cu2+


and Pd2+ can promote the reduction of [PMo12O40]
3� and


the reoxidation of the reduced form,[17] the eliminated vana-
dium species likely promotes the reduction and reoxidation
of the anion, for example, [PMo12O40]


4�+V5+!
[PMo12O40]


3�+V4+ , which results in the acceleration of the
nitration by the anion. Similar acceleration of isobutane oxi-
dation by [H3PMo12O40], in the presence of vanadium spe-
cies has been reported.[15]


Reaction mechanism : The nitration reactions proceed gener-
ally via either ionic or free-radical mechanism. The nitroni-
um ion (NO2


+) mechanism has been accepted for the nitra-
tion of aromatic compounds catalyzed by mixed acids, for
example, sulfuric acid and nitric acid. While it is possible
that polyoxometalates can act as a strong Brønsted acid to
generate nitronium ion, no nitration of aromatic compounds
proceeded in the present system. Therefore, the nitronium
ion mechanism (ionic mechanism) can be excluded. When
nitric acid is used in the vapor-phase nitration, the reaction


Figure 2. ESR spectra of [H4PVMo11O40] in acetic acid measured at
100 K. a) 1.67 mm [H4PVMo11O40] in acetic acid was treated by 200 equiv-
alents of 1,3-dimethyladamantane at 356 K for 4 h under 1 atm of argon.
b) 2 equivalents of nitric acid with respect to 1,3-dimethyladamantane
were added to the above solution. Six asterisks are assigned to the signals
of the Mn marker. The dotted line in a) is obtained by the simulation
(see text).


Table 3. Nitration of adamantane with nitric acid by various catalysts in acetic acid.[a]


Entry Catalyst Yield/%
1-nitro 1,3-dinitro 1-ol 2-one total


1 [H3PMo12O40] 14 3 15 2 34
2 [H4PVMo11O40] 51 7 17 5 80
3 [H5PV2Mo10O40] 45 8 25 5 83
4 [H6PV3Mo9O40] 44 11 26 5 86
5 [H3PW12O40] 3 trace 3 trace 6
6 [H4PVW11O40] 33 2 15 trace 50
7 [H5PV2W10O40] 26 trace 18 trace 44
8 [VO(acac)2] 8 trace 6 trace 14
9[b] [H3PMo12O40]+[VO(acac)2] 41 5 21 4 71
10 [VO(H2O)5]H[PMo12O40] 54 7 27 5 93
11 none n.d. n.d. n.d. n.d. <1


[a] Reaction conditions: Adamantane (1 mmol), catalyst (1.67mm, 0.5 mol%), nitric acid (2 mmol), acetic acid
(3 mL), 356 K, under 1 atm of argon, 24 h. Yields were based on adamantane used and determined by GC
using naphthalene as an internal standard. [b] Catalyst: A mixture of [H3PMo12O40] (1.67mm) and [VO(acac)2]
(1.67mm).
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is initiated by the homolytic decomposition of nitric acid
into nitrogen dioxide and a hydroxyl radical. Then, hydroxyl
radicals and alkyl radicals are propagated (Scheme S1). If
the present nitration by using polyoxometalates proceeds in
a similar way, aromatic hydroxylation takes place. However,
in the present system, no hydroxylation of aromatic com-
pounds such as benzene, toluene, and p-xylene proceeded.
Therefore, we exclude the mechanism in the present nitra-
tion.


We investigated the reaction mechanism in more detail
with [H4PVMo11O40]. First, the nitration reaction was car-
ried out by using adamantane as a test substrate under the
conditions described in Table 2. As above mentioned
(Figure 1), the nitration of adamantane proceeded with an
induction period (3–4 h). After the period, the nitrogen di-
oxide gas was evolved, which was confirmed by UV/Vis
spectroscopy according to ref. [18]. Without [H4PVMo11O40],
no evolution of nitrogen dioxide was observed and the nitra-
tion did not proceed. Further, no evolution of nitrogen diox-
ide was observed without addition of adamantane. In con-
trast, nitrogen dioxide was evolved even at room tempera-
ture upon the treatment of reduced [H4PVMo11O40] or
[H3PMo12O40] (one electron per polyanion by using ascorbic
acid) with nitric acid, while no nitrogen dioxide was evolved
upon the treatment of the oxidized (fresh) polyoxometalates
with nitric acid.


On the basis of all these results, it is probable that nitro-
gen dioxide is produced according to the following mecha-
nism (Scheme 1): An alkane reacts with a polyoxometalate
(POMox) to form the polyoxometalate (POMred) and an
alkyl radical (step 1). The reduced species then reacts with
nitric acid to regenerate the oxidized form along with nitro-
gen dioxide (step 2). Addition of 2,2’-azobis(isobutyroni-
trile) (AIBN, 2 mol% with respect to adamantane) as an
alkyl radical initiator to the reaction mixture did not affect
the induction period, reaction rate, and product selectivity.
Further, AIBN alone yielded no nitration products in the
absence of polyoxometalates (<1% conversion after 36 h).
When copper metal (50 mmol)[19] was added to the system
without polyoxometalates, nitrogen dioxide was quickly
evolved and the induction period disappeared (~ in
Figure 3). The initial rate was almost the same as the postin-
duction rate without copper metal (& in Figure 3). When ni-
trogen dioxide was introduced to the reaction system, the in-
duction period disappeared. The initial rate was almost the
same as the postinduction rate and product selectivity was
unchanged. These observations suggest that [H4PVMo11O40]
is not directly involved in the nitration of an alkane, but ini-
tiates formation of nitrogen dioxide and an alkyl radical spe-
cies with nitric acid and an alkane and that the formation of
nitrogen dioxide is a key reaction for the present nitration.
An induction period would be needed to build up the suffi-
cient chain carrier of nitrogen dioxide by the reaction
among [H4PVMo11O40], alkanes, and nitric acid according to
the Scheme 1.


Next, the kinetic studies on the nitration of adamantine
by using [H4PVMo11O40] were carried out. The dependence
of the rate on the concentration of [H4PVMo11O40] (0.03–
1.67mm) was investigated. The rate (R0) was estimated by


the slope of the linear line after the induction period.
Figure 4 shows the dependence of R0 on the concentration
of [H4PVMo11O40]. The slope of log(R0) versus log([H4PV-
Mo11O40]) was 0.53 (inset in Figure 4), and the dependence
of R0 on the concentration of [H4PVMo11O40] was positive.
Approximately first-order dependences on the concentra-
tion of adamantane (Figure 5) and nitric acid (Figure 6)
were observed for the nitration. The same dependences of
the rates on the concentrations of [H4PVMo11O40], nitric
acid, and adamantane were observed for the formation rates
of the nitration and oxidation products.


In a separate experiment, nitrogen monoxide was generat-
ed in situ by the reaction of nitric acid with
FeSO4·7H2O


[19,20] in acetic acid and then adamantane was
added. Adamantane was easily nitrated to give 1-nitroada-
mantane (64%), 1,3-dinitroadamantane (9%), 1-adamanta-
nol (16%), and 2-adamantanone (4%) after 24 h with a
very similar reaction profile to that observed for a
[H4PVMo11O40]/nitric acid system. When nitrous acid was
generated in situ by the reaction of nitric acid with NaNO2


or Ba(NO2)2
[21,22] in acetic acid followed by the addition of


adamantane, a similar profile to that with nitrogen monox-
ide was obtained. These results suggest that nitrogen mon-
oxide and nitrous acid can take part in the further formation
of an alkyl radical and nitrogen dioxide from an alkane and
nitric acid; for example, NO2+RH!HNO2+RC, 3HNO2!
2NO+HNO3+H2O, and NO+2HNO3!3NO2+H2O.[20,21] Fi-


Figure 3. Reaction profiles of the nitration of adamantane with nitric
acid. Adamantane (1 mmol, 0.33m), [H4PVMo11O40] (0.5 mol%,
1.67mm), nitric acid (2 mmol, 0.67m), acetic acid (3 mL), 356 K, under
1 atm of argon (&). The other reaction was carried out under the same
conditions as those above described except that copper metal (50 mmol)
was used instead of H4PVMo11O40 (~).


Scheme 1.
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nally, the alkyl radical formed is trapped by nitrogen dioxide
to afford the corresponding nitroalkane.


In the present system, oxygenated products such as alco-
hols and ketones (aldehydes) were formed as side products
in all cases. Oxygenated products would be produced from
the corresponding alkyl nitrates formed through the reaction
of alkyl radicals with nitrogen dioxide. Nitrogen dioxide rad-
ical molecule is a resonance hybrid; the chief contributing
forms are as follows [Eq. (2)]:[8a]


When an alkyl radical reacts with nitrogen dioxide in
form I, the product is a nitroalkane. On the other hand,
when in form II, the product is an alkyl nitrate. It is well
known that alkyl nitrates are unstable and the hydrolytic de-
composition of alkyl nitrates to the corresponding alcohols
proceeds smoothly in acidic media.[23] Alcohols formed are
further oxidized to the corresponding ketones (aldehydes)
under the present reaction conditions. The reaction mecha-
nism for the formation of oxygenated products is summar-
ized in Scheme 2.


Conclusions


In conclusion, we have developed a system using polyoxo-
metalates as catalyst precursors for the nitration of various
alkanes to nitroalkanes with nitric acid. Not only normal
alkanes, but also alkylbenzenes can be nitrated under
mild conditions. Especially, vanadium-substituted Keggin-
type phosphomolybdates such as [H4PVMo11O40],
[H5PV2Mo10O40], and [H6PV3Mo9O40] can act as efficient
catalyst precursors for the present nitration. Under the pres-
ent conditions, carbon�carbon bond cleavage reactions
hardly proceed. The kinetic and mechanistic studies show a
catalytic reaction mechanism involving a radical-chain path.
Initially, the phosphomolybdates abstract the hydrogen of
an alkane to form an alkyl radical and the reduced form of
phosphomolybdates. Then, the reduced phosphomolybdates
subsequently react with nitric acid, generating the original
oxidized form and nitrogen dioxide. This initial formation of


Figure 4. Dependence of initial rate R0 on the concentration of
[H4PVMo11O40]. Adamanatane (0.33m), [H4PVMo11O40] (0.03–1.67mm),
nitric acid (0.67m), acetic acid (3 mL), 356 K, under 1 atm of argon. R0


values were determined from the reaction profiles (conversion vs time
curves) at low conversion (<10%) of adamantane. Slope from the
inset=0.53.


Figure 5. Dependence of initial rate R0 on the concentration of adaman-
tane. Reaction conditions: Adamanatane (0.10–0.33m), H4PVMo11O40


(1.67 mm), nitric acid (0.67m), acetic acid (3 mL), 356 K, under 1 atm of
argon. R0 values were determined from the reaction profiles (conversion
vs time curves) at low conversion (<10%) of adamantane. Slope from
the inset=0.97.


Figure 6. Dependence of initial rate R0 on the concentration of nitric
acid. Reaction conditions: Adamanatane (0.33m), [H4PVMo11O40]
(1.67mm), nitric acid (0.33–1.67m), H2O (2.62m), acetic acid (3 mL),
356 K, under 1 atm of argon. R0 values were determined from the reac-
tion profiles (conversion vs time curves) at low conversion (<10%) of
adamantane. Slope from the inset=1.05.


Scheme 2.
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nitrogen dioxide is a key step. The initial formation of nitro-
gen dioxide can take place mainly on polyoxomolybdates,
that is, [PMo12O40]


n�, and vanadium species enhance the re-
action. Then, the nitration is proceeded via a chain forma-
tion of nitrogen dioxide and an alkyl radical.


Experimental Section


Materials : Phosphometalates except for [H3PMo12O40], [H4PVMo11O40],
and [VO(H2O)5]H[PMo12O40] were supplied by Nippon Inorganic Colour
and Chemical Co., Ltd. and used after recrystallization from water.
[H3PMo12O40] (Kanto) was used as received. [H4PVMo11O40]


[24] and
[VO(H2O)5]H[PMo12O40]


[25] were synthesized according to the literature
procedures. Solvents and concentrated aqueous nitric acid (69 wt%)
were of analytical grade (Tokyo Kasei) and used without the further puri-
fication. Alkanes used in the nitration reactions were commercially ob-
tained from Tokyo Kasei or Aldrich (reagent grade) and purified prior to
use.[26]


Instrumentation : GC analyses were performed on Shimadzu GC-14B
with a flame ionization detector equipped with a TC-WAX capillary or
SE-30 packed column. Mass spectra were determined on Perkin–Elmer
TurboMass at an ionization voltage of 70 eV. NMR spectra were record-
ed on JEOL JNM-EX-270. 1H and 13C NMR spectra were measured at
270 and 67.5 MHz, respectively, in CDCl3 with TMS as an internal stan-
dard. 31P NMR spectra of polyoxometalates were measured at
109.25 MHz in acetic acid. 85% H3PO4 was used as an external standard.
51V NMR spectra of polyoxometalates were measured at 70.90 MHz in
acetic acid. VOCl3 was used as an external standard. Infrared spectra
were measured on Jasco FT/IR-460 Plus using KBr disks. ESR measure-
ments at 100 K (X-band) were performed with a JEOL JES-RE-1X spec-
trometer. The microwave power, resonance frequency, modulation, and
time constant were 1.0 mW, 9.21 GHz, 0.5 mT, and 0.1 s, respectively. A
reactor directly connected to an ESR tube was used to avoid the expo-
sure of the sample to the air. After a certain catalytic reaction period,
the reaction solution was transferred into the ESR tube and the ESR
tube was sealed by firing. The simulation was carried out according to
the literature,[27] assuming the axial symmetry for vanadium.


Procedure for catalytic nitration : Nitration of alkanes was carried out in
a glass vial containing a magnetic stir bar. A typical procedure was as fol-
lows. Into a glass vial were successively placed adamantane (0.33m),
[H4PVMo11O40] (1.67 mm, 0.5 mol%), acetic acid (3 mL), and nitric acid
(0.67m). The glass reactor was then attached to a vacuum line, cooled to
77 K, and degassed by three freeze-pump-thaw cycles. The vial was al-
lowed to warm to 298 K and 1 atm of argon was introduced to the
system. Then, reaction mixture was heated at 356 K for 24 h. All of the
products were confirmed by GC analysis in combination with mass and
1H and 13C NMR spectroscopy as reported previously.[10,28] The yields
were determined by GC analyses using naphthalene or diphenyl as an in-
ternal standard.


Kinetic study : Nitration of alkanes was performed via the same proce-
dure as those described above. The reaction conditions are given in the
Figure captions (Figures 4–6). The reaction was monitored every 30 min
by GC analyses showing no reaction during the induction period in every
case. Reaction rates (R0) for the kinetic analyses were determined from
the slope of reaction profiles (conversion vs time plots, see Figure 3,
inset) at low conversion (<10%) of the substrate after the induction
period.
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Crown-Tetrathiafulvalenes Attached to a Pyrrole or an EDOT Unit:
Synthesis, Electropolymerization and Recognition Properties


Ga$lle Tripp%, Franck Le Derf, Jo$l Lyskawa, Miloud Mazari, Jean Roncali,
Alain Gorgues, Eric Levillain,* and Marc Sall%*[a]


Introduction


Much effort has been devoted over the last years to the
preparation of switchable macrocyclic ligands able to recog-
nize given guests via the generation of a physico-chemical
response (e.g., photo- or electrochemical).[1] Redox respon-
sive ligands have been widely explored, because of their
ability to undergo a change in their electrochemical re-
sponse upon complexation of suitable ions.[2] In the case of a
metallic cation recognition, most of these systems are built
by covalent association of a ligating subunit to an electro-
phore. In this context, we and others have demonstrated[3,4]


the ability of the strong p-donating tetrathiafulvalene (TTF)
unit[5] to act as a redox probe based on the sequential for-
mation of two stable oxidized states (TTF+ and TTF2+).
Indeed, since the control of the association constant in


redox-responsive ligands is essentially governed by electro-
static interactions, the TTF moiety offers a unique opportu-
nity to monitor not only the binding (neutral TTF) but also
the progressive releasing of the metal cation (TTF+ and
then TTF2+). An exciting step towards applications of such
a system, lies in the preparation of a modified surface able
to reproduce at a solid electrode liquid interface the recog-
nition process observed in homogeneous solutions.[6] Elec-
trode surface modification with TTF derivatives has already
been described by formation of self-assembly monolayers
(SAMs) from mercapto or disulfide TTF derivatives,[7] or by
electropolymerization of TTF functionalized thiophene-
based precursors.[8] In the course of our studies on related
aspects dedicated to electrode surface modifications with
TTF moieties, we have developed the preparation of crown-
TTF SAMs,[9] and we have also carried out an original film
electrodeposition of TTF-based dendrimers.[10] Furthermore,
we have preliminary demonstrated the high efficiency of a
post-polymerization surface functionalization process.[11]


[a] Dr. G. Tripp4, Dr. F. Le Derf, Dr. J. Lyskawa, Dr. M. Mazari,
Dr. J. Roncali, Prof. A. Gorgues, Dr. E. Levillain, Prof. M. Sall4
Laboratoire de Chimie et Ing4nierie Mol4culaire
des Mat4riaux d:Angers (CIMMA)
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UMR CNRS 6200, Universit4 d:Angers
2 Bd Lavoisier, 49045 Angers (France)
Fax: (+33)2 4173-5405
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Abstract: A crown-tetrathiafulvalene
electroactive receptor has been cova-
lently linked to electropolymerizable
pyrrole or 3,4-ethylenedioxythiophene
monomers. The synthetic route to the
monofonctionalized tetrathiafulvalene
(TTF) ligand has been optimized. Two
derivatives of pyrrole (N- and 3-substi-
tuted) were synthesized. The various
substituted monomers have been elec-
tropolymerized to produce polypyrrole
(PP) and poly(ethylenedioxothio-
phene) (PEDOT) films bearing the
electroactive TTF moiety. The electro-


activity of the polymer films is effi-
ciently controlled by the well-defined
two-step redox behavior of the TTF
unit. In the case of PEDOT, an alterna-
tive post-polymerization derivatization
strategy has been used, involving the
grafting of the crown-TTF ligand on
the previously grown PEDOT back-
bone. Though chemical derivatization


is realized under heterogeneous condi-
tions, in the bulk of the film, this strat-
egy proved to be particularly efficient.
These electrodes constitute the first ex-
amples of conducting polymer-based
modified electrodes incorporating a
TTF electrochemical probe, able to in-
teract with a guest ion, such as Ba2+ .
The cation recognition properties of
these various electrodes have been an-
alyzed by cyclic voltammetry and their
electroactivity in water as well as their
regeneration capability have been in-
vestigated.


Keywords: crown compounds · cy-
clic voltammetry · electrochemistry ·
polypyrrole · tetrathiafulvalene
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Here, we report on the synthesis of a series of molecular
assemblies associating a crown-TTF host unit 1 to various
electropolymerizable pyrroles or 3,4-ethylenedioxythio-
phene derivatives (3–5). These systems have been electropo-
lymerized and the resulting modified electrodes have been
electrochemically characterized. Also, the alternative post-
polymerization derivatization strategy has been used and
the films obtained compared to the ones prepared by direct
electropolymerization of crown-TTF substituted monomers.
Finally, the recognition properties of related electrodes have
been investigated by cyclic voltammetry.


Results and Discussion


Synthesis : We have recently shown[3a,b] that crown-TTF 1 ex-
hibits a good affinity and complexation selectivity for Ba2+


in homogeneous solution, and that this affinity decreases
upon electrochemical oxidation to 1C+ and 12+ . Such a be-
havior is explained by the repulsive electrostatic interactions
between the ligand and the metal cation, upon oxidation of
TTF. This phenomena is illustrated by cyclic voltammetry
(CV) experiments, for which the first redox wave (E1


ox) shifts
toward a higher potential upon progressive addition of
barium (the electroactive TTF unit being more difficult to
oxidize because of the proximity of the coordinated metal
cation), whereas the second potential (E2


ox) remains con-
stant, therefore illustrating the expulsion of the metal out-
side the cavity.
With the subsequent grafting of this model ligand onto a


solid substrate in mind, we have modified the synthetic
strategy previously used for 1, in order to introduce various
types of anchorage sites prone to interact with the solid sur-
face.


The tetraalkysulfanylTTF [(RS)4TTF] skeleton was built
from the so-called zincate salt through the preparation of
the TTF intermediate 6 (Scheme 1). The cyanoethyl frag-
ment is known to be selectively cleaved upon addition of
stoichiometric amounts of base, to produce the correspond-
ing thiolato derivative.[12] Different synthetic methods based
on the addition order of the electrophilic species, can be
used to reach the target disymmetrical crown-TTF 9. We
found that the best results involve first the [1+1] cyclocon-
densation step between 6 and the 1,w-diodo polyether chain
7b, and then a methylation of one of the residual thiolato


sites of 8. The diiodo derivative
7b was quantitatively obtained
by refluxing ditosylate 7a pre-
pared according to refer-
ence [13] in acetone with NaI
(excess). Equimolar amounts of
the dianion resulting from
treatment of 6 with two equiva-
lents of cesium hydroxide on
the one hand, and the polyether
chain 7b on the other hand,
were both transferred into two
distinct syringes connected to a
perfursor pump. Simultaneous
addition (3 mLh�1) to dry DMF
was then operated (final theo-
retical concentration in 8 was
ca. 5mm), and allowed forma-
tion of the [1+1] macrocycle 8
(55% yield) (neither higher
order macrocycles nor oligom-
ers were formed). Compound 8
was then monodeprotected with
CsOH·H2O (1 equiv) and addi-
tion of an excess of iodo-
methane (excess) led to the for-
mation of the key derivative 9
(72% yield, as a 60:40 Z/E iso-
meric mixture as determined by


1H NMR (CDCl3)). An analogous TTF derivative 2,[14]


devoid of coordinating unit, was synthesized for comparison
studies.
According to a convergent strategy, crown-TTF 9 (as well


as model compound 2) was then linked to various suitably
functionalized polymerizable units.
N-Substituted pyrroles (Scheme 2) were obtained starting


from the pyrryl salt 10, quantitatively prepared by deproto-
nation of pyrrole with metallic potassium in xylene
(100 8C).[15] Salt 10, dissolved in DMSO was then slowly
added onto a THF solution of 1-bromo-6-chlorohexane, pro-
ducing N-alkylpyrrole 11 with a 90:10 relative amount of
X=Cl/Br. Transhalogenation in the presence of an excess of
sodium iodide afforded compound 12 in 51% yield. The 3-
substituted pyrrole derivative 15 (Scheme 3) was obtained
by N-protection of pyrrole by a triisopropylsilyl group to
produce 13, subsequent bromination with NBS (compound
14)[16] and treatment of the bromo intermediate 14 with
tBuLi (2 equiv) and a large excess of 1,6-diiodo-hexane.
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The synthesis of monomers derived (3,4-ethylenedioxy-
thiophene) (Scheme 4), was realized through the prepara-
tion of compounds 17 and 18, obtained from hydroxymeth-
yl(3,4-ethylenedioxythiophene) (hydroxymethyl-EDOT
16).[17]


The target systems (3–5) as-
sociating the redox-active TTF
unit to an electropolymerizable
unit were obtained by nucleo-
philic substitution between the
cesium thiolate salt derived
from key intermediates 9 (or 2)
and the corresponding pyrrole
or thiophene derivative (12, 15,
17, 18).


Electrochemistry : All electro-
chemical experiments were car-
ried out under inert atmosphere
with an initial millimolar con-
centration of monomer in ace-


tonitrile with tetrabutylammonium hexafluorophosphate
(0.1m) as supporting electrolyte. For the three families (N-
substituted pyrrole, 3-substituted pyrrole, and EDOT deriva-
tives), electropolymerization conditions were optimized with
the corresponding model compound devoid of crown ether
unit.


N-Substituted pyrroles 3a,b : Pyrrole derivatives are known
for their ability to generate electroactive substituted poly-
pyrroles (PP), and therefore constitute excellent candidates


to graft our TTF systems onto
an electrode.[18] This monomer
has already been extensively
used for immobilisation of
many different redox active
sites onto electrode surfaces.
For example, ferrocene cova-
lently linked to a suitable host
binding site, can produce an ef-
ficient ferrocene-based cation
sensor.[19] In our case, the cyclic
voltammogram (CV) of mono-


mers 3a and 3b, shows two reversible redox systems corre-
sponding to the two reversible oxidation steps of TTF (E1


1=2


and E2
1=2
) followed by an irreversible anodic wave related to


the oxidation of the monomer (peak potential E3
pa) (3a :


E1
1=2
=0.54 V, E2


1=2
=0.79 V, E3


pa=1.48 V; 3b : E1
1=2
=0.56 V, E2


1=2
=


0.77 V, E3
pa=1.50 V). The similarity between oxidation po-


tentials of monomers 3a and 3b illustrates the small influ-
ence of the outer-S substitution on the HOMO level of
these tetraalkyl(sulfanyl)TTF derivatives.
Nevertheless, both monomers behave differently upon


electropolymerization. The best results for the films growing
of the methyl substituted 3a were obtained for an applied
potential of E=1.41 V, that is, very near to the peak poten-
tial (E3


pa).
In the case of the crown-TTF derivative 3b, electropoly-


merization could not be observed below an applied potential
of 1.8 V, presumably because of the steric hindrance induced
by the crown-ether part. The formation of poly(3a) and
poly(3b) could also be observed by recurrent potential
scans, for which the progressive increase of the peaks inten-
sity denotes the growing of the films (Figure 1a). Also, the


Scheme 1. Synthesis of the key crown-TTF system.


Scheme 2. Synthesis of N-pyrryl substituted TTF derivatives.


Scheme 3. Synthesis of 3-pyrryl substituted TTF derivatives.


Scheme 4. Synthesis of (3,4-ethylenedioxythiophene)-substituted TTF de-
rivatives.
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redox peaks appear thinner upon increasing, as expected
when changing from a diffusion-controlled to a surface-con-
fined redox process. This behaviour is illustrated by the CV
of the polymers recorded in a monomer-free electrolytic so-
lution (Figure 1b). Two well-defined reversible oxidation
peaks are observed (E1


pa=0.62 V, E2
pa=0.90 V), which are


characteristic of surface confined redox couples, with the ex-
pected linear relationship of both peak currents (ipa1 and
ipa2) with the scan rate v (Figure 1b, insert). To confirm this,
the additional usual criteria for characterizing a surface re-
action consists of controlling the anodic/cathodic peaks sep-
aration (DEp), which should ideally tends to 0 V. This is the
case here for each redox systems of poly(3a) and poly(3b),
the very small differences observed indicating that the redox
processes of the TTF system are partially limited by charge
and/or mass transport in the polymer film.
Additionally, whereas E1


pa are similar for the monomer
and the corresponding polymer, a significant positive shift of
the second redox system of TTF (DE2


pa=75 mV) is observed
(Figure 1a and b). This observation can be assigned to the


electronic effect of the positively charged PP backbone on
the electroactivity of the grafted TTF system.
Noteworthy, the electrochemical signature of the PP back-


bone does not appear clearly on the CV response of
poly(3a) or poly(3b) (Figure 1b). This one is expected at
about 0.45 V for N-alkyl PP.[20] Therefore, the redox signa-
ture of the PP skeleton is partially masked by the first oxi-
dation process of TTF. Additionally, the PP backbone is cer-
tainly oxidized at a higher potential than for usual N-alkyl
derivatives due to torsions in the polymeric chain which are
generated by the bulky TTF groups. This torsion leads to a
loss of the conjugation, and therefore to an increase of the
oxidation potential of the PP chain [poly(N-methylpyrrole)
is oxidized at ca. +300 mV relative to naked PP],[21] as well
as to a weaker doping level. Therefore the charge contribu-
tion of the PP backbone part is certainly very low in com-
parison to that of the two 1e redox waves of TTF.
The film deposition efficiency could be evaluated in the


case of poly(3a). It has been calculated from the ratio be-
tween the charge corresponding to the deposited material
(determined by integration of the anodic current in the CV
response after transfer of the modified electrode in a pure
electrolyte), and the charge consumed during the electroly-
sis, and using a value of 4.33 for the number of electrons
transferred/monomer during the deposition process.[18,22, 23]


On this basis, polymerization yields of 80–90% were found,
for charges values of 19–25 mCcm�2 which, in the latter
case, corresponds to a coverage ratio of G=8.8 10�9molcm�2


in TTF units.


3-Substituted pyrroles 4a, b : Polypyrrole substituted in the
3-position generally present higher conductivities than their
N-substituted analogues as well as a better stability.[24] The
CV of pyrrole-TTF assemblies 4a, 4b exhibit three redox
processes, respectively, assigned to the two one-electron re-
versible oxidations of TTF (E1


1=2
=0.55 V, E2


1=2
=0.76 V), and


to the irreversible oxidation of the pyrrole moiety (E3
pa=


1.06 V for 4a and 1.33 V for 4b). The fact that only the irre-
versible process is affected between 4a and 4b is assigned to
significantly different diffusion coefficients between both
monomers.
These values (E3


pa) are much lower than for their N-pyr-
role analogues (3a, b), in accordance with literature data.[20]


As shown by recent ab initio calculations,[25] this results
from a higher electron-donating inductive effect of the alkyl
chain at the 3-position compared with N-substitution.
Different attempts of electropolymerization were carried


out for millimolar solutions of 4a and 4b in acetonitrile,
that is, by application of recurrent potential scans, or under
potentiostatic conditions. The best results were obtained
with an applied potential of 1.06 V for 4a, and 1.35 V for
4b. The electrochemical behaviour of the corresponding
modified electrode in a monomer-free solution, is similar for
poly(4a) and poly(4b) (Figure 2). Analogous observations
are made as for poly(3a) and poly(3b), with the characteris-
tic CV shape of surface confined redox processes (E1


pa=


0.60 V; E2
pa=0.84 V). Contrary to their N-substituted ana-


logues, a slow but progressive decreasing of the signal inten-
sity for poly(4a) and poly(4b) upon cycling the potentials


Figure 1. a) Electropolymerization of 3b (1mm), in 0.10m Bu4NPF6/
CH3CN, 20 cycles at 100 mVs


�1, Pt1=1 mm. b) CV of monomer 3b
(b) and of poly(3b) (c), G=4.5·10�9 molTTFcm�2, in 0.10m
Bu4NPF6/CH3CN, Pt1=1 mm; Insert: plot of the peak intensity versus
scan rate, for both TTF redox systems.
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was observed. This instability is somewhat surprising when
considering the fact that 3-substituted polypyrrole are pre-
cisely known to be more stable than their N-substituted ana-
logues. No convincing explanation can be given to this ob-
servation, except unfavourable steric factors. In order to
statistically dilute the functionalized pyrrole units among
naked pyrrole moieties along the PP chain, and therefore
decrease the steric demand, we also attempted copolymeri-
zation experiments in the presence of pyrrole (1–5%). Un-
fortunately, the electropolymerization only furnished unsub-
stituted PP.


EDOT derivatives 5a, b : Poly(3,4-ethylenedioxythiophene)
(PEDOT) has been extensively studied over the last decade
due to its remarkable optical, electrochemical and electrical
properties,[26] with notably a broad window of electroactivity
which makes it a suitable matrix for preparing modified
electrodes.
The CV of monomers 5a and 5b exhibits the successive


two-steps reversible oxidation of TTF (5a : E1
1=2
=0.57 V,


E2
1=2
=0.83 V; 5b : E1


1=2
=0.54 V, E2


1=2
=0.75 V), and the irreversi-


ble oxidation of the EDOT moiety (E3
pa=1.62 V for both


monomers). This latter value, close to that of the starting
hydroxymethyl-EDOT 16,[17] illustrates the absence of elec-
tronic interaction between the substituent and the EDOT
moiety. Electropolymerization of monomers 5a and 5b was
carried out under similar conditions except that a higher
concentration in monomer was required in the latter case
(5 mm). Formation of poly(5a) and poly(5b) was realized
either under potentiostatic (Eappl=1.51 V) or potentiody-
namic conditions (0 to 1.51 V) (Figure 3), giving rise to
stable films.
Figure 3b shows a typical electrochemical response for the


resulting polymer, illustrating the two-steps oxidation proc-
ess of the TTF moiety (poly(5a): E1


pa=0.62 V ; E
2
pa=0.90 V;


poly(5b): E1
1=2
=0.59 V ; E2


1=2
=0.84 V). As for the different


poly(TTF) studied in the present work, the first redox


system appears broader than the second one. This behaviour
reflects the existing interactions between TTF species when
reaching the radical-cation state as already observed in
oligo- and poly-(TTF) systems.[8c,27] Contrary to PP deriva-
tives described above, an electrochemical signature appears
from about 0 V till the first TTF system, which corresponds
to the doping/dedoping process of the poly(EDOT) back-
bone.
Coulometric measurements show that the ratio between


the charges exchanged during the oxidation of the PEDOT
backbone and one TTF oxidation on the other hand is close
to 0.2. This value would lead to a doping level of 0.2 as gen-
erally observed for polythiophene derivatives.[28] The poly-
merisation yields appear approximately constant (ca. 90%)
for both species for applied charges ranging from 13 to
26 mCcm�2. Peaks intensity varies linearly with scan rate for
both TTF redox systems (Figure 3b) which, associated to the
small anodic–cathodic potentials peaks separation is charac-
teristic of surface-confined redox systems.
As for PP films, we observe a significant anodic shift of


the potentials associated to TTF in the film compared to


Figure 2. Electrochemical response of monomer 4a (b) and of
poly(4a) (c), G=5.4·10�9 molTTFcm�2, CH3CN, 100 mVs


�1, Bu4NPF6
(0.1m), Ag/AgCl, Pt1=1 mm.


Figure 3. a) Electropolymerization of 5b (5 mm), CH3CN, 100 mVs
�1,


Bu4NPF6 (0.1m), 10 cycles, Pt1=1 mm; b) Electrochemical response of
5b (b) and of poly(5b) (c) G=1.8·10�8 molTTFcm�2, CH3CN,
100 mVs�1, Bu4NPF6 (0.1m), Pt1=1 mm; Insert: left) zoom of the
PEDOT skeleton contribution; right) plot of the peak intensity as a func-
tion of the scan rate, for both TTF redox systems.
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starting monomer (Figure 3b), notably for the TTFC+/TTF2+


process (DE2
1=2
=++90 mV). This can be attributed to repul-


sive electrostatic interactions between the TTF system and
the doped poly(EDOT) backbone. This hypothesis is con-
firmed by the fact that this observation is the same whatever
the film thickness, which excludes a problem of mobility of
the species within the film. Another possible explanation re-
sults from the conducting character of the PEDOT back-
bone as a function of the applied potential. Indeed, it has
been established that the conductivity of PEDOT reaches a
plateau and then decreases for higher potentials (bipolar-
onic state). Then, the different behaviors observed for the
two redox processes of TTF, could also be explained by a
lower PEDOT conductivity at the second redox potential.
This could be the reason why in the plotting of the peak cur-
rents (ipa1) and (ipa2) with the scan rate v (Figure 3b, insert),
the slope of the second is significantly lower than the first
one. Finally, these modified electrodes show a very good sta-
bility when stored in atmosphere or upon repeated cycling,
as shown by the very good reproducibility of the electro-
chemical response.


Post-polymerization functionalization : We have recently re-
ported an alternative method of derivatization of poly-
(EDOT) involving a post-polymerization functionalization
of a preformed polymer.[11] Hereby, we depict a similar
methodology applied to the specific case of electrodes incor-
porating crown-TTF systems (Scheme 5). The modified elec-


trodes reached by this methodology lead to active films
poly(5b)’, whose molecular formula is expected to be similar
to poly(5b) obtained from the corresponding monomer.
Then, a comparison of the films properties, according to
their preparation method will be possible.


Also, modified electrodes poly(19a)’ and poly(19b)’, in-
corporating a polyether linker between the EDOT and TTF
units, have been prepared.
Modified electrodes bearing pendant TTF active species,


were prepared in two steps (Scheme 5): i) electropolymeriza-
tion of the EDOT monomer (17 or 18) bearing an w-iodi-
nated chain; ii) derivatization, in heterogeneous conditions,
of the PEDOT film with the thiolatoTTF (TTFS�) inter-
mediate obtained from basic treatment of 9 (or 2).


Step 1: As expected, iodinated compounds 17 and 18 present
a similar irreversible oxidation potential (E3


pa=1.60 V) as
for EDOT itself or for monomers 5a, 5b. They could be
electropolymerized either in potentiostatic ((17) Eapp=


1.50 V; (18) Eapp=1.55 V) or potentiodynamic conditions.
The CV response in a monomer-free electrolytic medium,
exhibits a very broad redox system characteristic of poly(E-
DOT) in the �0.3 to +0.50 V region (Figure 4a).


Step 2 : The polymer-coated electrode thus obtained
(poly(17) or poly(18)) is then immersed, under inert atmos-
phere (glove box), in a DMF solution containing the thiola-
to derivative previously generated from crown-TTF 9 (or
model TTF 2) (C=1O10�2m) and a stoichiometric amount
of cesium hydroxide (Scheme 5). In order to check the ap-
plication range of this methodology, poly(17) films of differ-
ent thicknesses were tested (ca. 0.05 to 1.50 mm).[11,29] Al-
though the reaction is carried out in heterogeneous condi-


tions, the nucleophilic displace-
ment of terminal iodine by the
thiolate group is surprisingly
rapid (less than 20 minutes)
whatever the film thickness,
which can be monitored by re-
cording the CV of the resulting
electrode (Figure 4a, b). The
electrode is thoroughly rinsed
with DMF, acetonitrile, and im-
mersed in a fresh electrolytic
medium. Figure 4b shows the
CV response of a functionalized
electrode poly(5b)’ obtained
from reaction between 9 and a
film of poly(17) grown poten-
tiostatically with 16 mCcm�2.
The CV clearly exhibits a first
redox system extending from
�0.30 to +0.40 V correspond-
ing the doping/undoping proc-
ess of the substituted PEDOT
backbone (Figure 4b, insert),
followed by two more intense
reversible oxidation processes
(E1


pa=0.59 V; E2
pa=0.84 V), as-


sociated to the TTF moiety. An analogous electrochemical
behavior is observed for the other crown-TTF functionalized
film poly(19b)’, obtained by reaction between poly(18) and
thiolate obtained from 9, but also for the films incorporating
the model–STTF(SMe)3 system


[11] (poly(5a)’ and poly(19a)’,


Scheme 5. Pt surface modification by the post-polymerization functionalization strategy.


C 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6497 – 65096502


FULL PAPER E. Levillain, M. Sall4 et al.



www.chemeurj.org





respectively, obtained from the reaction between poly(17)
and thiolate prepared from 2, and from poly(18) and 2).
At this stage we have in our hand a unique opportunity to


compare the electrochemical behaviours of two modified
surfaces, namely poly(5b) and poly(5b)’, built from the
same synthons, but according to two different strategies. As
seen by comparing Figures 3b and 4b, the CVs of poly(5b)
and poly(5b)’ are very similar. TTF redox systems (E1


pa, E
2
pa)


are very close (less than 20 mV difference between the two
films), and the contribution of the poly(EDOT) backbone
appears at the same level in both cases. Indeed, coulometric
measurements for poly(5b), poly(5b)’, poly(19a)’ and
poly(19b)’ show similar values for the ratio of the charge
contribution of the PEDOT backbone and that of TTF. This
observation, already made in the case of poly(5a)’ films[11]


indicates that in the range of investigated thickness, the deri-
vatization, though carried out in a heterogeneous medium,
is rapid, quantitative and involves the integrity of the poly-
mer. This result is supported by the study of the films mor-


phology, shown by scanning electron microscopy (Figure 5).
The films of poly(17), poly(5a)’ and poly(19b)’, exhibit a
similar porous morphology, associated to an important spe-
cific surface and allowing a high degrees of derivatization,
even for thick films. This is further confirmed by the very
small amount of residual iodine atom detected by X-ray
energy dispersion spectrometry[30] (<5%) for poly(5a)’ (G=
4.0.10�7 molTTFcm�2).


In order to prevent possible steric interactions along the
polymeric chain, a solution is to operate a dilution of the
number of active sites, by copolymerization of 17 and
EDOT. The copolymer was prepared under potentiostatic
conditions from a 50:50 mixture of 17 and EDOT. The re-
sulting film was then subjected to the above described post-
polymerization fonctionalisation with crown-TTF 2 under
basic conditions, and afforded poly(5b)’’. The CV of
poly(5b)’’ (Figure 6) is similar to that of poly(5b)’ (E1


1=2
=


0.57 V, E2
1=2
=0.84 V) but shows as expected, a larger charge


contribution of the PEDOT backbone (�200 to +400 mV).


Figure 4. a) CV response of poly(17) (before derivatization) and b) corre-
sponding poly(5b)’ after treatment of poly(17) for 20 min with 9/CsOH/
DMF; G=3.2·10�8 molTTFcm�2 ; CH3CN, Bu4NPF6 (0.1m), 100 mVs


�1,
Pt1=1 mm. Insert: zoom on the response of the poly(EDOT) backbone
part.


Figure 5. Scanning electron micrograph of poly(5a)’ on a Pt electrode
(G=4.0·10�7 molTTFcm�2), O750.


Figure 6. CV response of a modified electrode from poly(5b)’’, G=


1.5·10�9 molTTFcm�2, CH3CN, Bu4NPF6 (0.1m), Ag/AgCl, 100 mVs
�1,


Pt1=1 mm.
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Finally, it has to be pointed out that all of these electrodes
obtained by heterogeneous fonctionalization of precoated
poly-EDOT films (poly(5b)’, poly(5b)’’, poly(19a)’ and
poly(19b)’), exhibit a remarkable stability, since no loss of
the electrochemical signature has been observed upon re-
peated cycling, or after standing for days in solution.


Modified electrodes—Recognition properties : The crown-
TTF unit is structurally derived from compound 1, for which
the recognition properties for Ba2+ in solution have already
been described.[3a,b]


We first checked that the grafting of a polymerizable unit
(i.e., a pyrrole heterocycle) on the periphery of the crown-
TTF ligand does not alter the recognition properties. In-
creasing amounts of Ba2+ are progressively introduced in a
millimolar solution of monomer 3b in acetonitrile, and CV
are sequentially recorded (Figure 7).


Figure 7 shows that the first redox system of TTF in 3b
(E1


1=2
=0.57 V), progressively disappears to the benefit of a


new one located at a higher potential (0.66 V), whereas the
potential value of the second system remains approximately
constant. Furthermore, no additional potential shift is ob-
served for an excess of added cation.
These observations have already been made with ligand 1,


and have been associated to the progressive 1:1 complexa-
tion of Ba2+ in the polyether cavity.[3a,b] The TTF partner in
the barium complex is more difficult to oxidize (D(E 1)=
+90 mV) because of the effect of the positive charge of the
metal onto the TTF core. The invariance of the second po-
tential is a manifestation of the expulsion of Ba2+ outside
the cavity by repulsive electrostatic interactions between the
cation and TTF2+ . The binding constants for the three oxi-
dation states of the TTF part in 3b (TTF0, TTF+ , TTF2+)
have been evaluated by the simulation program DIGISIM
2.1 de BAS,[3,31] (logK 0=3.5, logK + =2.1, K 2+ =0, in aceto-


nitrile). These values are slightly lower than those observed
for 1 (logK o=4.3, logK + =2.4, K 2+ =0, acetonitrile/di-
chloromethane 1/1),[3a,b] a difference which can be attributed
to the use of a more dissociating medium (acetonitrile) in
the case of 3b. This titration experiment clearly shows that
the introduction of a monomer unit on the ligand does not
alter its recognition properties.
The electrochemical behaviour of the various families of


modified electrodes has been investigated in the presence of
Ba2+ cation (Table 1). All polymers incorporating the
crown-TTF ligand exhibit a positive shift of E1


1=2
in the pres-


ence of Ba2+ The magnitude of the shift appears strongly
dependent on the coverage ratio (G) and hence on the film
thickness; thinner films (G=10�8–10�9 molTTFcm�2) show
the largest response.


Figure 8 shows as an illustrative example the electrochem-
ical response of a film of poly(19b)’ in the presence of Ba2+ .
A decrease of the peaks intensity is observed, notably for


the lowest Ba2+ concentrations.[32] This presumably reflects
either structural reorganizations in the film, or a shielding


effect of the anion, for which the mobility in the film is low-
ered upon Ba2+ complexation. Noteworthy, the initial CV is
restored (peaks intensity and peak potentials) by cycling the


Figure 7. CV titration study of 3b in presence of increasing concentra-
tions of Ba2+ , CH3CN, 100 mVs


�1, Bu4NPF6 (0.1m)/Ag/AgCl.


Table 1. Ba2+ electrochemical response of different modified electrodes.


Polymer E 1
1=2
shift [Ba2+] saturation [mm] TTF coverage


(DE 1
1=2
) [V] (G) [molcm�2]


poly(3b) +20 1.0 8.8·10�9


poly(4b) +15 2.0 1.9·10�9


poly(5b) +60 4.0 1.4·10�9


poly(19b)’ +30 4.0 9.0·10�9


Figure 8. CV response of poly(19b)’ upon progressive addition of
Ba(ClO4)2, G=9.0·10�9 molTTFcm�2 in 0.10m Bu4NPF6/CH3CN,
100 mVs�1, Pt1=1 mm.
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modified electrode into a barium free electrolyte, which il-
lustrates the reversibility of the process. The drop of electro-
activity is stabilized with a Ba2+ concentration of �1 milli-
molar. A progressive positive shift of E1


1=2
observed in pres-


ence of increasing concentrations in Ba2+ , even though
moderate (+30 mV), clearly illustrates the complexation of
the metal by the crown-TTF ligand. Conversely, the second
redox system (E2


1=2
) remains constant which is consistent with


an expulsion of the metal from the cavity at this potential.
The smaller value of the potential shift (DE1


1=2
) compared to


homogeneous media, is presumably due to the steric and the
constraints on the species mobility in the film. No more var-
iation of E1


1=2
is observed for Ba2+ concentrations higher than


4mm, which indicates a saturation of the film. Analogous re-
sults were observed with the other electrodes tested, with
the most significant results in each case being presented in
Table 1.


Modified electrodes—Electroactivity in water : Very few ex-
amples of TTF derivatives are soluble in water and, and
very few has been done to describe the electroactivity of
TTF in water.[33] In the cases of the polymers associating a
crown-TTF part to a PEDOT backbone (i.e., poly(5b),
poly(5b)’, poly(5b)’’ and poly(19b)’), a reversible electroac-
tivity was observed in water. However, due to competitive
strong solvating effect of water, no complexation of Ba2+ in
aqueous media could be characterized. A slight decrease in
the intensity of the peaks is observed upon repeated poten-
tials cycles above the second TTF redox step, traducing a
lack of stability of the film in water when reaching the dicat-
ionic TTF2+ stage. An analogous observation was made by
Graetzel et al. for free TTF in an aqueous micellar so-
lution.[33] A higher stability was observed for poly(19b)’, for
which the CV shows the two well defined TTF redox sys-
tems and the PEDOT signature under the TTF peaks
(Figure 9). This well defined electrochemical behavior is
probably related to the hydrophilic character of both the
(PEDOT) backbone and the polyether linker.[34]


Conclusion


We have described the synthesis and the electrochemical
properties of various electropolymerizable monomers incor-
porating a ligating crown-TTF unit, including the first exam-
ples of covalent association between pyrrole and TTF. A
good electropolymerization ability was observed for N-pyr-
role (3a, b) and EDOT (5a, b) derivatives, whereas 3-substi-
tuted pyrroles (4a, b) polymerized with difficulty. An alter-
native method of electrode modification involved the func-
tionalization of pre-formed poly(EDOT) films by the
crown-TTF active group. The efficiency of the covalent
grafting within the film, though carried out in heterogeneous
medium, is demonstrated by the analogy between the elec-
trochemical response and stability of modified electrodes
obtained by this method and a classical electropolymeriza-
tion of a substituted EDOT monomer.
The electrochemical recognition properties of these modi-


fied electrodes have been tested with Ba2+ , and analogous
trends as for the free ligand in solution were found, though
of lesser magnitude. Such an electrochemical effect is the
first observed for an electropolymerized film incorporating
a TTF-based redox probe. Regeneration capability of these
electrodes has also been investigated, as well as their elec-
troactivity in water. Extension of these results to the prepa-
ration of TTF-based modified surfaces able to control the
binding/expulsion process of metal cations has been publish-
ed very recently.[35]


Experimental Section


General methods : 1H NMR (500.13 MHz) and 13C NMR (125.75 MHz)
spectra have been recorded on a Bruker Avance DRX 500 spectrometer.
Chemical shifts (d are expressed in ppm related to the tetramethylsilane
(TMS) signal. 1H NMR assignments are given as follows: d (multiplicity,
coupling constant, number of protons involved, assignment). Mass spec-
tra (MS) using electronic impact (EI) and fast atom bombardment (FAB-
LSIMS) have been achieved either on a VG-Autospec EBE (VG analyti-
cal) spectrometer or on a JEOL JMS 700 B/ES spectrometer. Cyclic vol-
tammetry experiments have been carried out on a potentiostat-galvano-
stat EG&G PARK models 273 or 273A, with solvents and electrolytes of
electrochemical grades. When specified, electrochemical experiments
have been performed in a Jacomex glove-box (usual O2 and H2O con-
tents: 5 ppm). For syntheses, anhydrous solvents have been obtained by
distillation on the appropriate drying agent (sodium/benzophenone for
THF, sodium for toluene, P2O5 for dichloromethane, CaH2 for acetoni-
trile). The other solvents are used as purchased (DMF, chloroform).


Electrochemical set and Ba2+ titration : The substrate solution is placed
in an electrolysis cell including three electrodes: a working electrode
(platinum disk) on which takes place the electropolymerization (diame-
ter: 1 mm, surface: 7.85O10�3 cm2), an auxiliary electrode (platinum
wire), and a reference electrode (Ag/AgCl) (or a silver wire whose po-
tential was determined versus Ag/AgCl, for Ba2+ titration experi-
ments[36]). For electrochemical titration of Ba2+ , microvolumes of a
barium perchlorate solution (0.2m) in acetonitrile were added, followed
by a vigorous stirring for two minutes before recording the resulting CV.


Synthetic procedures


2-(6’-Pyrrol-1-ylhexylsulfanyl)-3,6,7-trimethylsulfanyltetrathiafulvalene
(3a): Cesium hydroxide monohydrate (336 mg, 2 equiv, 2 mmol) in dry
methanol (10 mL) was added under N2 to tetrathiafulvalene derivative 2
(427 mg, 1 equiv, 1 mmol) in dry DMF (50 mL). After 15 min of stirring
at room temperature, 1-(6-iodohexyl)pyrrole (12 ; 415.5 mg, 1.5 equiv,
1.5 mmol) in solution in dry DMF (10 mL) was added. The reaction mix-


Figure 9. CV response of poly(19b)’ in H2O; LiClO4 (0.1m), Ag/AgCl,
100 mVs�1, Pt1=1 mm.
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ture was stirred overnight and the solvent was removed in vacuo. The
brownish residue was dissolved in dichloromethane, washed with water,
dried over sodium sulfate. The organic phase was concentrated in vacuo
and the oil was purified by chromatography on a silica gel column (di-
chloromethane/ethyl acetate 9:1) to yield an orange oil (483 mg, 94%).
1H NMR (CDCl3): d=1.27–1.81 (m, 8H, CH2), 2.43 (3 s, 9H, CH3S), 2.80
(t, J = 7.1 Hz, 2H, SCH2), 3.88 (t, J = 7.1 Hz, 2H, CH2N), 6.14 (t, J =


2.1 Hz, 2H, CHCHN), 6.65 (t, J = 2.1 Hz, 2H, CHCHN); 13C NMR
(CDCl3): d=19.2 and 19.3 (CH3S), 26.2, 29.5, 29.7 and 31.9 (CH2), 35.9
(SCH2), 49.5 (NCH2), 107.9 (CHCHN), 110.9 and 111.2 (central C=C),
120.4 (CHCHN), 125.4, 127.5 and 129.8 (lateral C=C).


(Z,E)-6(7)-Methylsulfanyl-3-(6’-(N-pyrryl)hexylsulfanyl)-2,7(6)-
(4,7,10,13,16-pentaoxa-1,19-dithianonadecane-1,19-diyl)tetrathiafulvalene
(3b): Cesium hydroxide monohydrate (110 mg, 2 equiv, 1.82 mmol) in
dry methanol (10 mL) was added under N2 to tetrathiafulvalene deriva-
tive 9 (331.5 mg, 1 equiv, 1 mmol) in dry DMF (80 mL). After 15 min of
stirring at room temperature, 1-(6-iodohexyl)pyrrole (12 ; 124 mg,
1.2 equiv, 0.45 mmol) in solution in dry DMF (10 mL) was added. The re-
action mixture was stirred overnight and the solvent was removed in
vacuo. The brownish residue was dissolved in dichloromethane, washed
with water, dried over sodium sulfate. The organic phase was concentrat-
ed in vacuo and the oil was purified by chromatography on a silica gel
column (dichloromethane) to yield an orange oil (181.3 mg, 68%); Z/E
55:45 (1H NMR). 1H NMR (CDCl3): d=1.31 (m, 2H, CH2), 1.44 (m, 2H,
CH2), 1.64 (m, 2H, CH2), 1.78 (m, 2H, CH2), 2.43 (s, 3H, CH3S, 50%),
2.46 (s, 3H, CH3S, 50%), 2.82 (t, 2H, SCH2), 2.98 (m, 4H, SCH2CH2O),
3.68 (m, 20H, CH2O), 3.88 (t, 2H, CH2N), 6.13 (t, 2H, CHCHN), 6.65 (t,
2H, CHCHN); 13C NMR (CDCl3): d=19.2 and 19.3 (CH3S), 26.2 and
28.0 (CH2), 29.5, 29.7 and 31.9 (CH2), 34.9 and 35.0 (SCH2), 36.2 and 36.2
(SCH2), 49.5 (NCH2), 70.2, 70.5, 70.6, 70.6, 70.7, 70.7, 70.8, 70.8, 70.9 and
70.9 (OCH2), 107.9 (CHCHN), 110.5, 111.0, 111.0 and 111.4 (central C=
C), 120.5 (CHCHN), 124.2, 124.8, 126.2, 126.8, 128.7, 129.9, 130.5 and
131.7 (lateral C=C); HRMS-EI(+ ): m/z : calcd for C29H43NO5S8:
741.0907; found: 741.0872 [M]+ ; elemental analysis calcd (%) for: C
46.13, H 5.67, S 34.55, N 1.89; found: C 47.17, H 5.88, S 34.65, N 1.84.


2-(6’-(Pyrrol-3-yl)hexylsulfanyl)-3,6,7-trimethylsulfanyl tetrathiafulvalene
(4a): Cesium hydroxide monohydrate (118 mg, 2.8 equiv, 0.70 mmol) in
dry methanol (3 mL) was added under N2 to tetrathiafulvalene derivative
2 (150 mg, 1.4 equiv, 0.35 mmol) in dry DMF (20 mL). After the reaction
mixture was stirred for 15 min at room temperature, a degassed solution
of 3-(6-iodohexyl)-1-(triisopropylsilyl)pyrrole (15) (104 mg, 0.24 mmol) in
dry DMF (10 mL) was added. After 3 h of stirring, the solvent was re-
moved in vacuo. The residue was dissolved in dichloromethane, washed
with water, dried over sodium sulfate and the organic phase was concen-
trated in vacuo. The resulting oil was purified by chromatography on a
silica gel column (petroleum ether/dichloromethane 8:2) to yield an
orange oil (91.3 mg, 83%). 1H NMR (CDCl3): d=1.37–1.41 (m, 4H,
CH2), 1.57–1.65 (m, 4H, CH2), 2.42 and 2.43 (2 s, 9H, CH3S), 2.49 (t, J =


7.1 Hz, 2H, CHpyrrole), 2.82 (t, J =7.0 Hz, 2H, CH2S), 6.10 (s, 1H,
CHCHN), 6.58 (s, 1H, CHCHN), 6.73 (s, 1H, CHN), 8.21 (large s, 1H,
NH); 13C NMR (CDCl3): d=19.2 and 19.3 (CH3S), 26.8, 28.2, 30.8 and
30.9 (CH2), 36.2 (SCH2), 108.3 (CHCHN), 110.8 and 111.0 (central C=C),
114.8 (CHN), 117.5 (CHN), 124.5, 126.4, 129.0 and 129.8 (lateral C=C).


(Z,E)-6(7)-Methylsulfanyl-3-(6’-(pyrrol-3-yl)hexylsulfanyl)-2,7(6)-
(4,7,10,13,16-pentaoxa-1,19-dithianonadecane-1,19-diyl)tetrathiafulvalene
(4b): Cesium hydroxide monohydrate (50 mg, 2 equiv, 0.32 mmol) in dry
methanol (3 mL) was added under N2 to tetrathiafulvalene derivative 9
(98.8 mg, 1 equiv, 0.16 mmol) in dry DMF (10 mL). After 20 min of stir-
ring at room temperature, a degassed solution of 3-(6-iodohexyl)-1-(tri-
isopropylsilyl)pyrrole (15 ; 130 mg (purity 70%), 1.3 equiv, 0.21 mmol) in
dry DMF (10 mL) was added. The reaction mixture was stirred overnight
and the solvent was removed in vacuo. The brown residue was dissolved
in dichloromethane, washed with water, dried over sodium sulfate and
the organic phase was concentrated in vacuo. The resulting oil was puri-
fied by chromatography on a silica gel column (dichloromethane and di-
chloromethane/ethyl acetate 9:1) to yield an orange oil (86.2 mg, 73%);
Z/E 50:50 (1H NMR). 1H NMR (CDCl3): d=1.37–1.45 (m, 4H, CH2),
1.57–1.65 (m, 4H, CH2), 2.43 (Z) and 2.44 (E) (2 s, 3H, CH3S), 2.49 (t,
J = 7.1 Hz, 2H, CH2 pyrrole), 2.83 (quin, J = 7.4 Hz, 2H, CH2S), 2.95–2.99
(m, 4H, SCH2CH2O), 3.61–3.71 (m, 20H, CH2O), 6.06 (s, 1H, CHCHN),
6.57 (s, 1H, CHCHN), 6.71 (s, 1H, CHN), 8.21 (br s, 1H, NH); 13C NMR


(CDCl3): d=19.1 and 19.1 (CH3S), 26.6, 26.7, 28.2, 28.3, 28.6, 28.6, 29.6
and 29.6 (CH2), 30.8 and 30.9 (CH2), 34.8, 34.8, 35.0 and 35.1 (SCH2),
36.2 and 36.3 (SCH2), 70.1, 70.1, 70.4, 70.4, 70.5, 70.5, 70.6, 70.6, 70.6,
70.7, 70.7, 70.8 and 70.8 (OCH2), 108.3 (CHCHN), 110.3, 110.9, 111.0 and
111.4 (central C=C), 114.8 (CHN), 117.5 (CHN), 124.0, 124.5, 125.5,
126.4, 129.0, 130.3, 130.5 and 131.6 (lateral C=C); EI-MS: m/z (%): calcd
for C29H43NO5S8: 741.0907; found: 741 (100) [M]


+ , 606 (7), 80 (73); HR-
EI(+ ) MS: m/z : found: 741.0941 [M]+ .


2-(8-EDOT-7-oxaoctylsulfanyl)-3,6,7-trimethylsulfanyl)tetrathiafulvalene
(5a): Cesium hydroxide monohydrate (336 mg, 2 equiv, 2 mmol) in so-
lution in methanol (5 mL), was added under N2, to tetrathiafulvalene de-
rivative 2 (427 mg, 1 equiv, 1 mmol) in dichloromethane (60 mL). After
15 min of stirring, iodo compound 17 (382 mg, 1 equiv, 1 mmol) dissolved
in dichloromethane (10 mL) was added. The reaction was stirred over-
night. The organic phase was washed with water, dried over sodium sul-
fate and concentrated in vacuo. The resulting oil was purified by chroma-
tography on a silica gel column (petroleum ether/dichloromethane 7:3) to
yield an orange oil (324 mg, 52%). 1H NMR (CDCl3): d=1.37–1.42 (m,
4H, CH2), 1.53–1.65 (m, 4H, CH2), 2.43 (s, 9H, CH3S), 2.82 (t, J =


7.1 Hz, 2H, SCH2), 3.50 (t, J = 6.5 Hz, 1H, CH2O), 3.64 (ddd, J = 5.8,
10.3, 15.1 Hz, 2H, CH2O), 4.06 (dd, J = 7.5, 11.7 Hz, 1H, CH2O), 4.23–
4.30 (m, 2H, CH2O, CHO), 6.48 (s, 2H, CH); 13C NMR (CDCl3): d =


19.2 and 19.3 (CH3S), 25.5, 28.2, 29.9 and 30.6 (CH2), 36.1 (SCH2), 66.1
(OCH2), 99.5 and 99.6 (SCH), 110.8 and 111.3 (central C=C), 124.4,
126.2, 129.8, and 130.3 (lateral C=C), 141.5 and 141.6 (O�C=C); ESI-MS:
m/z : calcd for C22H28O3S9: 627.9; found: 627.9 [M]


+ , 650.9 [M+Na]+ ,
HRMS-EI(+ ) MS: m/z : calcd for: 650.9423; found: 650.9430 [M+Na]+ .


(Z,E)-6(7)-Methylsulfanyl-3-(8-EDOT-7-oxaoctylsulfanyl)-2,7(6)-
(4,7,10,13,16-pentaoxa-1,19-dithianonadecane-1,19-diyl)tetrathiafulvalene
(5b): Cesium hydroxide monohydrate (100 mg, 2 equiv, 0.62 mmol) in
dry methanol (5 mL) was added under N2, to tetrathiafulvalene deriva-
tive 9 (200 mg, 1 equiv, 0.31 mmol) in dry and degassed DMF (80 mL).
After the reaction mixture was stirred for 15 min, iodo derivative 17
(135 mg, 1.2 equiv, 0.37 mmol) in dry DMF (20 mL) was added. The reac-
tion mixture was stirred overnight and the solvent was removed in vacuo.
The brown residue was dissolved in dichloromethane, washed with water
and dried over sodium sulfate. After evaporation, the oil was purified by
chromatography on a silica gel column (petroleum ether/dichlorome-
thane 1:1 and then dichloromethane/ethyl acetate 9:1) to yield an orange
oil (123 mg, 48%). Z/E 60:40 (1H NMR); 1H NMR (CDCl3): d=1.35–
1.44 (m, 4H, CH2), 1.57–1.66 (m, 4H, CH2), 2.42 (Z) and 2.45 (E) (2 s,
3H, CH3S), 2.80–2.86 (m, 2H, SCH2), 2.95–2.98 (m, 4H, SCH2), 3.48 (dd,
J = 6.4, 6.4 Hz, 2H, CHO), 3.57–3.70 (m, 22H, CH2, CH2), 4.04 (dd, J =


4.1, 7.5 Hz, 1H, CH2O), 4.23 (d, J = 11.6 Hz, 1H, CH2O), 4.28 (dd, J =


5.9, 12.0 Hz, 1H, CHO), 6.32 (dd, J = 3.7, 6.7 Hz, 2H, CH); 13C NMR
(CDCl3): d = 19.1 (CH3S), 25.5 and 28.2 (CH2), 29.3 and 29.6 (CH2),
35.0 and 35.1 (SCH2), 36.2 and 36.2 6 (SCH2), 66.1 (OCH2), 69.1, 70.1,
70.5, 70.6, 70.6, 70.7, 70.8, 70.9, 70.9, 71.6 and 71.8 (OCH2), 99.5 and 99.6
(SCH), 110.3, 110.8, 110.9 and 111.3 (central C=C), 124.4, 124.8, 126.2,
126.7, 128.7, 129.8, 130.3 and 131.5 (lateral C=C), 141.5 and 141.5 (C2);
FAB(+ ) MS: m/z : calcd for C32H46O8S9: 846.1; 846.1 [M]


+ ; HR-FAB(+ ):
m/z : calcd for: 846.06797; found: 846.0678 [M]+ .


1,17-Diodo-3,6,9,12,15-pentaoxaheptadecane (7b): A large excess of
sodium iodide (10 equiv) was added to 3,6,9,12,15-pentaoxa-1,17-hepta-
decyl di-p-toluenesulfonate (7a)[13] (17.7 mmol, 7.76 g) dissolved in ace-
tone (200 mL), and the mixture was heated under reflux overnight. The
solvent was removed in vacuo and the residue was washed with a so-
lution of sodium thiosulfate, and then with water. After drying over mag-
nesium sulfate, the solution was concentrated in vacuo and the oil was
purified by chromatography on a silica gel column (dichloromethane) to
yield a yellow pale oil (7.4 g, 78%). 1H NMR (CDCl3): d=3.15 (t, 4H,
CH2I); 3.50–3.70 (m, 20H, CH2O); EI-MS: m/z : calcd for C12H24I2O5:
502.0; found: 502.0 [M]+ .


(Z,E)-3,6(7)-Bis(2-cyanoethylsulfanyl)-2,7(6)-(4,7,10,13,16-pentaoxa-1,19-
dithianonadecane-1,19-diyl)tetrathiafulvalene (8): Cesium hydroxide
monohydrate (672 mg, 2 equiv, 4 mmol) in methanol (10 mL) was added
to 2,3,6,7-tetrakis(2-cyanoethylsulfanyl)tetrathiafulvalene (6 ; 1.09 g,
2 mmol) in dry DMF (50 mL). The mixture was stirred for 15 min. This
solution and 1,17-diodo-3,6,9,12,15-pentaoxaheptadecane (7b ; 1.04 g,
1 equiv, 2 mmol) in dry DMF (60 mL) was simultaneously added to dry
degassed DMF (300 mL) over 20 h (3 mLh�1) with a perfursor pump.
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The mixture was then allowed to stir for another 2 h before the solvents
were removed in vacuo. The brown residue was dissolved in dichloro-
methane, washed with water, dried over sodium sulfate and concentrated
in vacuo. The residue was purified by chromatography on a silica gel
column (dichloromethane/ethyl acetate 8:2) and recrystallised in di-
chloromethane/methanol to yield an orange powder (753 mg, 55%). Z/E
70:30; Z isomer: 1H NMR (CDCl3): d=2.72 (t, 4H, CH2CN), 3.05 (m,
8H, SCH2), 3.59–3.74 (m, 20H, CH2O);


13C NMR (CDCl3): d=18.8
(CH2CN), 31.4 (SCH2CH2CN), 35.2 (SCH2CH2O), 70.0, 70.1, 70.4, 70.4,
70.5, 70.5, 70.6, 70.7, 70.7, 70.8, 70.8 and 70.9 (CH2O), 111.7 (central C=
C), 117.6 (CN), 123.4 and 132.5 (lateral C=C). E isomer: 1H NMR
(CDCl3): d=2.77 (t, 4H, CH2CN), 3.03 (m, 8H, SCH2), 3.59–3.74 (m,
20H, CH2O);


13C NMR (CDCl3): d=18.7 (CH2CN), 31.5 (SCH2CH2CN),
35.5 (SCH2CH2O), 70.0, 70.1, 70.4, 70.4, 70.5, 70.5, 70.6, 70.7, 70.7, 70.8,
70.8 and 70.9 (CH2O), 111.6 (central C=C), 117.9 (CN), 123.9 and 132.9
(lateral C=C); EI-HR MS: m/z : calcd for C24H32N2O5S8: 684.0077; found:
684.0075 [M]+ :; elemental analysis calcd (%) for: C 42.14, H 4.71, O
11.69, S 37.50, N 4.09; found: C 42.32, H 4.70, O 12.23, S 36.57, N 4.27.


(Z,E)-6(7)-Methylsulfanyl-3-(2-cyanoethylsulfanyl)-2,7(6)-(4,7,10,13,16-
pentaoxa-1,19-dithianonadecane-1,19-diyl)tetrathiafulvalene (9): Cesium
hydroxide monohydrate (168 mg, 1 equiv, 1 mmol) in dry methanol
(10 mL) was added to a solution of tetrathiafulvalene derivative 8
(684 mg, 1 mmol) in dry and degassed DMF (40 mL), cooled to 0 8C with
an ice bath. After 15 minutes of stirring, a large excess of iodomethane
(1 mL) was poured. After 5 h at room temperature, the reaction mixture
was concentrated in vacuo and the brown residue was dissolved in di-
chloromethane, washed with water and dried over sodium sulfate. The
solvent was removed in vacuo and the resulting oil was purified by chro-
matography on a silica gel column (dichloromethane/ethyl acetate 9:1)
and recrystallised from dichloromethane/methanol to yield an orange
powder (467 mg, 72%); Z/E 60:40; 1H NMR (CDCl3): d=2.44 (s, 3H,
SCH3, Z), 2.45 (s, 3H, SCH3, E), 2.73 (t, 2H, CH2CN, Z), 2.78 (t, 2H,
CH2CN), 2,98 (m, 6H, SCH2), 3.05 (m, 6H, SCH2, Z), 3.66 (m, 20H,
CH2O, Z+E); 13C NMR (CDCl3): d=18.7 (CH2CN), 19.2 and 19.3
(SCH3), 31.4 and 31.5 (SCH2CH2CN), 35.1 and 35.3 (SCH2CH2O), 70.0,
70.1, 70.4, 70.4, 70.5, 70.5, 70.6, 70.7, 70.7, 70.8, 70.8 and 70.9 (CH2O),
109.5, 109.7, 112.5 and 113.0 (central C=C), 117.6 and 117.9 (CN), 123.3,
124.6, 131.2 and 132.5 (lateral C=C); C22H31NO5S8: EI-HR MS: m/z :
calcd for: 644.9968; found: 644.9960.


1-(6-Chlorohexyl)pyrrole (11): Potassium pyrryl 10[5] (1.41 g, 1 equiv,
13.4 mmol) dissolved in DMSO (20 mL) was added dropwise to 1-bromo-
6-chlorohexane (2.0 mL, 1 equiv, 13.4 mmol) in dry THF (50 mL). The re-
action mixture was stirred for 12 h. The solvents were removed in vacuo
and the residue dissolved in dichloromethane. The organic phase was
washed with water, dried over magnesium sulfate and concentrated in
vacuo. The compound was purified by chromatography on a silica gel
column (petroleum ether). A mixture of chloro and bromo compounds
(90:10, 1H NMR) was obtained as a pale yellow oil (1.8 g, 72%);
1H NMR (CDCl3): d=1.31 (m, 2H, CH2), 1.46 (m, 2H, CH2), 1.77 (m,
4H, CH2), 3.42 (t, 2H, CH2Br, 10%), 3.52 (t, 2H, CH2Cl, 90%), 3.88 (t,
2H, CH2N), 6.14 (t, 2H, CHCHN), 6.65 (t, 2H, CHCHN).


1-(6-Iodohexyl)pyrrole (12): The Cl/Br mixture of the 1-(6-halogenohex-
yl)pyrrole (11; 1.0 g, � 54 mmol) was dissolved in acetone (80 mL)
whereupon sodium iodide (9.0 g, 11 equiv, 540 mmol) was added. The
mixture was heated under reflux overnight. The solvent was removed in
vacuo and the residue dissolved in dichloromethane. The organic phase
was washed with water, dried over magnesium sulfate and concentrated
in vacuo. The compound was purified by chromatography on a silica gel
column (petroleum ether/dichloromethane 9:1) to yield a pale yellow oil
(760 mg, 51%). 1H NMR (CDCl3): d=1.31 (m, 2H, CH2), 1.42 (m, 2H,
CH2), 1.78 (m, 4H, CH2), 3.17 (t, 2H, CH2I), 3.88 (t, 2H, CH2N), 6.14 (t,
2H, CHCHN), 6.65 (t, 2H, CHCHN), 13C NMR (CDCl3): d = 6.4
(CH2I), 25.6, 30.0, 31.3 and 33.3 (CH2), 49.4 (CH2N), 107.9 (CHCHN),
120.4 (CHCHN); EI MS: calcd for C10H16IN: m/z : 277; found: 277 [M]


+ .


3-Bromo-1-(triisopropylsilyl)pyrrole (14): N-Bromosuccinimide (0.80 g,
1 equiv, 4.5 mmol) dissolved in distilled THF (5 mL) was added to 1-(trii-
sopropylsilyl)pyrrole (13 ;[16] 1.00 g, 1 equiv, 4.5 mmol) in distilled THF
(10 mL) cooled to �80 8C. The reaction mixture was stirred 1 h at �80 8C
and then, allowed to warm to room temperature in 1 h. The mixture was
milky white. Pyridine (0.15 mL) in hexane (5 mL) was added and the so-
lution which became yellow was stirred for an additional 1 h. The solvent


was removed in vacuo, and then the residue was dissolved in dichlorome-
thane, washed with water and dried over sodium sulfate. The solution
was concentrated in vacuo and afterwards, purified by chromatography
on a silica gel column (petroleum ether). The compound was obtained
accompanied by 5% of 2-bromo-1-(triisopropylsilyl)pyrrole. Colorless oil
(1.15 g, 86%); 1H NMR (CDCl3): d=1.11 (d, J = 7.5 Hz, 18H, CH3),
1.47 (m, J = 7.5 Hz, 3H, CH), 6.30 (dd, J = 1.4, 2.8 Hz, 1H, CHCHN),
6.67 (dd, J = 2.8, 2.8 Hz, 1H, CHCHN), 6.73 (dd, J = 1.4, 2.8 Hz, 1H,
CHN), 13C NMR (CDCl3): d=11.4 (SiCH), 17.5 and 17.6 (CH3), 97.8
(CBr), 112.9 (CHCHN), 123.2 (CBrCHN), 124.6 (CHCHN); EI(+ ) MS:
m/z : calcd for C13H24BrNSi: 301.1; found: 303 [M]


+.


3-(6-Iodohexyl)-1-(triisopropylsilyl)pyrrole (15): Under nitrogen atmos-
phere, 3-bromo-1-(triisopropylsilyl)pyrrole (14 ; 0.50 g, 1 equiv,
2.25 mmol) in distilled THF (120 mL) was cooled to �78 8C. tert-Buty-
lithium (2.65 g, 2 equiv, 4.5 mmol) was added and the reaction mixture
which immediately turned yellow was stirred for 30 min at �78 8C. Then,
1,6-diiodohexane (0.76 g, 1 equiv, 2.25 mmol) in distilled THF (10 mL)
was added and the mixture became immediately colorless. Temperature
was allowed to rise to RT, and the solvent was removed in vacuo. The
residue was dissolved in dichloromethane, washed with water, dried over
sodium sulfate and concentrated in vacuo. The resulting oil was purified
by chromatography on a silica gel column (cyclohexane) to yield a color-
less oil (180 mg, 23%); 1H NMR (CDCl3): d=1.11 (m, 18H, CH3), 1.35–
1.46 (m, 7H, CH and 2OCH2), 1.60 (quint, J = 7.3 Hz, 2H, CH2CH2pyrrole),
1.83 (quint, J = 7.0 Hz, 2H, CH2CH2I), 2.49 (t, J = 7.3 Hz, 2H,
CH2pyrrole), 3.18 (t, J = 7.0 Hz, 2H, CH2I), 6.14 (s, 1H, CHCHN), 6.52 (s,
1H, CHCHN), 6.69 (s, 1H, CHN); EI(+ ) MS: calcd for C19H36INSi:
433.2; found: 433 [M]+ , 390 [M�iPr]+ , 306 [M�I]+ .
2-(8-Iodo-2-oxaoctyl)-2,3-dihydrothieno[3,4-b]-1,4-dioxine (17): A so-
lution of sodium hydride (washed with pentane) (1.54 g, 20 equiv,
19 mmol) in distilled THF (40 mL) was cooled to 0 8C under N2. A so-
lution of hydroxymethyl-EDOT 16[17] (164 mg, 1 equiv, 0.953 mmol) and
[18]crown-6 (5%) in distilled THF (10 mL) was added dropwise. The alk-
oxide was carefully transferred by a cannula to another three-necked
flask containing a solution of 1,6-bromochlorohexane (3.8 g, 2 equiv,
1.9 mmol) in dry and distilled THF. After the temperature has raised
(RT), the reaction mixture was heated under reflux overnight. Water was
poured and the solvent was removed in vacuo. The residue was dissolved
in dichloromethane, washed with water and dried over sodium sulfate.
The chlorinated intermediate was purified by chromatography on a silica
gel column (petroleum ether/dichloromethane) to produce a yellow pale
oil (274 mg, 99%). The same experiment was carried out several times,
and the resulting chlorinated product put together. An excess of sodium
iodide was added to the chloro compound (1.42 g, 1 equiv, 4.9 mmol) in
acetone (50 mL). The mixture was heated under reflux for 1 d. After
temperature has cooled to RT, it was filtered and then concentrated. The
residue was dissolved in dichloromethane, washed with a sodium thiosul-
fate saturated solution, with water and dried over sodium sulfate. After
concentration in vacuo, the iodo compound 17 was purified by chroma-
tography on a silica gel column (dichloromethane) to yield a pale yellow
oil (1.68 g, 90%). 1H NMR (CDCl3): d=1.37 (m, 4H, CH2), 1.60 (m, 2H,
CH2), 1.82 (m, 2H, CH2), 3.19 (t,


3J=6.5 Hz, 2H, CH2I), 3.50 (t,
3J =


6.3 Hz, 2H, CH2CH2O), 3.59 (dd,
gemJ=10.4, J=5.9 Hz, 1Hb, OCH2CH),


3.68 (dd, gemJ=10.4, J=5.0 Hz, 1Ha, OCH2CH), 4.06 (dd,
gemJ=11.6,


transJ=7.5 Hz, 1Hb, =C(C)OCH2), 4.24 (dd, gemJ=11.6, cisJ=2.2 Hz,
1Ha,=C(C)OCH2), 4.30 (m, 1H, CHCH2OCH2), 6.33 (s, 2H, CHthiophene);
13C NMR (CDCl3): d=6.9 (CH2I), 25.0, 29.3, 30.2 and 33.4 (CH2), 66.2,
69.2, 71.9 and 72.7 (CH2O), 99.6 and 99.7 (2OSCH); 141.6 and141.6 (2O
CO); FAB MS: m/z : calcd for C13H19IO3S: 382.0; found: 382.0 [M]


+ ;
HRMS FAB: m/z : calcd for 382.0100; found: 382.0104 [M]+ .


2-(19-Iodo-2,5,8,11,14,17-hexaoxa-1-nonadecyl)-2,3-dihydrothieno[3,4-b]-
1,4-dioxine (18): A solution of sodium hydride (1.6 g at 60% in oil,
4.2 equiv) (washed with pentane) in distilled THF (150 mL) was cooled
to 0 8C with an ice bath. Hydroxymethyl-EDOT 16[17] (1.67 g, 1.05 equiv,
9.7 mmol) and [18]crown-6 (5%) in THF (10 mL) was added slowly. The
resulting mixture was transferred by a cannula to another three-necked
flask containing a solution of 3,6,9,12,15-pentaoxa-1,17-heptadecyl di-p-
toluenesulfonate (7a)[13] (4.13 g, 1.0 equiv, 9.7 mmol). The reaction mix-
ture was heated under reflux for 24 h. Water was slowly added and the
solvent was removed in vacuo. The residue was dissolved in dichlorome-
thane and washed with water, dried over sodium sulfate and concentrat-
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ed in vacuo. The tosylate intermediate was purified by chromatography
on a silica gel column (dichloromethane/ethyl acetate 6:4) to produce a
pale yellow oil (2.66 g, 46%). A large excess of sodium iodide was added
to the resulting tosylate (2.66 g, 4.5 mmol) in acetone and the mixture
was heated under reflux for 24 h. After the reaction mixture was allowed
to cool to room temperature, the solvent was removed in vacuo and the
residue was dissolved in dichloromethane. This solution was washed with
sodium thiosulfate and then with water, dried over sodium sulfate and
concentrated in vacuo. The iodo compound 19 was purified by chroma-
tography on a silica gel column (dichloromethane/ethyl acetate 6:4) to
yield a pale yellow oil (1.84 g, 75%). 1H NMR (CDCl3): d = 3.26 (t, 3J=
7.0 Hz, 2H, CH2I), 3.65 (m, 23H, OCH2), 3.76 (m, 1Ha, OCH2CH), 4.06
(dd, transJ=7.5 and gemJ=11.7 Hz, 1Hb, =C(C)OCH2), 4.25 (dd,


cisJ=2.2
and gemJ=11.7 Hz, 1Ha, =C(C)OCH2), 4.32 (m, 1H, CHCH2O), 6.32 (d,
1H, 4J=3.7 Hz, CHthiophene), 6.33 (d, 4J=3.7 Hz, 1H, CHthiophene);
13C NMR (CDCl3): d=2.9 (CH2I); 66.1, 69.6, 70.2, 70.6, 70.7, 71.2, 72.0
and 72.6 (CH2O), 99.6 and 99.7(2OSCH), 141.5 and 141.6 (2OCO); EI(+ )
MS: m/z : calcd for C19H31O8IS: 546.8; found: 546.1 [M]


+ ; HRMS FAB:
calcd for: 546.0756; found: 546.0798 [M]+ .
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Electronic Structure and Chain-Length Effects in Diplatinum Polyynediyl
Complexes trans,trans-[(X)(R3P)2Pt(C�C)nPt(PR3)2(X)]: A Computational
Investigation


Fedor Zhuravlev and John A. Gladysz*[a]


Introduction


There has been extensive interest recently in the synthesis
and study of compounds comprised of long sp-carbon chains
and transition-metal endgroups, LyMCxMLy.


[1–14] These ef-
forts have been motivated by a number of fundamental and


applied objectives. For example, metal fragments provide
dramatic stability enhancements over hydrogen or n-alkyl
endgroups, facilitating characterization of basic properties.
At longer chain lengths, models for the polymeric sp-carbon
allotrope “carbyne”,[15] the one-dimensional counterpart of
graphite and diamond, are realized. Complexes in which
metals are bridged by unsaturated ligands also exhibit a rich
variety of redox and charge or energy transfer phenomena,
and are under active investigation as components in molecu-
lar-scale devices.[16]


With the present state of synthetic art, LyMC8MLy com-
plexes can be viewed as the boundary between short- and
long-chained species.[2–14] As more and more complexes with
longer chains have become available,[7,8,10–14] all of which to
date are even carbon-chain polyynes or polyynediyl com-
plexes M(C�C)nM, a variety of questions have arisen or
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Supporting information for this article (tables of total and zero point
energies, bond angles for PtCxPt, and bond lengths for HCxH) is
available on the WWW under http://www.chemeurj.org/ or from the
author.


Abstract: Structure and bonding in the
title complexes are studied using model
compounds trans,trans-[(C6H5)(H3P)2-
Pt(C�C)nPt(PH3)2(C6H5)] (PtCxPt ; x=
2n=4–26) at the B3LYP/LACVP*
level of density functional theory. Con-
formations in which the platinum
square planes are parallel are very
slightly more stable than those in
which they are perpendicular (DE=


0.12 kcalmol�1 for PtC8Pt). As the
carbon-chain length increases, progres-
sively longer C�C triple bonds and
shorter �C�C� single bonds are found.
Whereas the triple bonds in HCxH
become longer (and the single bonds
shorter) as the interior of the chain is
approached, the PtC�C triple bonds in
PtCxPt are longer than the neighboring
triple bond. Also, the Pt�C bonds are
shorter at longer chain lengths, but not
the H�C bonds. Accordingly, natural
bond orbital charge distributions show
that the platinum atoms become more


positively charged, and the carbon
chain more negatively charged, as the
chain is lengthened. Furthermore, the
negative charge is localized at the two
terminal C�C atoms, elongating this
triple bond. Charge decomposition
analyses show no significant d–p*
backbonding. The HOMOs of PtCxPt
can be viewed as antibonding combina-
tions of the highest occupied p orbital
of the sp-carbon chain and filled in-
plane platinum d orbitals. The platinum
character is roughly proportional to the
Pt/Cx/Pt composition (e.g., x=4, 31%;
x=20, 6%). The HOMO and LUMO
energies monotonically decrease with
chain length, the latter somewhat more
rapidly so that the HOMO–LUMO


gap also decreases. In contrast, the
HOMO energies of HCxH increase
with chain length; the origin of this di-
chotomy is analyzed. The electronic
spectra of PtC4Pt to PtC10Pt are simu-
lated. These consist of two p–p* bands
that redshift with increasing chain
length and are closely paralleled by
real systems. A finite HOMO–LUMO
gap is predicted for PtC¥Pt. The struc-
tures of PtCxPt are not strictly linear
(average bond angles 179.78–178.88),
and the carbon chains give low-fre-
quency fundamental vibrations (x=4,
146 cm�1; x=26, 4 cm�1). When the
bond angles in PtC12Pt are constrained
to 1748 in a bow conformation, similar
to a crystal structure, the energy in-
crease is only 2 kcalmol�1. The above
conclusions should extrapolate to
(C�C)n systems with other metal
endgroups.


Keywords: density functional
calculations · electronic structure ·
natural bond orbital analyses ·
platinum · polyynes
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been brought into sharper focus. There are numerous funda-
mental issues involving bond lengths and angles, not only
with respect to carbyne but also the parent polyynes
H(C�C)nH (HCxH ; x=2n). For example, how do the metal
endgroups affect or regulate charge distribution, and is
metal/ligand d–p communication involved? Some of these
subjects have been touched upon in previous experimental
and computational[17] investigations of monometallic alkynyl
or polyynyl ((C�C)nR) complexes. Several computational
studies of the polyynes HCxH have been reported,[18–21] and
provide important reference data for the results below.


In a recent review, we analyzed all crystallographically
characterized octatetraynes and higher polyynes.[22] Many of
these are diplatinum complexes of the formula trans,trans-
[(X)(R3P)2Pt(C�C)nPt(PR3)2(X)], which constitute the most
extensively developed type of long-chain LyMCxMLy species.
Complexes with C16 bridges (n=8) have been isolated, and
higher homologues will be reported soon.[10b] In this paper,
we describe a detailed computational investigation of model
compounds of the formula trans,trans-[(C6H5)(H3P)2Pt(C�
C)nPt(PH3)2(C6H5)] (PtCxPt, Figure 1 below), with x (2n)
ranging from 4 to 26. Objectives include the development of
1) a comprehensive model for structure and bonding, 2) ra-
tionales for the “chain-length effects” noted for various struc-
tural, spectroscopic, and chemical properties, 3) models for
the principal electronic transitions, and 4) energy profiles for
endgroup rotation and carbon-chain bending—phenomena
relevant to several unexpected crystallographic observations.


Other computational studies of structure and bonding in
complexes of the type LyMCxMLy have been reported.[3b,23–28]


However, only one has involved species with comparable
carbon-chain lengths,[28] and none have examined conforma-
tional distortions. While our data were being readied for
publication, an important complementary treatment of elec-
tronic transitions in the digold complexes [(R3P)Au(C�
C)nAu(PR3)] (n=1–6) appeared.[25] A theoretical investiga-
tion of the electronic structure of a polymeric PtC6Pt spe-
cies, trans,trans-[(H3P)2Pt{(C�C)3Pt(PH3)2-}¥], has also been
described.[29]


Computational Methods


All calculations were carried out using density functional theory (DFT)
as implemented in the Jaguar 5[30] and the Gaussian 98[31] suite of pro-
grams. Geometries were optimized using Jaguar at the B3LYP[32]/
LACVP* level, which employs the Hay/Wadt[33] relativistic effective core
potential with explicit treatment of the platinum valence electrons
(5s,5p,5d,6s,6p) and a standard 6-31G* basis set for other atoms. Optimi-
zations began with Csp-Csp-Csp bond angles of 1808, and were constrained
to C2v symmetry for PtCxPt and D¥h symmetry for HCxH. Atoms were la-
beled as exemplified in Figure 1. The optimized structures were charac-
terized as energy minima by vibrational frequency calculations at the
B3LYP/LACVP* level. Total energies and zero point energies are given
in Table s1 (see the Supporting Information). Natural bond orbital analy-
ses (NBO)[34] were performed on Jaguar B3LYP/LACVP* Kohn–Sham
wave functions. These were also used for the frontier molecular orbital
(FMO) and charge decomposition analyses (CDA).[35] The latter were
carried out with the program AOMix-CDA.[36] The lowest excited states
of the Jaguar-optimized structures were calculated using time-dependent
DFT at the LANL2DZ(d) level as implemented in the Gaussian 98 pack-
age.


Results and Discussion


Structures of complexes PtCxPt : The bond lengths calculat-
ed for PtCxPt are summarized in Table 1. These and all
other geometrical features are in good agreement with those
found crystallographically for analogues with (p-tol)(Ar3P)2-
Pt endgroups (x=6, 8, 12).[10] The experimental data are
given in italics (Table 1). The average deviation between
theory and experiment is 0.019 W, with the largest discrep-
ancy being 0.04 W. This close correspondence provides con-
fidence that the computational methods accurately describe
the real systems.


A representative structure is shown in Figure 1. The bond
angles about the square-planar platinum atoms are very
close to 908 and 1808, and those of the Pt-Csp-Csp and
Csp-Csp-Csp segments are very close to 1808 ; these data are
provided in the Supporting Information (Table s2). How-
ever, it is important to note that most of the Pt-Csp-Csp and
Csp-Csp-Csp angles are in fact slightly less than 1808 (range:
178.2–180.08). This is further analyzed below.


Another key structural feature is the torsional relation-
ship between the platinum square planes. Given that the ge-
ometries were optimized with C2v symmetry, the relative
angles are constrained to 08. Hence, another series of calcu-
lations was conducted with PtC8Pt to define the torsional-
energy profile. The geometry of each additional structure
was fully optimized except for the torsion-angle constraint.
As shown in Figure 2, the potential surface is quite flat. Al-
though 08 represents the energy minimum, the maximum
(908 ; C2) lies only 0.12 kcalmol�1 higher.


One conclusion immediately follows. The crystal struc-
tures of seven complexes of the formula trans,trans-
[(X)(Ar3P)2Pt(C�C)nPt(PAr3)2(X)] with n�4, or analogues
with trialkyl or aryl/alkyl phosphines, have been reported.[22]


In unpublished work, we have structurally characterized sev-
eral additional examples. In all cases, the torsion angles of
the platinum square planes are between 0.08 and 16.68.[37] As
there is no enthalpic basis for this conformational prefer-
ence, there must be a broad underlying crystal packing
effect that is applicable to many lattice motifs and space
groups.


Chain-length effects


Bond lengths : The computational data reveal numerous
chain-length effects. The most obvious starting point in-
volves the bond distances in Table 1. All C�C triple bonds
lengthen and all �C�C� single bonds contract as the sp
chain in PtCxPt is expanded from 4 to 26 carbon atoms (hor-
izontal relationships). The terminal Pt�C1 single bonds also
become progressively shorter (2.039 to 2.031 W, 0.4%). The
�C�C� bonds between C2/C3 and C4/C5 exhibit the largest
overall changes, �0.02 and �0.01 W; other differences are
less than �0.008 W. It is clear that the C�C and �C�C�
bond lengths are approaching distinct asymptotic limits, as
opposed to a common asymptotic limit.


One apparent question is how these and other trends
compare to the parent compounds HCxH. The computation-
al data show similar patterns,[18–21,38] but with two notable ex-


Chem. Eur. J. 2004, 10, 6510 – 6522 www.chemeurj.org N 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6511


6510 – 6522



www.chemeurj.org





ceptions: 1) the terminal H�C single bond lengths remain
essentially constant (1.066 W); 2) the C�C triple bonds are


shortest at the termini (C1/C2 1.213 W in HC4H or 1.218 W
in HC20H), and become progressively longer as the midpoint
of the chain is approached. In contrast, the C1/C2 triple
bonds in PtCxPt are always longer than the neighboring
C3/C4 triple bonds; subsequent interior triple bonds (e.g.,
C5/C6) become, as with HCxH, progressively longer (vertical
relationships in Table 1). Although analogous trends are
seen in some experimental data, the estimated standard de-
viation (esd) values are normally too large to permit rigor-
ous conclusions.[39] In any case, our data suggest an overrid-
ing endgroup effect on the C1/C2 distances in PtCxPt, a sub-
ject addressed in detail below.


For both PtCxPt and HCxH, the �C�C� single bonds
become progressively shorter as the midpoint of the chain is
approached. However, single/triple bond alternation is clear-
ly maintained in each molecule, in accord with all previous
computational studies of X(C�C)nX systems.[17d,18,19,21] The
difference in length between the shortest �C�C� single
bond and the longest C�C triple bond has been defined as
the bond-alternation parameter, d.[40] The value for PtC20Pt
(0.097 W) is smaller than that of HC20H (0.105 W), and that
for PtC26Pt (0.094 W) is smaller than those of HC26H
(1.102 W) and HC40H (0.097 W; the longest such species
computationally investigated).[21b,38] This suggests that
PtCxPt has a lower degree of bond alternation than HCxH,
and converges to an asymptotic limit more rapidly. The
anionic species HCx


� exhibits a still lower degree of bond al-
ternation,[21a,c] implying a correlation with the electronega-
tivity of the endgroup.


In order to interpret the different bond-length patterns in-
volving the HC�C and PtC�C linkages in HCxH and


Table 1. Bond lengths in trans,trans-[(Ar)(R3P)2Pt(C�C)nPt(PR3)2(Ar)]: Calculated (Ar/PR3=Ph/PH3; PtCxPt) and Experimental (Ar/PR3/n=p-tol/
P(p-tol)3/3, p-tol/PPh3/4, p-tol/P(p-tol)3/5, p-tol/P(p-tol)3/6) values (unitalicized/italicized).


Number of sp-carbon atoms (x) in PtCxPt
4 6 8 10 12 14 16 18 20 24 26


Pt�C1 2.039 2.035 2.035 2.034 2.033 2.032 2.031 2.032 2.031 2.031 2.031
2.030(3) 2.011(4) 1.990(3) 1.990(3)


C1�C2 1.233 1.235 1.237 1.238 1.237 1.238 1.238 1.239 1.239 1.238 1.239
1.193(5) 1.218(6) 1.190(5) 1.233(4)


C2�C3 1.366 1.355 1.353 1.349 1.350 1.348 1.347 1.347 1.346 1.345 1.345
1.388(5) 1.368(6) 1.404(4) 1.358(4)


C3�C4 1.231 1.233 1.234 1.235 1.235 1.236 1.236 1.236 1.236 1.237
1.211(7) 1.223(6) 1.215(5) 1.210(5)


C4�C5 1.346 1.342 1.339 1.337 1.337 1.336 1.337 1.335 1.335
1.367(9) 1.342(5) 1.356(5)


C5�C6 1.236 1.237 1.238 1.238 1.239 1.239 1.239 1.240
1.228(7) 1.211(5)


C6�C7 1.338 1.336 1.335 1.333 1.333 1.332 1.332
1.344(7)


C7�C8 1.238 1.239 1.240 1.240 1.241 1.241
C8�C9 1.334 1.333 1.332 1.331 1.330
C9�C10 1.240 1.240 1.242 1.242
C10�C11 1.332 1.330 1.330
C11�C12 1.242 1.241
C12�C13 1.330


Pt�C(Aryl) 2.103 2.101 2.100 2.100 2.099 2.099 2.099 2.098 2.098 2.098 2.098
2.056(5) 2.064(4) 2.078(3) 2.099(3)


Pt�P1 2.291 2.293 2.296 2.296 2.297 2.297 2.298 2.299 2.299 2.300 2.300
2.295(10) 2.307(11) 2.301(8) 2.297(8)


Pt�P2 2.299 2.300 2.303 2.305 2.306 2.306 2.307 2.307 2.307 2.308 2.308
2.300(10) 2.300(11) 2.310(9) 2.306(8)


Figure 1. Representative computed structure (PtC8Pt) and atom-labeling
scheme.


Figure 2. Energy profile for endgroup rotation in PtC8Pt.
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PtCxPt, the nature of interactions of the platinum endgroups
with the sp-carbon chains must be analyzed. To what degree
is there communication through the p manifold and how im-
portant are the other contributions, such as charge effects?
In previous computational studies of metal–alkynyl com-
plexes, it has been noted that the MC�C bond lengths are
strong functions of the metal–carbon s component and the
“tightness” of a C�C triple bond.[17b] We therefore turned to
population analysis as a means to separate the s- and p-
bonding contributions.


Population and charge distribution analysis : Natural bond
orbital (NBO) analysis has proved to be a powerful tool for
describing bonding and charge distribution in terms of local-
ized orbitals.[41] Table 2 lists the natural electron populations
and corresponding cumulative bond orders calculated for
PtCxPt ; the latter were taken as half the difference of the
bonding and antibonding electron populations.


The cumulative C�C triple bond orders (Table 2) general-
ly show an inverse relationship to the bond lengths
(Table 1), except for the terminal PtC�C moieties. These
have the highest bond order of all triple bonds but remain
longer than the C3/C4 triple bonds. Upon going from
PtC4Pt to PtC26Pt, the PtC�C bond orders drop from 2.782
to 2.727 (2.00%), in accord with the bond-length trend
noted above. Inspection of the natural populations shows
that this decrease is due to electron depletion in the p bond-
ing orbitals and increased occupancy of the p* antibonding
orbitals. There is virtually no change in the s bond order
(0.983 to 0.982, 0.1%).


The change in the p populations of the C3/C4 C�C triple
bond is even more pronounced. Now the cumulative bond
orders decrease from 2.664 to 2.600 (2.4%), again with no
change in the s population. Indeed, all C�C bonds undergo
bond-order reduction through the p manifold, although
comparisons must be made over narrower ranges (e.g., from
PtC10Pt to PtC26Pt for C5/C6 C�C). In contrast, the C2/C3
�C�C� single bond order shows a gradual increase from
0.967 to 0.973 (0.62%).


Thus, while the NBO population analysis describes quite
satisfactorily the changes in the internal bond lengths
(C2/C3 through C(x�2)/C(x�3)), it cannot adequately ac-
count for all features of the PtC�C linkage. One factor
often invoked to rationalize metal–carbon bond-length
trends is d–p* backbonding. If d–p* backbonding is signifi-
cant, a corresponding increase in the p* population of the
PtC�C bond would be expected. As it turns out, this popula-
tion is small (only 0.11 e) and remains the smallest popula-
tion of all p* orbitals across the entire PtCxPt series. More-
over, this trend exactly parallels that observed for HCxH,
for which no backbonding is possible. Additional probes for
d–p* interactions will be described below.


Table 3 lists the NBO charge distributions calculated for
PtCxPt. These provide complimentary insight regarding the
PtC�C bond lengths. Upon going from PtC4Pt to PtC26Pt,
the platinum atoms become more positively charged, where-
as the sp-carbon chains become more negatively charged
(bottom entry). This is consistent with the bond-length trend
as well as the experimental Brønsted acidities of terminal


polyynes.[42] The latter increase with sp-carbon-chain length,
indicating progressively greater negative charge stabiliza-
tion.


We also find, in agreement with earlier computational
studies of metal polyynyl complexes,[17d] substantial localiza-
tion of the negative charge on the two terminal C�C atoms
at each end. This is particularly pronounced with shorter
carbon chains. For example, 89% of the total charge on the
chain in PtC8Pt is found at C1/C2. As the chain lengthens,
some negative charge flows towards the midpoint. Thus,
77% of the total charge on the chain in PtC26Pt is found at
C1/C2. Charge alternation patterns also develop. Once
PtC10Pt is reached, the negatively charged C1/C2 atoms are
followed by a positively charged C3 atom. However, regard-
less of the sign, the total charge on the interior atoms (C3 to
C(x�3)) is always much less than those on C1/C2.


The charge distributions provide a clear rationale for the
endgroup effect upon bond lengths: The increase in Pt/C1
charge polarizations with chain length leads to stronger elec-
trostatic attraction between the platinum atoms and the
carbon chains and shorter bonds, while repulsion between
the negatively charged C1 and C2 atoms causes the “anoma-
lous” lengthening of the C1/C2 C�C bond relative to interi-
or C�C bonds. Also, the electrostatic attraction between C2
and C3 increases with chain length, consistent with the
greater decrease in bond lengths as compared to other
�C�C� bonds.


This model also rationalizes an analogous endgroup effect
found in a computational study of LiCxLi (x=2–8).[44] For
x=6 and 8, the terminal LiC�C triple bonds were similarly
longer than the neighboring internal C�C bonds. We there-
fore predict that comparable trends will be found for all
conjugated polyynes with electropositive endgroups.


Orbital analyses : Frontier molecular orbital (FMO) analysis
is another valuable approach to rationalizing molecular
properties.[45] Accordingly, the FMOs of PtC4Pt to PtC26Pt
were calculated. The contours and energies of the HOMOs
through to PtC20Pt are summarized in Table 4, together with
the degree of platinum/sp-carbon-chain character.


The HOMOs can be viewed as antibonding combinations
of the highest occupied p orbital of the sp-carbon-chain
fragment and the filled in-plane d orbitals of the two plati-
num fragments. The nodal patterns on the carbon chains are
analogous to those that would be expected for simple poly-
ynes and polyenes from the H:ckel MO theory. The next
highest occupied orbitals (HOMO�1) are essentially out-of-
plane counterparts of the HOMOs that utilize orthogonal
platinum d and C�C p orbitals. The LUMOs are bonding
combinations of the lowest unoccupied p orbital of the
carbon-chain fragment and the platinum d orbitals.


The HOMOs are strongly delocalized over the Pt/Cx/Pt
framework, with the platinum character roughly proportion-
al to the Pt/Cx/Pt composition. This is significant for the first
members of the series (31% in PtC4Pt, for which 33% of
the atoms are platinum), but drops sharply for later mem-
bers of the series (6% in PtC20Pt, for which 9% of the
atoms are platinum). Consequently, the HOMOs of the
longer-chain compounds are almost exclusively carbon-
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Table 2. Natural population and bond order data for PtCxPt.
[a,b]


Number of sp-carbon atoms (x) in PtCxPt
4 6 8 10 12 14 16 18 20 24 26


Pt-total 77.774 77.770 77.770 77.768 77.767 77.766 77.766 77.766 77.765 77.765 77.765


p1 C1-C2 1.914 1.894 1.883 1.876 1.871 1.867 1.865 1.862 1.861 1.858 1.857
p1 C1-C2* 0.108 0.113 0.114 0.113 0.113 0.113 0.113 0.113 0.113 0.112 0.112
p2 C1-C2 1.900 1.886 1.877 1.871 1.867 1.864 1.861 1.859 1.858 1.855 1.854
p2 C1-C2* 0.106 0.112 0.112 0.112 0.112 0.111 0.111 0.111 0.110 0.110 0.110
s C1-C2 1.982 1.982 1.982 1.982 1.982 1.982 1.982 1.982 1.982 1.982 1.982
s C1-C2* 0.017 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018 0.018
bond order 2.782 2.760 2.749 2.743 2.738 2.735 2.733 2.731 2.729 2.727 2.727


s C2-C3 1.970 1.973 1.973 1.973 1.973 1.973 1.973 1.973 1.973 1.973 1.974
s C2-C3* 0.036 0.029 0.029 0.029 0.028 0.028 0.028 0.028 0.028 0.028 0.028
bond order 0.967 0.972 0.972 0.972 0.972 0.972 0.972 0.973 0.973 0.973 0.973


p1 C3-C4 1.866 1.848 1.838 1.832 1.828 1.825 1.823 1.821 1.818 1.817
p1 C3-C4* 0.172 0.184 0.188 0.190 0.191 0.192 0.192 0.192 0.193 0.193
p2 C3-C4 1.851 1.839 1.831 1.826 1.822 1.820 1.818 1.816 1.814 1.813
p2 C3-C4* 0.173 0.185 0.189 0.191 0.192 0.193 0.193 0.194 0.194 0.194
s C3-C4 1.976 1.976 1.976 1.976 1.976 1.976 1.976 1.976 1.976 1.976
s C3-C4* 0.021 0.021 0.021 0.021 0.020 0.020 0.020 0.020 0.020 0.020
bond order 2.664 2.637 2.624 2.616 2.611 2.608 2.605 2.603 2.600 2.600


s C4-C5 1.975 1.975 1.975 1.975 1.975 1.975 1.975 1.975 1.975
s C4-C5* 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022 0.022
bond order 0.976 0.976 0.977 0.977 0.977 0.977 0.977 0.977 0.977


p1 C5-C6 1.831 1.821 1.820 1.812 1.809 1.807 1.804 1.808
p1 C5-C6* 0.198 0.202 0.213 0.205 0.207 0.208 0.209 0.215
p2 C5-C6 1.826 1.817 1.817 1.810 1.807 1.805 1.802 1.806
p2 C5-C6* 0.198 0.203 0.213 0.205 0.207 0.208 0.209 0.216
s C5-C6 1.976 1.976 1.976 1.976 1.976 1.976 1.976 1.976
s C5-C6* 0.021 0.021 0.021 0.021 0.021 0.021 0.021 0.021
bond order 2.608 2.595 2.583 2.584 2.578 2.576 2.572 2.569


s C6-C7 1.975 1.972 1.975 1.976 1.976 1.976 1.973
s C6-C7* 0.022 0.020 0.022 0.022 0.022 0.022 0.020
bond order 0.977 0.976 0.976 0.977 0.977 0.977 0.976


p1 C7-C8 1.789 1.810 1.807 1.801 1.797 1.788
p1 C7-C8* 0.200 0.206 0.220 0.211 0.214 0.207
p2 C7-C8 1.786 1.808 1.806 1.800 1.796 1.787
p2 C7-C8* 0.200 0.206 0.220 0.211 0.214 0.207
s C7-C8 1.966 1.974 1.976 1.976 1.976 1.973
s C7-C8* 0.016 0.019 0.021 0.021 0.020 0.018
bond order 2.563 2.580 2.564 2.567 2.561 2.558


s C8-C9 1.965 1.973 1.975 1.976 1.975
s C8-C9* 0.017 0.020 0.022 0.021 0.022
bond order 0.974 0.976 0.977 0.977 0.977


p1 C9-C10 1.777 1.801 1.795 1.793
p1 C9-C10* 0.205 0.209 0.214 0.214
p2 C9-C10 1.776 1.800 1.794 1.792
p2 C9-C10* 0.205 0.209 0.214 0.214
s C9-C10 1.966 1.974 1.976 1.976
s C9-C10* 0.016 0.019 0.021 0.021
bond order 2.546 2.569 2.558 2.556


s C10-C11 1.966 1.976 1.976
s C10-C11* 0.017 0.022 0.021
bond order 0.974 0.977 0.977


p1 C11-C12 1.796 1.796
p1 C11-C12* 0.212 0.225
p2 C11-C12 1.796 1.795
p2 C11-C12* 0.211 0.225
s C11-C12 1.974 1.976
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chain-based. The HOMO�1 orbitals and LUMOs exhibit
parallel trends.


As shown in Figure 3, both the HOMO and LUMO ener-
gies monotonically decrease upon going from PtC4Pt to
PtC26Pt. The former trend is in sharp contrast to that of
HCxH (inset). For the hydrocarbons, the HOMO energies
monotonically increase with chain length.[38] The basis for
this rise is the number of nodes per C�C unit, which increas-
es from 1/2 for HC4H to 1 for HC¥H. For reference, note
that the increase in HOMO energies upon going from
HC4H to HC20H (+1.06 eV) is more pronounced than the
decrease upon going from PtC4Pt to PtC20Pt (�0.33 eV).
The decrease in LUMO energies in both series of com-
pounds is substantial (HC4H to HC20H, �2.77 eV; PtC4Pt to
PtC20Pt, �1.64 eV).


The effect of the platinum endgroup upon the HOMO en-
ergies of PtCxPt can be rationalized as follows. As noted
above, the HOMOs are antibonding combinations of the
highest occupied p orbital of the carbon-chain fragment and
occupied d orbitals on the platinum fragments. This destabi-


lizing interaction, which has no counterpart in HCxH, is re-
flected in the consistently higher HOMO energies (e.g.,
�4.69 eV for PtC8Pt versus �6.44 eV for HC8H). Since the
platinum and C1 coefficients decrease with chain length, the
destabilization attenuates. This diminution in energy is ap-
parently larger than the increase associated with the greater
number of nodes in the carbon-chain fragment.[46] This trend
has been documented computationally for other M(C�C)nM
systems, although over a smaller range of chain lengths
(n�4), and similarly interpreted.[3b,23c]


Importantly, the LUMO energies of PtCxPt decrease
more rapidly than the HOMO energies. Consequently, the
HOMO–LUMO gap also decreases, but in progressively
smaller increments suggestive of a non-zero value for the in-
finite chain limit PtC¥Pt. To probe this point, the HOMO–
LUMO gap was plotted versus 1/n, the inverse of the
number of C�C bonds (1/2x). As illustrated in Figure s1
(see Supporting Information), the relationship was linear
(r2=0.995). The y intercept, corresponding to n=¥, indicat-
ed a residual value of 1.49 eV (832 nm). Optical spectra of


Table 2. (Continued)


Number of sp-carbon atoms (x) in PtCxPt
4 6 8 10 12 14 16 18 20 24 26


s C11-C12* 0.019 0.021
bond order 2.562 2.548


s C12-C13 1.966 1.973
s C12-C13* 0.017 0.020
bond order 0.975 0.976


p1 C13-C14 1.767
p1 C13-C14* 0.209
p2 C13-C14 1.766
p2 C13-C14* 0.209
s C13-C14 1.967
s C13-C14* 0.016
bond order 2.532


[a] Bond orders are calculated as half the difference of the bonding and antibonding electron population as determined by NBO analysis. [b] Unstarred:
bonding natural orbitals; starred: antibonding natural orbitals.


Table 3. Natural charge in PtCxPt.


Number of sp-carbon atoms (x) in PtCxPt
4 6 8 10 12 14 16 18 20 24 26


Pt 0.226 0.230 0.230 0.232 0.233 0.234 0.234 0.234 0.235 0.235 0.235
C1 �0.354 �0.316 �0.296 �0.280 �0.269 �0.261 �0.256 �0.251 �0.247 �0.240 �0.239
C2 �0.182 �0.209 �0.215 �0.220 �0.225 �0.227 �0.228 �0.230 �0.231 �0.234 �0.233
C3 �0.033 �0.002 0.015 0.026 0.033 0.039 0.044 0.047 0.054 0.055
C4 �0.060 �0.067 �0.071 �0.073 �0.076 �0.077 �0.078 �0.080 �0.080
C5 �0.030 �0.014 �0.002 0.003 0.008 0.012 0.019 0.025
C6 �0.038 �0.101 �0.042 �0.047 �0.048 �0.051 �0.105
C7 0.037 �0.092 �0.004 �0.001 0.006 0.127
C8 0.052 �0.090 �0.029 �0.035 �0.106
C9 0.042 �0.090 �0.002 0.004
C10 0.059 �0.022 �0.026
C11 �0.089 �0.003
C12 0.063 �0.080
C13 0.049
total Cx �0.536 �0.558 �0.572 �0.582 �0.590 �0.596 �0.600 �0.604 �0.607 �0.611 �0.613
chain charge
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all long-chain conjugated polyynes studied to date lead to
analogous conclusions,[8,11,47] as further elaborated below.


These FMO properties have some important ramifica-
tions. First, on the basis of KoopmansY theorem, an increase
in ionization potential with chain length would be expected.
Accordingly, cyclic voltammograms of the diplatinum com-
plexes trans,trans-[(X)(R3P)2Pt(C�C)nPt(PR3)2(X)],[10–12] as
well as related dirhenium species,[8,9] indicate thermodynam-
ically less favorable oxidations with increasing chain
length.[48] Secondly, other combinations of occupied and un-
occupied orbitals mirror the decreasing HOMO–LUMO
gap, as illustrated for the LUMO+1 and HOMO�1 energies
in Table 5. This should lead to progressively redshifted UV/
visible absorptions, as observed with all families of conjugat-
ed polyynes. The HOMO and HOMO�1 energies are
nearly degenerate, with a vanishing small difference at
longer sp-chain lengths where the chain character becomes
very high.


One caveat regarding the ionization potentials deserves
emphasis. The above data were obtained using DFT calcula-
tions, and Kohn–Sham orbitals were used for the FMO anal-
yses. It is still not clear to what degree Kohn–Sham orbitals
can be reliably used in connection with the KoopmansY theo-
rem. However, the recent literature indicates that Kohn–
Sham orbitals can be used with confidence at least qualita-
tively.[49] Furthermore, a linear relationship between Har-


Table 4. Selected data for the HOMOs of PtCxPt.


Energy [eV] Symmetry Pt/sp-chain HOMO[a]


character [%]


PtC4Pt �4.656 a2 31/66


PtC6Pt �4.663 b1 22/76


PtC8Pt �4.696 a2 17/82


PtC10Pt �4.749 b1 14/86


PtC12Pt �4.801 a2 10/90


PtC14Pt �4.852 b1 10/90


PtC16Pt �4.898 a2 8/92


PtC18Pt �4.942 b1 7/93


PtC20Pt �4.983 a2 6/94


[a] The relative sizes of the orbitals reflect the coefficients at the corresponding atoms.


Figure 3. Energies of frontier molecular orbitals (FMOs) of PtCxPt as a
function of chain length in which *=HOMO, +=HOMO�1, &=


LUMO, and ^=LUMO+1, and (inset) related data for HCxH.
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tree–Fock and Kohn–Sham orbital energies has been ob-
served.[49]


Charge decomposition analysis : As noted above, the NBO
population analysis gave no indication of any significant
d–p* backbonding (Table 2). In order to further probe this
point, a charge decomposition analysis (CDA)[35] was per-
formed on the first member of the series, PtC4Pt. This tech-
nique partitions ligand–metal interactions into donation/
back-donation components analogous to those of the
Dewar–Chatt–Duncanson model.


Towards this end, the linear combination of Kohn–Sham
orbitals of the donor (D) fragment PtC4


� and the acceptor
(A) fragment Pt+ were used to describe PtC4Pt. The results
of the charge decomposition are summarized in Table 5. The


quantity d represents the donation from D to A, and b the
back-donation from A to D. The electron repulsion term r
indicates the amount of electron density removed from the
bonding area into non-overlapping regions. These quantities
can be totaled over all molecular orbitals (final entry). From
the resulting absolute values of d and b, a net flow of elec-
trons from PtC4


� to Pt+ is apparent. The negative sign of r
indicates a reduced closed-shell repulsion with respect to
the superimposed fragments.


Additional insight can be gleaned from the relative contri-
butions of the ten highest occupied molecular orbitals to
bond formation. The four orbitals HOMO�2, HOMO�3,
HOMO�4, and HOMO�5 have a high degree of phenyl
character and make little or no contribution to the CDA
analysis. The four orbitals with the largest d values,


Table 5. Charge decomposition analysis of PtC4Pt, with D=PtC4
� (donor) and A=Pt+ (acceptor).[a]


Orbital Energy [eV] Symmetry d (D!A) b (A!D) r Orbital


HOMO-10 �6.91 b2 0.124 �0.012 �0.154


HOMO-9 �6.84 a1 0.11 �0.014 �0.118


HOMO-8 �6.72 b1 0.006 0.018 �0.066


HOMO-7 �6.48 b2 0.048 �0.02 �0.128


HOMO-6 �6.47 a1 0.066 0.012 �0.116


HOMO-5 �6.24 a2 0 0 0


HOMO-4 �6.24 b1 0 0 0


HOMO-3 �5.98 b2 0 0 0.002


HOMO-2 �5.91 a1 0 0.002 �0.004


HOMO-1 �4.74 b2 0.022 �0.022 �0.126


HOMO �4.66 a2 0.046 �0.014 �0.094


total over 0.283 �0.084 �0.521
all MO


[a] d represents the donation from D to A, and b the back-donation from A to D ; r is the electron repulsion term.
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HOMO�6, HOMO�7, HOMO�9, and HOMO�10, are all
of local s symmetry, indicating the importance of s dona-
tion. The two orbitals with the next largest d values, HOMO
and HOMO�1, are of local p symmetry, and contribute to
electron donation through the p manifold, that is, ligand-to-
metal p bonding.


In higher homologues of PtC4Pt, the PtCx
� moiety should


be a somewhat weaker s donor and a stronger p acceptor,
in accord with the HOMO–LUMO energy trends noted
above. Nonetheless, a reversal of the absolute values of d
and b would not be expected. We therefore conclude that in
polyynyl/PtII complexes, the polyynyl fragment acts mainly
as a s/p donor with essentially no back-donation from the
metal. This is in agreement with a combined photoelectron
spectroscopy/theoretical study of trans-[(PEt3)2Pt(C�CH)2],
in which no evidence for p backbonding was found.[50]


Chain-length effects—electronic transitions : The diplatinum
complexes trans, trans-[(X)(R3P)2Pt(C�C)nPt(PR3)2(X)] ex-
hibit richly featured electronic spectra.[10–12] As the sp-
carbon chain is lengthened, progressively more intense and
longer wavelength absorptions are observed. In an effort to
better understand the origin of these absorptions, time-de-
pendent DFT calculations were performed for PtC4Pt
through to PtC10Pt. Figure 4 depicts the simulated absorp-
tion spectra, each of which features two bands. That with
the longer wavelength is termed “band I”, and the other
“band II”. Table 6 lists the corresponding states, energies,
and oscillator strengths.


For PtC4Pt, band I is essentially single configurational
and corresponds to a HOMO–LUMO excitation. For the
higher homologues, band I becomes increasingly two-config-
urational, but retains dominant HOMO–LUMO character.
At the same time, the oscillator strengths plummet, as re-
flected by the diminishing peak intensities in Figure 4. In


contrast, the oscillator strengths for band II steadily in-
crease. This absorption is multiconfigurational, but the
HOMO–LUMO character gradually rises.


To gain additional insight into the nature of these transi-
tions, the difference electron densities for the ground and
excited states corresponding to bands I and II were calculat-
ed. As exemplified for PtC6Pt in Figure 5,[51] this easily
allows both absorptions to be assigned as p–p* transitions
that originate in the sp-carbon chain. This even holds for
PtC4Pt, where the FMOs have more platinum character.


The simulated spectra in Figure 4 can be contrasted with
those of analogous experimental systems. Data for PtCxPt
complexes with (p-tol)(p-tol3P)2Pt endgroups are summar-
ized in Table 7.[10] Those for complexes with (C6F5)(p-
tol3P)2Pt and (C6F5)(Et3P)2Pt endgroups are similar.[11]


These real systems contain additional chromophores, result-
ing in extra absorptions. When coupled with vibrational fine


structure, which is often ob-
served,[11,47a] comparisons become
complicated. Nonetheless, sever-
al key features are replicated.[52]


First, the increasingly intense
longest wavelength absorptions
of the PtC10Pt, PtC12Pt, PtC16Pt,
and PtC20Pt complexes (Table 7)
clearly correspond to band II of
PtCxPt. Second, several evenly
spaced weaker longer wave-
length bands are observed with
all PtC8Pt complexes, followed
by a much stronger band at
shorter wavelengths (e.g., 359,
387, and 419 nm with e 17600–
5600m�1 cm�1, then 337 nm with
e 102000m�1 cm�1 as given in
Table 7). The weaker absorp-
tions likely correspond to vibra-
tional progressions of band I,
and the strongest one to band
II. Methyl-capped polyynes
Me(C�C)nMe are also charac-


Figure 4. Simulated absorption spectra for PtCxPt from time-dependent
DFT calculations. Color coding: blue=PtC4Pt, pink=PtC6Pt, black=
PtC8Pt, and red=PtC10Pt.


Table 6. Calculated singlet excitations for PtCxPt in gas phase.


Band Orbitals Contribution E lmax Oscillator
[%] [eV] [nm] strength


PtC4Pt I HOMO�1!LUMO+10 3 3.25 382 0.353
HOMO!LUMO 90


II HOMO�1!LUMO+4 85 4.39 282 0.258
HOMO!LUMO+5 7
HOMO!LUMO+19 3


PtC6Pt I HOMO�1!LUMO+4 16 3.05 406 0.311
HOMO!LUMO 81


II HOMO�1!LUMO+4 46 3.99 310 0.824
HOMO!LUMO 9
HOMO!LUMO+5 13
HOMO!LUMO+11 28


PtC8Pt I HOMO�1!LUMO+1 33 2.78 446 0.160
HOMO!LUMO 67


II HOMO�1!LUMO+1 30 3.68 337 1.504
HOMO!LUMO 18
HOMO!LUMO+5 39
HOMO!LUMO+9 5


PtC10Pt I HOMO�1!LUMO+1 41 2.50 496 0.071
HOMO!LUMO 59


II HOMO�1!LUMO+1 23 3.52 352 2.569
HOMO!LUMO 21
HOMO!LUMO+5 42
HOMO�3!LUMO+2 2
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terized by very weak longer wavelength absorptions that
show vibrational subbands.[53] For the PtC6Pt complex, the
absorption at 329 nm most likely represents band II.[54]


In order to further evaluate these assignments, the lmax


values calculated for band II were plotted versus n (x/2). A
linear relationship was obtained (r2=0.992), as shown in
Figure s2 (see the Supporting Information). The experimen-
tal absorptions from Table 7 assigned to band II were simi-
larly plotted, and another linear relationship was obtained
(r2=0.994). Although a perfect match would not be expect-
ed given the structural differences and the limitations of the
theory, portions of the lines are roughly coincident and the
calculations extrapolate surprisingly well to the transition
energies of the real systems.


For the four longest chain complexes in Table 7, the lmax


values for band II were plotted versus 1/n (Figure s2, Sup-
porting Information). The resulting line (r2=0.981) gives a y
intercept of 532 nm, the extrapolated value for PtC¥Pt.
Since endgroup effects will be negligible at infinite chain
lengths, this should closely approximate that of the one-di-
mensional polymeric carbon allotrope carbyne. The value is
in quite good agreement with those similarly predicted from


most other X(C�C)¥X systems
(550–569 nm).[8,47] Pentafluoro-
phenyl-substituted platinum
complexes yield slightly lower
limits (527–492 nm).[11] Howev-
er, the most important point is
that these plots experimentally
confirm a persistent, non-zero
band gap at infinite chain
length, complementing the con-
clusion from Figure 3. This is in


agreement with the single/triple bond alternation main-
tained in the longer-chain species PtC26Pt and HC40H, and
the convergence to distinct asymptotic limits for the C�C
and�C�C� bond lengths.


sp-Carbon-chain bending : The energy profile for torsional
motion of the platinum endgroups was computed above
(Figure 2). The conformation of the carbon chain represents
yet another structural variable. Of the approximately fifty
crystallographically characterized tetraynes and higher poly-
ynes, nearly all exhibit distinct deviations from linearity.[22]


There are only four such compounds in which the average
of all X-Csp-Csp and Csp-Csp-Csp bond angles is >178.88. Both
bow- and S-shaped conformations are common, and other
motifs also occur. A nonlinearity parameter has been de-
fined.[22]


Due to the C2v symmetry constraint, all of the structures
calculated for PtCxPt exhibit symmetrical bow conforma-
tions; S-shaped conformations are arbitrarily excluded. The
average of all Pt-Csp-Csp and Csp-Csp-Csp bond angles ranges
from 179.98 (PtC6Pt) to 179.28 (PtC12Pt), as summarized in
Table s2 (see the Supporting Information). These structures


Figure 5. Change of electron density from ground to singlet excited states of PtC6Pt. Top: band I; bottom: band II. Color coding: ground state blue; ex-
cited state white.


Table 7. UV-visible data for trans,trans-[(p-tol)(p-tol3P)2Pt(C�C)nPt(P-p-tol3)2(p-tol)] .[a]


Number of sp-carbon lmax [nm] [e (m�1 cm�1)]
atoms (x=2n)


6 329 [33600], 351 [25600], 376 [8800]
8 305 [99200], 337 [101600], 359 [17600], 387 [8800], 419[5600]
10 281 [74000], 316 [110000], 327 [118000], 350[212000]
12 323 [106000], 345 [201000], 371[361000]
16 309 [50400], 334 [61600], 357 [103000], 383 [219000], 411[365000]
20 296 [71200], 312 [76800], 328 [80000], 347 [78400], 413 [262000], 446[368000]


[a] 1.25Z10�6
m in CH2Cl2.
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show a greater degree of linearity than the real systems, as
might intuitively be expected for gas-phase calculations
where no crystal packing effects are possible. There is no
discernable dependence of the average bond angle or any
given bond angle (e.g., C1-C2-C3) upon x.


Two recent computational investigations suggest that sp-
carbon chains should be intrinsically nonlinear due to low-
frequency vibrational modes of the chain.[20,28] Indeed, our
DFT calculations confirm that the diplatinum compounds
feature a number of low-frequency vibrations of the carbon
chain, both in- and out-of-plane. The frequency of these vi-
brations monotonically decreases as the chain lengthens
(e.g., 146 cm�1 in PtC4Pt to 4 cm�1 in PtC26Pt), which indi-
cates progressively higher flexibility with longer chains.[19]


However, a detailed investigation and analysis of these ef-
fects is outside the scope of the present work.


The shallow nature of the energy surface for chain bend-
ing was further supported by a calculation with PtC12Pt. The
complex trans,trans-[(C6F5)(p-tol3P)2Pt(C�C)6Pt(P-p-tol3)2-
(C6F5)] crystallizes with the “most bent” carbon chain
known to date.[11,22] The average Pt-Csp-Csp/Csp-Csp-Csp bond
angle in this bowed structure is 174.68. When all Pt-Csp-Csp


and Csp-Csp-Csp bond angles in PtC12Pt were constrained to
1748 in a bow conformation with C2v symmetry, the increase
in energy was only 2 kcalmol�1 relative to the unconstrain-
ed, nearly linear structure. This quantity is well within the
range of crystal packing forces.


Conclusion


Computations using the model sp-carbon-chain complexes
PtCxPt reproduce many structural and electronic features
of the real systems trans,trans-[(X)(R3P)2Pt(C�C)nPt-
(PR3)2(X)], and allow a number of chain-length effects
to be rationalized. NBO analyses show that as the chains
lengthen, the platinum atoms become increasingly positively
charged, and the carbon chains increasingly negatively
charged. The negative charge is substantially localized on
the two terminal C�C atoms.


These data nicely account for the progressively shorter
platinum–carbon bonds, and the greater lengths of the
PtC�C triple bonds as compared to neighboring C�C link-
ages. In contrast, the polyynes HCxH exhibit nearly constant
carbon–hydrogen bond lengths, and the C�C bonds lengthen
monotonically as the middle of the chain is approached.
Otherwise, the bond-length trends in these two classes of
compounds are similar. All C�C bonds contract and C�C
bonds lengthen with increasing chain length, but marked
C�C/C�C bond alternation persists.


Backbonding from platinum could also influence the
PtC�C triple bond lengths. However, no evidence for such
interactions is found by NBO population or charge decom-
position analyses. Rather, the PtCx


� fragments function as
simple s/p donors. The HOMOs are best viewed as anti-
bonding combinations of the highest occupied p orbital of
the sp-carbon-chain fragment and the filled in-plane d orbi-
tal of the platinum fragment. They are strongly delocalized
over the Pt/Cx/Pt framework, with platinum character rough-


ly proportional to the Pt/Cx/Pt composition (e.g., 31% for
PtC4Pt, 6% for PtC20Pt). Hence, the HOMOs are predomi-
nantly chain-based at longer chain lengths (91% for
PtC20Pt).


In sharp contrast to the situation with HCxH, the HOMO
energies decrease with chain length. This is primarily due to
the decrease in platinum and C1 coefficients, which diminish
the repulsive antibonding interactions. Accordingly, oxida-
tions of real systems become thermodynamically more diffi-
cult. The LUMO energies decrease somewhat more with
chain length, such that the HOMO–LUMO gaps also de-
crease. However, the increments become progressively
smaller, such that a finite gap persists for the macromolecu-
lar limit, which corresponds to the one-dimensional poly-
meric carbon allotrope, carbyne.


Time-dependent DFT calculations reveal two UV-visible
absorptions, both of which are p–p* transitions that origi-
nate in the carbon chain and redshift with chain length. The
higher energy band simultaneously increases in intensity and
acquires progressively more HOMO–LUMO character. The
lower energy band decreases in intensity and has diminish-
ing HOMO–LUMO character. Both are closely paralleled
in real systems, with the former dominating in complexes
with C8 or longer chains. Data for the most related series,
trans,trans-[(p-tol)(p-tol3P)2Pt(C�C)nPt(P-p-tol3)2(p-tol)]
(Table 7), predict a lmax of 532 nm for the macromolecular
limit, in accord with the persistent HOMO–LUMO energy
gap.


The sp-carbon chains in PtCxPt deviate slightly from line-
arity, with average bond angles ranging from 179.98
(PtC6Pt) to 179.28 (PtC12Pt). The calculations identify
chain-based low-frequency vibrational modes that range
from 146 cm�1 in PtC4Pt to 4 cm�1 in PtC26Pt. The energy
surfaces for introducing bow-shaped deformations with aver-
age bond angles of 1748, or rotating the endgroups, are very
shallow. Hence, conformations are easily influenced by
packing forces.


The synthesis and study of sp-carbon-chain complexes of
the type LyMCxMLy continues to be a very active area, with
emphasis shifting from now-quite-common <C8 species to
systems with longer bridges.[7,8,10–14] This paper has attempt-
ed to anticipate future developments by providing a compre-
hensive structural and electronic grammar for complexes
with polyynediyl or (C�C)n linkages of medium to long to
infinite lengths. The computational results nicely rationalize
the somewhat scant existing data, including phenomena that
are at first glance surprising. They can be expected to ex-
trapolate to other metal endgroups, and provide an excellent
foundation for the interpretation of future experimental ob-
servations.


Acknowledgement


We thank the Deutsche Forschungsgemeinschaft (DFG; SFB 583) for
support, the Computer Chemistry Center of the Universit=t Erlangen-
N:rnberg for an internship and consultations, and Mr. Qinglin Zheng for
helpful discussions and experimental data.


N 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6510 – 65226520


FULL PAPER J. A. Gladysz and F. Zhuravlev



www.chemeurj.org





[1] Review of Cx complexes: M. I. Bruce, P. J. Low, M. I. Bruce, Adv.
Organomet. Chem. 2004, 50, 179.


[2] P. J. Kim, H. Masai, K. Sonogashira, N. Hagihara, Inorg. Nucl.
Chem. Lett. 1970, 6, 181.


[3] FeC8Fe complexes: a) F. Coat, C. Lapinte, Organometallics 1996, 15,
477; b) F. Coat, F. Paul, C. Lapinte, L. Toupet, K. Costuas, J.-F.
Halet, J. Organomet. Chem. 2003, 683, 368.


[4] RuC8Ru, MoC8Mo, and WC8W complexes: a) M. I. Bruce, M. Ke,
P. J. Low, B. W. Skelton, A. H. White, Organometallics 1998, 17,
3539; b) M. I. Bruce, B. D. Kelly, B. W. Skelton, A. H. White, J. Or-
ganomet. Chem. 2000, 604, 150.


[5] RuC8Ru complexes: a) K.-T. Wong, J.-M. Lehn, S.-M. Peng, G.-H.
Lee, Chem. Commun. 2000, 2259; b) G.-L. Xu, G. Zou, Y.-H. Ni,
M. C. DeRosa, R. J. Crutchley, T. Ren, J. Am. Chem. Soc. 2003, 125,
10057.


[6] AuC8Au complexes: W. Lu, H.-F. Xiang, N. Zhu, C.-M. Che, Orga-
nometallics 2002, 21, 2343.


[7] FeC8Fe and FeC12Fe complexes: a) M. Akita, M.-C. Chung, A. Sa-
kurai, S. Sugimoto, M. Terada, M. Tanaka, Y. Moro-oka, Organome-
tallics 1997, 16, 4882; b) A. Sakurai, M. Akita, Y. Moro-oka, Orga-
nometallics 1999, 18, 3241; c) M. Akita, A. Sakurai, Y. Moro-oka,
Chem. Commun. 1999, 101.


[8] ReC8Re, ReC10Re, ReC12Re, ReC16Re, and ReC20Re complexes: R.
Dembinski, T. Bartik, B. Bartik, M. Jaeger, J. A. Gladysz, J. Am.
Chem. Soc. 2000, 122, 810.


[9] ReC8Re complexes: a) W. E. Meyer, A. J. Amoroso, C. R. Horn, M.
Jaeger, J. A. Gladysz, Organometallics 2001, 20, 1115; b) C. R. Horn,
J. M. Mart\n-Alvarez, J. A. Gladysz, Organometallics 2002, 21, 5386;
c) C. R. Horn, J. A. Gladysz, Eur. J. Inorg. Chem. 2003, 9, 2211.


[10] a) PtC8Pt and PtC12Pt complexes:T. B. Peters, J. C. Bohling, A. M.
Arif, J. A. Gladysz, Organometallics 1999, 18, 3261; b) The PtC10Pt,
PtC16Pt, and PtC20Pt homologues of the complexes in this communi-
cation will be reported in future papers: Q. Zheng, J. A. Gladysz,
Universit=t Erlangen-N:rnberg, unpublished data.


[11] PtC8Pt, PtC12Pt, and PtC16Pt complexes: W. Mohr, J. Stahl, F.
Hampel, J. A. Gladysz, Chem. Eur. J. 2003, 9, 3324.


[12] PtC8Pt and PtC12Pt complexes: J. Stahl, J. C. Bohling, E. B. Bauer,
T. B. Peters, W. Mohr, J. M. Mart\n-Alvarez, F. Hampel, J. A. Gla-
dysz, Angew. Chem. 2002, 114, 1951; Angew. Chem. Int. Ed. 2002,
41, 1871.


[13] RuC12Ru complexes: S. Rigaut, J. Perruchon, L. Le Pichon, D. Tou-
chard, P. H. Dixneuf, J. Organomet. Chem. 2003, 670, 37.


[14] RuC8Ag and RuC14Ru complexes: A. B. Antonova, M. I. Bruce,
B. G. Ellis, M. Gaudio, P. A. Humphrey, M. Jevric, G. Melino, B. K.
Nicholson, G. J. Perkins, B. W. Skelton, B. Stapleton, A. H. White,
N. N. Zaitseva, Chem. Commun. 2004, 960.


[15] a) R. F. Curl, Angew. Chem. 1997, 109, 1636; Angew. Chem. Int. Ed.
Engl. 1997, 36, 1567; b) H. Kroto, Angew. Chem. 1997, 109, 1648;
Angew. Chem. Int. Ed. Engl. 1997, 36, 1579; c) R. E. Smalley,
Angew. Chem. 1997, 109, 1666; Angew. Chem. Int. Ed. Engl. 1997,
36, 1595.


[16] a) J. A. McCleverty, M. D. Ward, Acc. Chem. Res. 1998, 31, 842;
b) J.-P. Launay, C. Coudret in Electron Transfer in Chemistry, Vol. 5
(Ed.: V. Balzani), Wiley-VCH, Weinheim, Germany, 2001, Part 1,
Chapter 1; c) L. De Cola, P. Belser in Electron Transfer in Chemis-
try, Vol. 5 (Ed.: V. Balzani), Wiley-VCH, Weinheim, Germany, 2001,
Part 1, Chapter 3; d) F. Scandola, C. Chiorboli, M. T. Indelli, M. A.
Rampi in Electron Transfer in Chemistry, Vol. 3 (Ed.: V. Balzani),
Wiley-VCH, Weinheim, Germany, 2001, Part 2, Chapter 3; e) R. L.
Carrol, C. B. Gorman, Angew. Chem. 2002, 114, 4556; Angew.
Chem. Int. Ed. 2002, 41, 4378; f) F. Paul, C. Lapinte in Unusual
Structures and Physical Properties in Organometallic Chemistry
(Eds.: M. Gielen, R. Willem, B. Wrackmeyer), Wiley, New York,
2002, pp. 220–291.


[17] a) D. L. Lichtenberger, S. K. Renshaw, Organometallics 1993, 12,
3522; b) J. E. McGrady, T. Lovell, R. Stranger, M. G. Humphrey, Or-
ganometallics 1997, 16, 4004; c) K. D. John, T. C. Stoner, M. D. Hop-
kins, Organometallics 1997, 16, 4948; d) O. F. Koentjoro, R. Rous-
seau, P. J. Low, Organometallics 2001, 20, 4502.


[18] L. Horny, N. D. K. Petraco, C. Pak, H. F. Schaefer, III, J. Am. Chem.
Soc. 2002, 124, 5861.


[19] A. Scemama, P. Chaquin, M.-C. Gazeau, Y. B]nilan, J. Phys. Chem.
A 2002, 106, 3828.
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Introduction


The molecularly governed construction of nanostructured
films has been dominated by the ingenious Langmuir–
Blodgett (LB) technique for about 70 years. Recently elec-
trostatically driven assembly methods have gained attention
as a very promising techniques in the field of template-as-
sisted assembly: oppositely charged materials are used in


order to fabricate high-quality coatings whose thickness is
controlled at the nanometer level.[1] The most substantial ad-
vantage of both techniques is the accurately controlled layer
thickness, thus implying that the macroscopic characteristics
of the molecular film can be governed by the size of the mi-
croscopic arrangement of the different units.
The energy- and electron-accepting ability of [60]fullerene


and its derivatives have made a notable impact in the field


Abstract: Thin films consisting of a
fulleropyrrolidine derivative 1 and a
novel water-soluble porphyrin 2 were
prepared by the Langmuir–Sh+fer (LS,
horizontal lifting) method. In particu-
lar, a solution of 1 in chloroform and
dimethyl sulfoxide was spread on the
water surface, while porphyrin 2 (bear-
ing peripheral anionic groups) was dis-
solved into the aqueous subphase. To
the best of our knowledge, such a ver-
satile method of film fabrication for
fullerene/porphyrin mixed composite
films has never been used before. Evi-


dence of the effective interactions be-
tween the two moieties at the air–
water interface was obtained from the
analysis of the floating layers by means
of surface pressure versus area per
molecule Langmuir curves, Brewster
angle microscopy and UV-visible re-
flection spectroscopy. The characterisa-
tion of the LS films by UV-visible spec-
troscopy reveals that the two constitu-


ents behave as discrete and weakly in-
teracting p systems. The use of polar-
ised light suggests the existence of a
preferential direction of the macrocy-
clic rings with an edge-on arrangement
with respect to the substrate surface.
Finally, photoaction spectra were re-
corded from films deposited by only
one horizontal lifting onto indium–tin–
oxide (ITO) electrodes and the ob-
served photocurrent increased notably
with increasing transfer surface pres-
sure.


Keywords: fullerenes · monolayers ·
porphyrins · thin films
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of the photoinduced charge-separation processes. Moreover,
the observation that C60 is a powerful electron acceptor—
susceptible of receiving up to six electrons[2]—has rendered
the use of [60]fullerene almost unique in conjunction with
electron donors. Thus, several distinct donor–acceptor struc-
tures incorporating [60]fullerene and its derivatives have
been satisfactorily prepared and investigated during the last
decade.[3] C60 manifests, however, comparatively weak ab-
sorbance in the visible portion of the electromagnetic spec-
trum; however, when it is associated with an electron-donat-
ing chromophore that exhibits adequate absorption features,
the resulting dyads typically represent important models for
artificial photosynthetics. Macrocyclic compounds, such as
porphyrins[4] or phthalocyanines,[5] are exceptionally well
suited as photoexcited electron donors. Once the electron is
transferred from the porphyrin to the fullerene moiety, the
generated p-radical cation is usually delocalised among the
different macrocyclic electron donors, as already demon-
strated for chemical sensors based on these macrocycles.[6]


Among the techniques used to fabricate photoactive films
based on C60 derivatives and porphyrins or phthalocyanines,
there are the simple solvent-casting,[7] Langmuir–Blodg-
ett,[8,9] thermal evaporation,[10] layer-by-layer,[11] self-assem-
bly,[12] spin-coating[13] and vacuum deposition[14] methods.
It is known that [60]fullerene and most of its derivatives


form condensed layers on the water surface,[15] mostly as a
consequence of the strong cohesive energy of more than
30 kcalmol�1.[16] This accounts for the existence of intense
intermolecularly attractive p–p interactions and very stable
van der Waals aggregates, even at the air–water interface.
Concentration of the spreading solution, nature and volume
of the spreading solvent, and compression rate are all funda-
mental parameters in determining the quality of the floating
film of C60 derivatives.[17] Therefore, in our approach to-
wards high-quality fullerene films, dilute spreading solutions
(concentration less than 10�4m) of the fullerene derivative,
small volumes (always less than 50 mL) and very low speed
of compression (4 cm2min�1) have been used.
The fullerene derivative 1 and the water soluble porphy-


rin 2 have been prepared according to recently published
synthetic protocols.[18, 19]


Results and Discussion


The Langmuir curves of 1 have been measured for both
pure water and a subphase containing the water-soluble por-
phyrin 2 and are reported in Figure 1.


The two curves appear considerably different, thus pro-
viding first evidence of the effective interaction between the
fullerene derivative 1 and the porphyrin 2 dissolved in the
subphase. The presence of 2 causes a shift of the curve to-
wards larger areas by more than 30 N2. In fact, the limiting
areas (obtained by extrapolation to zero surface pressure of
the steepest and linear portion of the Langmuir curves) for
pure water and the porphyrin aqueous solution subphases
are 66 and 100 N2 per fullerene molecule, respectively. This
means that the presence of the �NH3


+ termination in com-
pound 1 is insufficient to render it adequately amphiphilic
and to allow the generation of a real monolayer on the pure
water surface. On the other hand, the dissolution in the sub-
phase of 2 and the presence of its peripheral anionic groups
induce an efficient electrostatic interaction, promoting the
formation of a more homogeneous floating layer. Such inter-
actions are energetically at least of the same order of magni-
tude as the strong, cohesive, intermolecular p–p interactions,
namely, �30 kcalmol�1.[16] In the following we gather fur-
ther evidence in support of the effective influence of the
water-soluble porphyrin 2 on the organisation of fullerene
derivative 1 on the subphase surface.
Brewster angle microscopy (BAM) is a rather recent and


powerful technique usually utilised to monitor directly the
morphology of floating layers at the air–water interface.[20]


In actual interfaces, the intensity of the reflected radiation is
mainly determined by the interfacial characteristics and evi-
dences a minimum at the Brewster angle. Both the thickness
of the floating layers and the roughness at the interface are
critical parameters that determine the BAM images. Since
the BAM investigation was carried out during the compres-
sion of the floating layer, this method provided essential in-
formation about the presence of pure 1 aggregates on the
water surface. For example, when pure 1 was spread on the
subphase, the existence of large, three-dimensional aggre-
gates floating onto the clean water surface was observed,
even immediately after the spreading solvent evaporation.
In Figure 2a, facets are clearly seen at low surface pressures
(i.e., 0.1 mNm�1) and low area densities (i.e., 93 N2). The
large fullerene clusters contain porous voids, which corre-


Figure 1. Langmuir curves for fullerene derivative 1 on a pure-water sur-
face (solid line) and on a solution of porphyrin 2 (dotted line) at 25 8C.
Spreading solution concentration: 10�4m ; solvent: mixture of chloroform
and dimethylsulfoxide (see Experimental Section).
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spond to pure water surfaces, with dimensions in the range
10–50 mm; the field of view of the BAM instrument is
430 mm along the x axis. Figure 2b confirms that at higher
surface pressure (i.e. , 5 mNm�1) and an area per fullerene
derivative of about 68 N2 such morphology becomes denser
and denser and the voids containing water become progres-
sively smaller and smaller.
Introduction of the water-soluble porphyrin 2 into the


subphase gave rise to considerable and peculiar influence on
the structure and morphology of the floating layer. The
image in Figure 3a was taken at a surface pressure of
0.1 mNm�1, which corresponds to an area per fullerene de-
rivative of about 220 N2, and appears absolutely different
from that reported in Figure 2a. The electrostatic interac-
tions between cationic 1 and anionic 2 at the air–water inter-
face have induced the generation of a more homogeneous
and supposedly thinner floating film. The distinct and sharp
edges and facets, as evidenced for 1 on the pure water sub-
phase, have now disappeared and have been substituted by
continuous and regular boundaries. In Figure 3b, which was
taken at 5 mNm�1 (i.e. , area per fullerene derivative of
about 104 N2), the black subphase surface in Figure 2a has
been replaced by a greyish region contiguous to brighter
and thicker domains. The rationale is the coexistence of a
monolayer of 1 and areas of fullerene–porphyrin aggregates.
The presence and active participation in interfacial phe-


nomena of the porphyrin has also been corroborated by the
reflection spectroscopy under normal incidence in the UV-
visible range; these measurements were carried out directly
on the floating film on the water surface.[21] This unconven-


tional but powerful method is particularly suited for this
purpose, since only chromophores that are located at the in-
terface contribute to the enhanced reflection. In particular,
the difference in reflectivity (DR) from the chromophore
floating layer on the subphase and from the bare subphase
surface was monitored as a function of wavelength. The cor-
responding reflection spectra of 1 on pure water surface at
two different fixed surface pressures, namely, 0.1 and
5 mNm�1 after reaching equilibrium conditions (i.e. , no var-
iation in surface pressure and enhanced reflectivity), are
shown in Figure 4. It is apparent that upon compression the
reflection enhances, because the surface density grows while
the profile remains constant. The increase in DR suggests
that, after the initial aggregation subsequent to solution
spreading, the self-organised and associated clusters are
dragged on the water surface and coalesce, while conse-
quently the surface density of the floating layer is enhanced.
This spectral behaviour is also consistent with the pattern
seen in the Langmuir curves, see above.
Upon introduction into the subphase of 2, a new strong


peak emerges, which corresponds to the Soret band of the
porphyrin. Interestingly, this transition is even apparent at
0.1 mNm�1, which provides further evidence that the fuller-
ene/porphyrin interactions are active, even just after spread-
ing the solutions. Because only those chromophores that are
located at the air–liquid interface affect the enhanced reflec-
tion,[21] these spectra also substantiate the accumulation of 2
at the interface by means of electrostatic interactions with
the oppositely charged 1. In the spectrum taken at
5 mNm�1, a loss of signal intensity of the fullerene deriva-


Figure 2. BAM images of pure fullerene derivative 1 at the air–water in-
terface at a surface pressure of a) 0.1 mNm�1 and b) 5 mNm�1. The field
of view of the BAM instrument along the x axis is 430 mm.


Figure 3. BAM images of fullerene derivative 1 at the air–water interface
at a surface pressure of a) 0.1 mNm�1 and b) 5 mNm�1. The water-solu-
ble porphyrin 2 was dissolved in the aqueous subphase. The area of the
BAM instrument along the x axis is 430 mm.
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tive is noted when 2 is present in the subphase. This is yet
another piece of evidence in support of the strong interac-
tions between 1 and 2. In fact, a plausible rationale is that 2
intercalates between the molecules of 1; this intercalation
would lead to fewer chromophores per surface unit.
The deposition of such layers onto different substrates


(i.e., glass, quartz, silicon, indium–tin–oxide (ITO)) was car-
ried out by the horizontal lifting (Langmuir–Sch+fer, LS)
method. Films obtained by up to 40 horizontal liftings were
deposited, though even thicker films could be transferred.
An inspection of the absorption spectrum of a 30 layer LS


film reveals the following features. Firstly, the UV region is
dominated by optical absorptions of the C60 subunits, while
the porphyrin absorptions are very weak in this region. The
characteristic and very intense p–p* absorption of C60 is
clearly discernible in the spectrum of the LS film at 262 nm,
a value very close to that observed in the solution spectrum.
Secondly, the intense Soret band and the weaker Qx(0.0),


Qx(1.0), Qy(0.0) and Qy(1.0) bands of the 2 system are also
discernible in the near-UV region, at 428 nm, and in the visi-
ble region, at 644, 586, 545 and 517 nm, respectively. The
Soret band shows a bathochromic shift (ca. 14 nm) with re-
spect to the solution spectrum of 2 ; however, a comparable
bathochromic shift has been observed for solution spectra of
2 over the period of a few hours after dissolution of the por-
phyrin; this behaviour could be attributed to the formation
of porphyrinic dimeric species, mediated by hydrogen-bond-
ing interactions between the peripheral phosphonic groups
of adjacent subunits. At variance indeed with the previously
studied 4-phosphonatophenyl isomer, which was found to
give extended aggregates,[22] the porphyrin 2, due to the geo-
metric position of the peripheral substituents that prevents
the formation of extended aggregates, tends to form dimeric
species.[23] In view of the significant photoconduction re-
sponse of the system (vide infra) it cannot be excluded,
however, that a non-negligible contribution to this batho-
chromic shift may arise, in the quasi solid state, from effec-
tive interactions between the p systems of 1 and 2.[24,25]


Thirdly, a rather weak absorption due to bending defor-
mations of the O�H groups belonging to interstitial water
and to the porphyrin peripheral functions, and of the C�H
groups present in the fullerene substituent, extends in the
near-IR up to 2500 nm.
The films are also investigated with polarised light, with


the light polarisation plane parallel or perpendicular to the
incidence plane of radiation at an incidence angle I=08 of
the light beam with respect to the plane normal to the lifting
direction. The main absorptions of 1 and 2 show a small, but
significant dependence on the direction of the electric field
vector, see Figure 5. These dependencies suggest that the


films exhibit a significant molecular order. Whereas safe
predictions on the ordering of the fullerene subunits can
hardly be made on the basis of these observed spectral
changes, analysis of the dichroic ratios measured for the por-
phyrin absorptions leads us to think that the macrocyclic
rings are preferentially edge-on-oriented with respect to the
surface (i.e., quartz).
Next, we investigated the structure of ITO/(1+2), in


which the monolayers were produced at the air–water inter-
face and transferred onto the ITO electrodes with the LS
method at several surface pressures (i.e., 2, 5, 15, 20, and
25 mNm�1); photocurrent experiments were performed, that
is, the response of light illumination on the generation of
electrical energy was measured. Exact experimental condi-
tions were 0.1m NaH2PO4, 1mm ascorbic acid and nitrogen.
Replacing 0.1m NaH2PO4 with 0.1m NaCl, while leaving
1mm ascorbic acid and nitrogen, led to a fivefold drop in
the photocurrent.
Saturation of the aqueous electrolyte solution (0.1m


NaH2PO4, without ascorbic acid) with oxygen led to a three-
fold intensification of the photocurrent. Considering that
the reduction potential of C60/C60s� couple in fulleropyrroli-
dines (E1/2=�1.05 V versus Fc/Fc+) relative to that of the
O2/O2C� couple (E1/2=�0.91 V versus Fc/Fc+ ; pH 7) an elec-


Figure 4. Absolute reflection spectra of 1 on a pure-water surface at sur-
face pressures of 0.1 mNm�1 (green) and 5 mNm�1 (blue) and on an
aqueous solution of 2 at surface pressures of 0.1 mNm�1 (red) and
5 mNm�1 (black).


Figure 5. Electronic spectrum in polarised light of the Langmuir–Sh+fer
film (30 layers) fabricated with 1 and 2 : electric field vector parallel to
the incidence plane (dashed line); electric field vector perpendicular to
the incidence plane (solid line).
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tron transfer from the primary electron acceptor (i.e. , C60C�)
to molecular oxygen is thermodynamically possible.[26] In
fact, several photolytical and radiolytical studies, all con-
ducted in aqueous media, have shown that O2C� is generated
upon electron transfer from C60C� .[27] Once oxygen is reduced
to superoxide radical anion, it acts as a very mobile electron
carrier to transport the negative charge to the electron-col-
lecting ITO electrode.
After the preparation, the photoaction spectra of the


modified ITO electrodes were recorded and a representative
photoaction spectrum of an ITO/(1+2) electrode is reported
in Figure 6. An excellent match is noted with the absorption


spectrum seen in the reflection experiments. To be precise,
the porphyrin6s Soret and also Q-band features are notice-
able. The features of C60, on the other hand, are masked by
the ITO absorption at wavelengths <350 nm. With the pho-
toaction spectrum in hand, we were able to confirm the
origin of the photocurrents, namely, that porphyrin is the
photoactive species.
Mechanistically, a picture evolves that is sketched in


Figure 7. An important factor is that the above-described
deposition of 1/2 places the electron acceptor (i.e., 1) in
close proximity to the ITO electrodes, while the electron-
donor/chromophore system (i.e., 2) is located at the aqueous
interface.
Upon the initial photoexcitation event of 2, a thermody-


namically driven electron transfer to 1 occurs. (For recent
reviews on fullerene-containing donor–acceptor ensembles
and fullerene anions see reference [28].) Electron injection
from reduced 1 into the conduction band of ITO (i.e. ,
�0.25 V versus SCE)[29] and sacrificial electron transfer from
ascorbate to oxidised 2 help to reinstate the ground state of
1/2.
Interestingly, the photocurrents increased notably with in-


creasing surface pressure, which corresponds to a closer
packing of the dyad molecules. This observation can be ra-
tionalised on the grounds of higher absorption cross sections
at higher surface pressures (see the section on reflection
spectroscopy). The incident photon to current conversion ef-


ficiency (IPCE) values were 0.022 (2 mNm�1), 0.038
(5 mNm�1), 0.048 (15 mNm�1), 0.061 (20 mNm�1) and 0.064
(25 mNm�1).
Relative to bare ITO electrodes and ITO electrodes that


just carry a fullerene monolayer, for which we measured
IPCE values of less than 0.001 and 0.01%,[30] respectively,
we consider our current finding to be an appreciable im-
provement. Interestingly, films transferred at the highest sur-
face pressure (i.e. , 25 mNm�1) reveal IPCEs that are similar
to those of ZnP–C60,


[31] NiP–C60,
[32] and H2P–C60 systems[33]


that were assembled through electrostatic interactions.
To probe the stability of the photocurrents, a modified


ITO electrode was illuminated over several time intervals.
Only a 337 nm filter was employed to cut-off the wavelength
region that would correspond to the illumination of the ITO
electrode itself. Importantly, the response to ON/OFF cy-
cling (i.e. , turning the light source on and off) was prompt
and reproducible. Over the monitored time window of 60 s a
moderate decrease in current of less than 5% was noted.
Atomic force microscopy (AFM) inspection of one layer


of both pure 1 and the mixed 1/2 systems deposited at


Figure 6. Photoaction spectrum of a modified ITO-electrode bearing a
mixed 1/2 coverage (deposited at a surface pressure of 25 mNm�1) under
deoxygenated conditions (i.e., no bias voltage is applied).


Figure 7. a) Organisation of 1/2 onto ITO electrodes. b) Schematic repre-
sentation of electron-transfer events in modified ITO-electrodes bearing
a mixed 1/2 coverage.
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25 mNm�1 onto hydrophobised silicon substrates is reported
in Figure 8. In the case of the film of pure 1 (Figure 8, top),
the surface appears covered by a network of nanorods, with
hole-like defects, much larger than those observed for the
mixed 1/2 layer (vide infra). The lateral dimensions of these
rodlike objects range between 20–60 nm, whereas the height
is 2–7 nm. The related root mean square roughness (RMS)
is about 1.8 nm. The 1/2 mixed layer (Figure 8, bottom)
shows a quite different morphology if compared with that of
pure 1. It exhibits the appearance of homogeneously dis-
persed nanorods, which are tens of nanometers (10–20 nm)
in diameter and 1–2 nm high. The measured RMS is approx-
imately 0.9 nm (note that the hydrophobic silicon substrate
shows values of RMS of about 0.2 nm). All these results
agree with recent literature data concerning similar fuller-
ene derivatives.[34]


Insights into the morphology of the multilayers obtained
by this mixed method have been gained by the top view
AFM images related to films obtained after five horizontal
liftings for both pure 1 and mixed 1/2 films (Figure 9). In
both cases, the surfaces show rodlike-shaped nanostructures
with lateral dimensions essentially similar to those observed
for the monolayers. However, the molecular organisation is
quite different for the two systems. In the case of pure 1
coatings (Figure 9, top), the film is much more rough than
the monolayer, with a consequent increase of RMS value up
to about 2.2 nm. In contrast, the layers of the 1/2 system
(Figure 9, bottom) appear more homogeneous, densely
packed and flat. Accordingly, the related RMS is now about
1.3 nm.


Figure 8. Atomic force microscopy images of a monolayer of pure 1 (top) and of a mixture of 1/2 (bottom) deposited on hydrophobic silicon substrates.


Figure 9. Atomic force microscopy three-dimensional images of five
layers of pure 1 (top) and of a mixture of 1/2 (bottom) deposited on hy-
drophobic silicon substrates.
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It is worth noting that the above AFM data are in good
agreement with the BAM analysis, which showed larger ho-
mogeneity of the floating films of the 1/2 composite.
In conclusion, we have constructed mixed composite thin


films consisting of a cationic fulleropyrrolidine derivative
(1) and an anionic porphyrin derivative (2) dissolved in the
subphase. We have fabricated high-quality, robust and pho-
toactive films by making use of the horizontal lifting
method and electrostatic interactions. To the best of our
knowledge we have for the first time organised such moiet-
ies through this unique and powerful procedure. Moreover,
such a combination of donor (i.e. , 2) and acceptor moieties
(i.e., 1) held in close proximity by electrostatic interactions
leads to photocurrent generations that exhibited a meaning-
ful efficiency increase with increasing transfer pressures. All
these considerations suggest the utilisation of the described
method of deposition as a new effective technique for the
fabrication of functioning devices that contain fullerene and
macrocyclic derivatives as active species for photocurrent
generation. Our research is currently proceeding with new,
charged fullerene and porphyric moieties in order to change
the cation-to-anion charge ratio and to check how such pa-
rameters reflect on molecular organisation and vary the film
response to light illumination.


Experimental Section


Synthesis : The fullerene derivative 1 and the water soluble porphyrin 2
were prepared according to recently published synthetic protocols.[18, 19]


Langmuir experiments : Chloroform (Fluka, HPLC grade) and dimethyl
sulfoxide (Fluka, GC grade) were used in making up the spreading so-
lution: fullerene derivative 1 (1.71 mg, 1R10�3 mmol) was completely dis-
solved in a few drops of dimethyl sulfoxide and then chloroform was
added up to give a total volume of the solution of 10 mL. Langmuir ex-
periments were carried out on a KSV5000 System3 apparatus. Ultrapure
water (resistivity larger than 18mW cm) from a Milli-Q system was used
as the subphase (pH ;5.9). It was thermostated at 20 8C by a Haake GH-
D8 apparatus. A 200 mL aliquot of the spreading solution was spread
onto the subphase. After solvent evaporation, the floating film was com-
pressed at a speed of 5 N2 per molecule per minute. During the deposi-
tions, the transfer surface pressure was fixed at different values (2, 5, 10,
15, 20, and 25 mNm�1). Glass, quartz and silicon substrates were all ren-
dered hydrophobic before deposition by storing overnight in a dessicator
in contact with vapour of 1,1,1,6,6,6-hexamethydisilazane. The transfer of
all substrates was performed by the horizontal lifting method (Langmuir–
Sch+fer technique).


Reflection spectroscopy and Brewster angle microscopy : Reflection spec-
troscopy and Brewster angle microscopy (BAM) analysis were carried
out by using an NIMA 601BAM apparatus. Again, a compression speed
of 5 N2 per molecule per minute was utilised. The reflection data (DR)
were obtained on an NFT RefSpec instrument. They were acquired
under normal incidence of radiation according to the description given in
reference [35] and correspond to the difference between the reflectivities
of the floating film–liquid interface and the clean air–liquid interface.
BAM measurements were obtained on an NFT BAM2plus system with a
lateral resolution of 2 mm.


UV-visible and near-IR spectroscopy: Electronic solution spectra in
0.1 cm path length quartz cells in the region 200–2500 nm were per-
formed on a UV-vis-NIR 05E Cary spectrophotometer equipped with a
polarised spectroscopy set-up. A Glan–Taylor polariser was set between
the lamp and sample to obtain desired polarised UV-visible irradiation.


Photoelectrochemical measurements : Photoelectrochemical measure-
ments were carried out in a three-armed cell that had provision to insert


a working (ITO), counter (Pt gauze) and reference electrodes (Ag/AgCl,
when bias voltage was applied). The electrolyte was either 0.1m
NaH2PO4 (pH 7) or 0.1m NaCl (pH 7) and N2 or O2 was bubbled into the
solution for 10–15 minutes prior to photoelectrochemical measurements.
Photocurrent measurements were carried out on a Keithley model 617
programmable electrometer immediately after illumination. A collimated
light beam from a 150 Xenon lamp was used for UV illumination. When
white light was used, a 375 nm cut filter was used. When recording a pho-
toaction spectrum, a Bausch and Lomb high-intensity grating monochro-
mator was introduced into the path of the excitation beam for selecting
the required wavelengths. The incident photon to current conversion effi-
ciency (IPCE), defined as the number of electrons collected per incident
photon, was evaluated from short circuit photocurrent measurements at
different wavelengths versus the photocurrent measured using a photo-
diode of the type PIN UV 100 (UDT Sensors Inc.).


Atomic force microscopy : The atomic force microscopy (AFM) images
were acquired in air by using a Digital 3100 microscope in the tapping
mode. Commercially available tapping etched silicon probes (Digital)
with a pyramidal shape tip that has a nominal curvature of 10 nm and a
nominal internal angle of 358 were used.
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Chiral Molecular Glass: Synthesis and Characterization of Enantiomerically
Pure Thiophene-Based [7]Helicene


Makoto Miyasaka,[a] Andrzej Rajca,*[a] Maren Pink,[b] and Suchada Rajca[a]


Introduction


[n]Helicenes are especially suitable building blocks for or-
ganic materials with extraordinary strong chiral, especially
chiroptical, properties.[1] These chiral properties are greatly
enhanced with increasing number (n) of ortho-annelated ar-
omatic rings.[1] Although Newman#s pioneering synthesis of
enantiomerically pure (enantiopure) [6]helicene is nearly
50 years old,[2] more recent work of Katz and co-workers[3]


led to a resurgence of interest in synthesis of functionalized
[n]helicenes.[4–12] Nonphotochemical syntheses of enantio-
pure [n]helicenes with n�7 have been reported.[3,5–10] Many
of these asymmetric syntheses have been based on the reso-
lution of the racemic derivatives with a chiral auxiliary.[3,10a]


The development of a new asymmetric synthesis of enantio-
pure [n]helicenes, with adequate functionalization for both
efficient homologation to extended helicenes and good solu-
bility, is a challenge.


Recently, we reported iterative synthesis of carbon–sulfur
[7]helicene 1, a novel oligothiophene, which corresponds to
a fragment of an intriguing (C2S)n carbon–sulfur helix


(Figure 1).[13,14] The asymmetric synthesis of 1 was developed
and the syntheses of the higher homologues of 1 are in prog-
ress.[15] Anticipating solubility problems, especially for ex-
tended [n]helicenes, we designed a new building block,
[7]helicene 2, in which the center thiophene ring in 1 is re-
placed by a benzene ring functionalized with solubilizing
alkyl chains (Figure 1).


We now report the synthesis of enantiopure [7]helicenes 2
and 3, and their properties in the solid state. Notably, enan-
tiopure 2 would not crystallize, but instead forms a rare
chiral molecular glass.[16–18] This relatively unexplored phe-
nomenon is important, because a significant part of applica-
tions for organic materials, especially involving optics and
optoelectronics, requires strictly isotropic glasses.[17] One
such emerging application involves chiral waveguides with
novel polarization modes,[18] for which isotropic chiral
glasses with enormous optical rotatory powers (optical rota-
tions) are required.
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Abstract: Synthesis of thiophene-based
[7]helicenes, which are functionalized
for both design of organic chiral glasses
with strong chiroptical properties and
for further homologation to higher
[n]helicenes, is reported. The key syn-
thetic transformations are kinetic reso-
lution of the intermediate diketone and
the annelation step forming the center
benzene ring by means of an intramo-


lecular McMurry reaction. Based upon
X-ray crystallographic determinations
of the absolute configurations for (+)-
enantiomers of the diketone and the


[7]helicene, stereochemical correlation
between the (R) axial chirality of the
diketone and the (M) helical chirality
of the [7]helicene is established. One
such enantiopure trimethylsilyl-substi-
tuted [7]helicene possesses enchanced
chiroptical properties and forms a
chiral molecular glass.


Keywords: chirality · helical
structures · heterocycles · kinetic
resolution · molecular glass ·
oligothiophenes


Figure 1. Carbon–sulfur helicenes 1, 2, 3, and (C2S)n helix.
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Results and Discussion


The LDA-mediated dilithiation of 4[13] at the unprotected a-
positions was followed by addition of N-methoxy-N-methyl-
octanamide to provide racemic diketone (rac-5) in 54–65%
yield (Scheme 1).[19,20] By using (�)-B-chlorodiisopinocam-


pheylborane,[21] kinetic resolution of rac-5 was carried out
till approximately 50% conversion to alcohol 6 was ach-
ieved (~3 days at 45–50 8C). The unreacted diketone (�)-5
was isolated in ~40% yield. Oxidation of alcohol (+)-6 with
PCC gave diketone (+)-5 in 80–92% yield (or ~40% yield
based upon rac-5). Enantiomeric excess (ee) for both (�)-5
and (+)-5 was in the 70–80% ee range, as determined by
HPLC analysis. Treatment of enantiomerically enriched (+)-
5 ([a]RT


D =++91) with diethyl ether gave enantiopure dike-
tone (+)-5 ([a]RT


D =++134, 99+ % ee) in 21% yield (based
upon alcohol 6), as a diethyl ether soluble fraction.


The intramolecular McMurry reaction of diketone 5,
using TiCl3/Zn/DME (instant method), gave the target
[7]helicene 2 in 17–63% yield (Scheme 1).[22–24] The wide
range of the isolated yields for 2 is associated with the for-
mation of diol 7 (and its de-silylated derivatives); in particu-
lar, the trans isomer of 7 is expected to be unreactive
toward the deoxygenation to the corresponding “olefin”,
that is, [7]helicene 2.[22] The 1H NMR analyses of the crude
reaction mixtures suggest that the overall yield for the ring
closure (2 + 7) is nearly constant (70–80%); however, the
relative content of 2 versus 7 has a wide distribution
(Table 1s, Supporting Information).


Fractional crystallization of enantiomerically enriched 2
from isopropanol/ether gave pure enantiomers; for example,
(+)-2 with ~50% ee gives (+)-2 with 99% ee ([a]RT


D =


+1166) in nearly quantitative yield (or 19% yield based
upon diketone 5). Deprotection of the TMS group gave
[7]helicene 3 (Scheme 1).


The structures of rac-2, (+)-3, rac-3, (+)-5, and rac-5 were
confirmed by the X-ray crystallographic analyses (Table 1
and Figure 2).[25]


Excluding different conformations and crystallographic
disorder of the alkyl chains, the molecules in all five crystals
show approximate C2 symmetry. Determinations of the ab-


solute configurations for dike-
tone (+)-5 and [7]helicene (+)-
3 indicate the R axial and P
helical chiralities, respectively.
Therefore, stereochemical cor-
relation between R axial and M
helical chiralities is established,
as the starting diketone and the
product [7]helicene in the
McMurry reaction have the op-
posite signs for their values of
[a]RT


D .[26] Also, the positive sign
of [a]RT


D is usually found for P
[n]helicenes.[1]


For both racemic and enan-
tiopure diketone 5, the dithie-
nothiophene units, consisting of
three annelated thiophene
rings, are approximately
planar.[27] The bis(dithienothio-
phene) moiety of rac-5 adopts a
transoid conformation with the
dihedral (interplanar) angle of
96.08 between the dithienothio-


phene units. The analogous interplanar angles for the five
unique molecules in the asymmetric unit of (+)-5 are 100.4,
100.3, 99.3, 88.9, and 85.98, indicating a significant degree of
flexibility between transoid and cisoid conformations.[28]


The crystal of rac-3, which was selected for the X-ray
crystallographic analysis, was found to be essentially identi-
cal to that of (+)-3 (Table 1), except for its M helical chirali-
ty. This indicates that crystals of rac-3, which are obtained
from isopropanol/benzene, correspond to a conglomerate,
that is, each enantiomer crystallizes separately.[29]


[7]Helicenes 1, 2, and 3 possess similar but not identical
helical structures.[13] The individual benzene and thiophene
rings are approximately planar with mean deviations of the
least-square planes between 0.01 and 0.06 N. The angles be-
tween the least-square planes of neighboring rings are in the
ranges 7.9–11.28, 6.8–11.28, and 9.9–12.78 for 1, rac-2, and
(+)-3, respectively; with the middle ring as a reference, the
corresponding inner helix climbs are 2.92 (for 1), 3.15 (C1–
C17 for rac-2), and 3.52 N (C2–C17 for (+)-3). Interplanar
angles between the terminal thiophene rings are 54.1, 40.2,
and 59.18 for 1, rac-2, and (+)-3, respectively. Compared to
the all-thiophene [7]helicene 1, the replacement of the
center thiophene ring in 1 with the benzene ring in rac-2
and (+)-3 increases the climb of the helix, as expected; sur-
prisingly, the effect of the trimethylsilyl versus hydrogen
substitution at the terminal a-positions of the [7]helicene
rac-2 versus (+)-3 appears to be quite substantial, though it
is not clear to what extent these structural differences may
be induced by the crystal packing.


Scheme 1. Reagents and conditions: a) LDA, diethyl ether, N-methoxy-N-methyloctanamide, 54–65%; b) (�)-
B-chlorodiisopinocampheylborane, diethyl ether, 40% (for (�)-5 with 70–80% ee), 40% (for (+)-6 with 70–
80% ee); c) PCC, CH2Cl2, 80–92%; d) TiCl3, Zn, DME, 38% (for rac-2 from rac-5), 17–63% (for (+)-2 with
~50–90% ee from (�)-5 with 71–91% ee), ~28% [for (�)-2 with ~74% ee (NMR) from (+)-5 with 56% ee];
e) TFA, chloroform, 94% (for rac-3).
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Table 1. Summary of the X-ray crystallographic data for 2, 3, and 5.


rac-2 (+)-3 rac-3 (+)-5 rac-5


formula C38H48Br2S6Si2 C32H32Br2S6 C32H32Br2S6 C38H48Br2O2S6Si2 C38H48Br2O2S6Si2
Mr 913.12 768.76 768.76 945.12 945.12
T [K] 130(2) 173(2) 173(2) 120(2) 133(2)
crystal size [mm3] 0.22O0.17O0.03 0.100O0.012O0.008 0.12O0.01O0.008 0.15O0.13O0.10 0.20O0.10O0.08
crystal shape colorless plate colorless needle colorless needle colorless block colorless plate
crystal system monoclinic orthorhombic orthorhombic monoclinic triclinic
space group C2/c P212121 P212121 P21 P1̄
a [N] 33.599(4) 8.2267(10) 8.2472(9) 19.504(4) 13.2328(6)
b [N] 14.7475(17) 14.142(2) 14.0368(15) 27.050(6) 14.1097(6)
c [N] 19.925(2) 27.841(13) 27.583(3) 20.928(4) 14.4864(6)
a [8] 90 90 90 90 114.866(1)
b [8] 122.005(2) 90 90 92.364(6) 107.842(1)
g [8] 90 90 90 90 102.969(1)
V [N3] 8372.5(17) 3239.0(16) 3193.2(6) 11032(4) 2131.64(16)
Z 8 4 4 10 2
1calcd [gcm�3] 1.449 1.576 1.599 1.423 1.472
2qmax [8] 55 36.40 36.96 53 55
radiation MoKa synchrotron synchrotron MoKa MoKa


l [N] 0.71073 0.559408 0.559408 0.71073 0.71073
m [mm�1] 2.320 1.551 1.573 2.207 2.284
max/min transmission 0.9337/0.6293 0.9877/0.8603 0.9875/0.8585 0.8095/0.7331 0.8384/0.6580
collected reflns 56022 17373 39047 75017 32322
independent reflns 9637 (Rint=0.0747) 4648 (Rint=0.1887) 4809 (Rint=0.1076) 45027 (Rint=0.0616) 9778 (Rint=0.0401)
observed reflns [I>2s(I)] 7333 4501 4478 34666 7764
data/restraints/parameters 9637/0/489 4648/9/370 4809/0/363 45027/196/2345 9778/0/459
GOF on jF2 j (all data) 1.010 1.118 1.216 0.989 1.013
R1/wR2 [I>2s(I)] 0.0323/0.0680 0.0563/0.1312 0.0324/0.0939 0.0525/0.1116 0.0330/0.0737
R1/wR2 (all data) 0.0544/0.0759 0.0598/0.1476 0.0388/0.1137 0.0762/0.1198 0.0479/0.0807
Flack parameter – 0.030(17) 0.077(15) 0.009(4) –
residual peak/hole [eN�3] 0.890/�0.421 0.684/�2.225 0.947/�0.825 1.229/�0.540 0.757/�0.322


Figure 2. Molecular structure and conformation for [7]helicenes rac-2 (left plots) and (+)-3 (right plots).[25a] (Structure of rac-3 is not shown.) Atom num-
bering and disorder for the C7-alkyl chains are omitted for clarity. In the Ortep plots, all atoms, except for the hydrogen atoms are depicted with thermal
ellipsoids set at the 50% probability level.
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The electronic absorption (UV-visible) and circular di-
chroism (CD) spectra for (+)-2 and (+)-3 in cyclohexane
show similar spectral patterns characteristic of helicenes
(Figure 3).[1,30,31] However, the spectra for (+)-2 are signifi-


cantly more intense and somewhat red-shifted relative to
those of (+)-3. Consequently, the specific rotation ([a]RT


D )
and especially molar rotation ([F]RT


D ) are significantly great-
er for (+)-2 than those for (+)-3.[31]


Differential scanning calorimetric (DSC) analyses of race-
mic and enantiopure helicenes 2 and 3 are plotted in
Figure 4. Notably, (+)-2 helicene shows only a broad should-


er that may correspond to a glass-like endothermic transi-
tion (DH=3–4 kJmol�1) with an onset at 61�1 8C. This is in
contrast to its racemic counterpart, in which a melting-like
endothermic transition is observed; in fact both the enthalpy
of fusion (DH=34�1 kJmol�1) and the temperature of
fusion (onset at 161�2 8C and peak at 165�1 8C) are much
higher relative to those for (+)-2. Also, melting-like endo-


thermic transitions are observed for both enantiomer and
racemate of [7]helicene 3 ; the corresponding onset tempera-
tures are 138�2 8C (DH=30�1 kJmol�1) and 136�1 8C
(DH=37�1 kJmol�1).[32,33]


The glassy behavior may in principle be associated with
inefficient packing of molecules. It is well known that
among the 230 crystallographic space groups, only 65 space
groups are compatible with enantiopure molecules. In par-
ticular, the absence of the inversion centers and/or glide
planes, which are precluded for crystals of enantiopure mol-
ecules, may lead to unfavorable interactions from juxta-
posed polar groups.[34] For small, achiral organic molecules,
the difficulty in crystallization may typically be associated
with rigid, “tetrahedral-like” shapes.[16] Both compounds 2
and 3 adopt four-armed chiral shapes (including “flexible”
alkyl groups) in the crystals (Figure 2); possibly, with the tri-
methylsilyl groups, the shape of 2 approaches closer to a tet-
rahedral-like structure. These minute molecular-shape differ-
ences lead to different crystal packings of rac-2 and 3, and
might contribute to glass-like behavior of enantiopure 2.


In the crystal of rac-2, homochiral [7]helicene molecules
form p-stacked columns along the b axis; the unit cell con-
tains four such stacks (Figure 5). Consecutive molecules
within the stack are rotated around their helical axes, lead-
ing to strong p overlap between the two terminal thiophene
rings for the nearest neighbor molecules; for example, each
[7]helicene molecule possesses six short S···S contacts
(S2···S6=3.58, S1···S5=3.60, S2···S5=3.60 N, and their sym-
metry related counterparts) with its two homochiral neigh-
bors within the stack. Along the a axis, inefficient packing
of the alkyl groups from the homochiral columns leads to
voids (282 N3 or about 3% of the cell volume) with no sig-
nificant electron density. The columns of opposite handed-
ness are closely packed along the c axis; each [7]helicene
possesses two contacts (S3···S6=S6···S3=3.63 N) with its
two heterochiral neighbors.


In the crystal of (+)-3 (or conglomerate), homochiral
[7]helicene molecules form herringbone-like chains along
the b axis; each molecule has six short S···S (3.585 N), S···C
(3.396 N), and Br···Br (3.623 N) contacts with its two nearest
neighbors. Along the c axis, multiple short contacts (S···alkyl
group) between the herringbone-like chains are found. The
molecules that are related by the translation along the a axis
may be viewed as loosely p-stacked (with shortest S···S con-
tacts of 3.96 N).


Conclusion


A synthesis of enantiopure, highly functionalized thiophene-
based [7]helicenes has been developed. The functionaliza-
tion with both solubilizing heptyl groups at the center ben-
zene ring and bromine atoms at the b-positions of the termi-
nal thiophene rings should facilitate the synthesis of the ex-
tended, enantiopure [n]helicenes. Enantiopure 3, a possible
starting material for such a synthesis, should be relatively ac-
cessible because of the conglomerate behavior for rac-3.
The trimethylsilyl groups in enantiopure 2 both enhance the
chiroptical properties and induce glass-like behavior.[35]


Figure 3. Electronic absorption (top plot) and circular dichroism (bottom
plot) spectra of (+)-2 and (+)-3 in cyclohexane at room temperature.


Figure 4. Plots of differential scanning calorimetry (DSC) data for [7]heli-
cenes 2 and 3.
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Experimental Section


UV-visible electronic absorption and CD spectroscopy : Concurrent elec-
tronic absorption (UV-visible) and circular dichroism (CD) spectra were
recorded at ambient temperature on a Shimadzu (UV-2401PC) spectrom-
eter and a Jasco (J-810) spectropolarimeter, respectively. Typically, 1 mm
path length quartz cells were used. UV-visible Lambert–Beer plots for
[7]helicenes (+)-2 and (+)-3 in cyclohexane were obtained by using five
concentrations (c=~2O10�5–2O10�4


m, R=0.999). The four out of five
most concentrated solutions were used to obtain CD spectra; the values
of Demax were calculated by using corrected concentrations based upon
Lambert–Beer plots (R=0.999). For each [7]helicene, two samples were
examined.


Determination of enantiomeric excess (ee): The ee#s were determined by
HPLC. In addition, for selected samples of [7]helicene 3, 1H NMR spec-
troscopy with chiral shift agents was utilized.[36] HPLC was carried out on
Waters 600 and Waters 486 (Tunable Absorbance Detector, l=254 nm)
instruments equipped with a CHIRALPAKS AD-H [250O4.6 mm (lO
inner diameter)] column. For the diketone and the [7]helicenes, hexane/
isopropanol (95:5, v/v) and hexane were used, respectively. The flow rate
was 1.0 mLmin�1.


Differential scanning calorimetry (DSC): Perkin–Elmer DSC7 along with
TAC 7/DX as a thermal analysis control was used. Before measurement,
the sample chamber was cleaned, by means of a baking procedure (heat
at 100 8Cmin�1 up to 600 8C, stay at 600 8C for 7 min, and return to ambi-
ent temperature). Indium (0.248 mg) was measured as a standard calibra-
tion (onset: 156.60 8C, DH=28.45 Jg�1), by using the same parameters as
for the sample measurement under nitrogen (e.g., heating rate:
20 8Cmin�1, monitoring range: 30–200 8C). The [7]helicenes (0.480–
1.296 mg) were compressed in standard aluminum pans (Perkin–Elmer).


Following the DSC measurements,
melting points (in melting point appa-
ratus) were re-checked; the remainder
of the sample was examined by
1H NMR ([D]chloroform) spectrosco-
py. For enantiopure samples, the ee
was re-checked by HPLC, as described
in the preceding section; no racemiza-
tion was detected.


X-ray crystallography : Crystals were
obtained by slow evaporation of sol-
vent at ambient temperature. Th fol-
lowing solvents were used (compound,
sample label): benzene/isopropanol 1:1
(diketone rac-5, MM-2-75-cryst1),
methanol (diketone (+)-5, MM-7-51-
cryst2), isopropanol, (rac-2, MM-6-
43+45-cryst1), benzene/isopropanol,
1:1 (rac-3, MM-6-90-wash-cryst1), hep-
tane/diethyl ether, 9/1 ((+)-3, MM-6-
94-TP-cryst2).


The data were collected on a Bruker
SMART6000 system at the Indiana
University and at beamline 15ID,
ChemMatCARS, at the Advanced
Photon Source, Argonne National
Laboratory in Chicago. For the data
collection, single crystals were placed
onto the tip of a 0.1 mm diameter
glass capillary.


Structures of rac-2, (+)-5, and rac-5 :
The data collections with MoKa radia-
tion (graphite monochromator) were
carried out with a frame time of 20 s
and a detector distance of 5.0 or
5.1 cm. A randomly oriented region of
a sphere in reciprocal space was sur-
veyed. Four major sections of frames
were collected with 0.308 steps in w at
different f settings and a detector po-
sition of �438 in 2q. An additional set


of 50 frames was collected in order to model decay (for rac-2 and rac-5).
Data to a resolution of 0.77 N (for rac-2 and rac-5) 0.84 N (for (+)-5)
were considered in the reduction. Final cell constants were calculated
from the xyz centroids of strong reflections from the actual data collec-
tion after integration (SAINT 6.1[37a]). The intensity data were corrected
for absorption (SADABS[37b]).


Structures of (+)-3 and rac-3 : Analogous procedures were used for the
data collection using synchrotron radiation (wavelength of 0.55000 N,
energy of 22.0 keV, diamond 111 monochromator, two mirrors to ex-
clude higher harmonics) with a frame time of 2 s and a detector distance
of 5.5 cm. A hemisphere in reciprocal space was surveyed. Frames were
collected with 0.508 steps in w and f at 08 and 908, and with 0.508 steps
in f and w at 08 ; for all three sets 2q remained at 08. For accurate atom
form factors, the wavelength of 0.559408 N, corresponding to AgKa radia-
tion, was used in refinements.


The space groups were determined based on intensity statistics and sys-
tematic absences. The structures were solved using SHELXS-97 (or
SIR92[38a]) and refined with SHELXL-97 (SHELXTL-Plus V5.10,[38b]).
Direct-methods solutions were calculated, which provided most non-hy-
drogen atoms from the E-maps. Full-matrix least-squares/difference Four-
ier cycles were performed, which located the remaining non-hydrogen
atoms. All non-hydrogen atoms were refined with anisotropic displace-
ment parameters. The hydrogen atoms were placed in ideal positions and
refined as riding atoms with relative isotropic displacement parameters.
Additional crystal and refinement information is summarized in Table 1.


General : In the MS data, 3-NBA=3-nitrobenzyl alcohol and % RA is %
relative amplitude.


Diketone rac-5 : nBuLi (2.23m, 1.6 mL, 3.57 mmol) was added drop-wise
to diisopropylamine (0.52 mL, 3.71 mmol) in diethyl ether (6.4 mL) at


Figure 5. Unit cells showing molecular packing of [7]helicene rac-2 : view along (top plot) and normal (bottom
plot with hydrogen atoms omitted for clarity) to the crystallographic b axis. The fading correlates with the
depth of the three-dimensional structures.
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0 8C ([c]LDA=0.419m). The solution of LDA (2.8 equiv, 6.76 mL,
2.831 mmol) was added to a suspension of compound 4 (700.4 mg,
1.011 mmol) in diethyl ether (210 mL). The nearly homogenous reaction
mixture was stirred for 3.5 h at 0 8C (pale yellow-orange), and then N-
methoxy-N-methyloctanamide (0.71 mL, 3.033 mmol, 3 equiv) was added
dropwise (neat or as solution in diethyl ether) at �78 8C. After 3 h at
�78 8C, the reaction mixture was warmed up to room temperature for
overnight, resulting in a pale yellow, clear solution. The usual aqueous
workup with diethyl ether gave the crude product as an orange viscous
liquid/oil. Column chromatography (silica, hexane/benzene, 1:1, v/v) gave
the three fractions: F1, starting material 4 (Rf=0.91); F2, monoketone
side product 5H (Rf=0.66, Supporting Information); F3, diketone rac-5
(Rf=0.41).


From three reactions on 700, 300, and 300 mg scales (labels: MM-5-21,
-26, and -46), 1.129 g (64%) of diketone rac-5, 0.2978 g (19%) of mono-
ketone 5H, and 75.8 mg (6%) of 4 were obtained from 1.301 g of starting
material 4. The other three reactions on 50 mg scales with the solution of
N-methoxy-N-methyloctanamide in diethyl ether, 125.6 mg (54–65%) of
diketone, 45.8 mg (21–28%) of monoketone 5H, and 9.9 mg (5–8%) of 4
were obtained from 150.6 mg of starting material 4.


Data for rac-5 : M.p.=146–147 8C; 1H NMR (500 MHz, [D]chloroform):
d=2.33–2.18 (m, 4H), 1.48–1.34 (m, 4H), 1.156 (quintet J=6.8 Hz, 4H),
1.052 (quintet J=7.2 Hz, 4H), 1.03–0.85 (m, 8H), 0.814 (t, J=7.2 Hz,
6H), 0.322 ppm (s, 18H); 13C{1H} NMR (100 MHz, [D]chloroform): d=
193.6 (C=O), 146.3, 145.7, 144.8, 140.3, 139.1, 138.8, 132.1, 108.5, 40.1,
31.5, 29.0, 28.7, 24.3, 22.6, 14.1, �0.89 ppm (J(29Si,13C)=54 Hz); IR: ñ=
2953, 2925, 2854 (C�H), 1649 cm�1 (C=O); LR/HR FABMS (3-NBA
matrix): m/z (% RA for m/z=700–2000, deviation for the formula):
945.9899 [M+4]+ (67, �5.9 ppm for 12C38


1H48O2
28Si2


32S6
81Br2), 943.9883


[M+2]+ (48, �2.1 ppm for 12C38
1H48O2


28Si2
32S6


79Br81Br), 941.9846 [M]+


(14, 4.0 ppm for 12C38
1H48O2


28Si2
32S6


79Br2). Crystallized from benzene/iso-
propanol (1:1) for the single-crystal X-ray analysis. HPLC (CHIRAL-
PAKS AD-H, hexane/isopropanol, 95:5, 1 mLmin�1).


Kinetic resolution of diketone rac-5 : Diketone rac-5 (369 mg,
0.390 mmol) in diethyl ether (40 mL) was added to (�)-B-chlorodiisopi-
nocampheylborane (351 mg, 1.093 mmol, 2.8 equiv) in diethyl ether
(46 mL) at �25 8C in a Schlenk vessel. Subsequently, the reaction mixture
was allowed to attain room temperature for 0.5 h, and then 50 8C. Small
aliquots were withdrawn from the reaction mixture; after the aqueous
workup of the aliquot, TLC (pentane/ethyl acetate, 10:1, v/v) and
1H NMR analyses were carried to evaluate reaction progress. When the
analysis of the aliquot indicated that the ratio of diketone 5 and alcohol
6 reached nearly 50:50 (after ~72 h at 50 8C), based upon the relative
peak integrations in the TMS region of the 1H NMR spectrum [d=0.323
(s, 18H, 5), 0.319 (s, 9H, 6), 0.312 ppm (s, 9H, 6)], diethanolamine was
added to the reaction mixture. The yellow suspension was filtered to
remove the boron complex, and then the usual aqueous workup with di-
ethyl ether was carried out. Purification of the crude product (yellow vis-
cous liquid/oil) by column chromatography (silica, hexane/benzene, 1:3,
v/v) gave the two fractions: F1: diketone (�)-5 (Rf=0.70), 153.7 mg
(42%), [a]RT


D =�90 (c=4.365O10�3 in chloroform), 71% ee (HPLC); F2:
alcohol (+)-6 (Rf=0.28), 115.3 mg (31%), [a]RT


D =++34 (c=2.205O10�3 in
chloroform) (label: MM-5-67). (After the PCC-based oxidation of this
sample of (+)-6, the corresponding diketone (+)-5 had 56% ee by
HPLC.)


In another resolution experiment (label: MM-6-69), diketone (�)-5
{122.2 mg, 41%, [a]RT


D =�99 (c=2.20O10�3 in chloroform), 85% ee
(HPLC)} and alcohol (+)-6 {120 mg, 40%, [a]RT


D =32.3 (c=2.19O10�3 in
chloroform)} were obtained from 297 mg of rac-5 (45 8C for 80 h). Fur-
ther treatment of diketone (�)-5 with diethyl ether gave two fractions:
solid, 6%, [a]RT


D =�45 (c=4.15O10�3 in CDCl3), 31% ee (HPLC) and fil-
trate, 35%, [a]RT


D =�114 (c=2.84O10�3 in CDCl3), 89% ee (HPLC).


Data for diketone (�)-5 : Rf=0.76 (pentane/ethyl acetate). 71% ee
(HPLC); m.p. 72–74 8C (changed to a somewhat transparent solid),
~90 8C (cloudy solid), 95–100 8C (jelly-like, white, viscous) 140 8C (com-
pletely clear liquid). 1H NMR (500 MHz, [D]chloroform): d=2.35–2.14
(m, 4H), 1.48–1.36 (m, 4H), 1.159 (quintet J=7.0 Hz, 4H), 1.055 (quintet
J=7.5 Hz, 4H), 1.02–0.85 (m, 8H), 0.816 (t, J=7.0 Hz, 6H), 0.323 (s,
18H); IR: ñ=2953, 2926, 2855 (C�H), 1648 cm�1 (C=O); LR/HR
FABMS (3-NBA matrix): m/z (% RA for m/z=700–2000, deviation for
the formula): 946.9966 [M+4+H]+ (79, �4.7 ppm for 12C38


1H48O2-
28Si2


32S6
81Br2), 943.9953 [M+2+H]+ (100, �4.1 ppm for 12C38


1H48O2-
28Si2


32S6
79Br81Br), 941.9910 [M]+ (14, �2.8 ppm for 12C38


1H48O2-
28Si2


32S6
79Br2).


Data for alcohol (+)-6 : Rf=0.45 (pentane/ethyl acetate); 56% ee
(HPLC) for the diketone obtained from oxidation of this alcohol; m.p.
47–50 8C (clear viscous), 57–58 8C (clear oil); 1H NMR (500 MHz,
[D]chloroform): d=4.574 (dt, J=2.8, 7.2 Hz, 1H), 2.627 (d, J=2.8 Hz,
1H; exch D2O), 2.57–2.40 (m, 2H), 1.775 (q, J=7.6 Hz, 2H), 1.481 (quin-
tet J=7.6 Hz, 2H), 1.38–0.87 (m, 4H), 1.1–0.85 (m, 18H), 0.810 (t, J=
6.8 Hz, 3H), 0.805 (t, J=6.8 Hz, 3H), 0.318 (s, 9H), 0.311 ppm (s, 9H);
13C{1H} NMR (100 MHz, [D]chloroform): d=195.4 (C=O), 149.5, 145.4,
144.6, 144.1, 143.5, 140.38, 140.29, 139.8, 138.8, 138.6, 137.47, 137.35,
132.79, 125.6, 108.8, 108.3, 69.0, 41.0, 37.8, 31.8, 31.6, 29.08, 29.04, 28.80,
28.75, 25.5, 24.4, 22.55, 22.51, 14.10, 14.08, �0.85, �0.91 ppm; IR: ñ=


3447 (O�H), 2957, 2924, 2854 (C�H), 1636 cm�1 (C=O); LR/HR FABMS
(3-NBA matrix): m/z (% RA for m/z=700–1500, deviation for the for-
mula): 948.0009 [M+4]+ (12, �1.1 ppm for 12C38


1H50O2
28Si2


32S6
81Br2),


946.0031 [M+2]+ (15, �1.1 ppm for 12C38
1H50O2


28Si2
32S6


79Br81Br), 944.0021
[M]+ (7.6, 2.1 ppm for 12C38


1H50O2
28Si2


32S6
79Br2), 930.9987 [M+4�OH]+


(77, �1.6 ppm for 12C38
1H49O1


28Si2
32S6


81Br2), 929.0004 [M+2�OH]+ (100,
�1.3 ppm for 12C38


1H49O1
28Si2


32S6
79Br81Br), 927.0000 [M�OH]+ (46,


1.5 ppm for 12C38
1H49O1


28Si2
32S6


79Br2).


Oxidation of alcohol (+)-6 to diketone (+)-5 : PCC (72 mg, 0.190 mmol)
was added to a stirred solution of alcohol (+)-6 (120 mg, 0.1267 mmol,
[a]RT


D =++32.3 (c=2.185O10�3 in chloroform)) in dry CH2Cl2 (1 mL).


After TLC showed absence of the starting material (~12 h), the reaction
mixture was filtered through Celite. Column chromatography (pentane/
ethyl acetate, 10:1) gave the product as a pale yellow solid {96.0 mg,
80%, [a]RT


D =++90.8 (c=5.61O10�3 in CDCl3)}. Two treatments with di-
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ethyl ether (1–2 mL) gave 44.7 mg of enantiopure (+)-5 ([a]RT
D =++134,


99% ee), as diethyl ether soluble fraction; two diethyl ether insoluble
fractions were also isolated: 24.7 mg ([a]RT


D =++17, 10% ee) and 18.4 mg
([a]RT


D =++104, 73% ee) (label: MM-6-88).


From other three reactions on 13, 12, and 110 mg scales, 119.8 mg (80–
94%) of nonracemic diketone (+)-5 was obtained.


Diketone (+)-5 : 99+ % ee (HPLC). M.p. (powder sample) 41–43 8C
(bulk solid, not powder, does not move well), 44–45 8C (cloudy solid),
50–60 8C (clear solid, solid shape was remaining), 62–63 8C (completely
clear liquid, no solid shape). M.p. (single crystals from methanol, includ-
ing the X-ray crystallographic sample) 85 8C (crystals become sticky), 85–
87 8C (crystals and jelly-like solid), ~90 8C (clear viscous liquid/oil);
1H NMR (400 MHz, [D]chloroform): d=2.250 (dt, J=4.0, 7.3 Hz, 4H),
1.48–1.36 (m, 4H), 1.156 (quintet J=7.2 Hz, 4H), 1.052 (quintet J=
6.8 Hz, 4H), 1.0–0.85 (m, 8H), 0.815 (d, J=7.2 Hz, 6H), 0.322 ppm (s,
18H). IR: ñ=2954, 2926, 2855 (C�H), 1649 cm�1 (C=O); UV/Vis (cyclo-
hexane): lmax (emax)=241 (6.36O104), 247 (6.16O104), 269 (2.31O104), 290
(1.57O104), 324 nm (2.21O104 mol�1 dm3cm�1); CD (cyclohexane): lmax


(Demax)=206 (�22), 228 (5.7), 237 (�21), 251 (23), 288 (�2.3), 317 (34),
345 nm (�14 mol�1 dm3cm�1); LR/HR FABMS (3-NBA matrix): m/z (%
RA for m/z=600–1500, deviation for the formula): 946.9898 [M+4+H]+


(78, 2.5 ppm for 12C38
1H49O2


28Si2
32S6


81Br2), 944.9911 [M+2+H]+ (100,
3.2 ppm for 12C38


1H49O2
28Si2


32S6
79Br81Br), 942.9927 [M+H]+ (44, 3.7 ppm


for 12C38
1H49O2


28Si2
32S6


79Br2).


[7]Helicene 2 : Nonracemic diketone (�)-5 (30 mg, 31.7 mmol, 1 equiv) in
DME (3 mL) was added to a Schlenk vessel containing TiCl3 (26.0 mg,
0.169 mmol, 5.3 equiv) and Zn (31.5 mg, 0.482 mmol, 15 equiv). The reac-


tion mixture was stirred at ambient temperature for 1 h, and then at 85–
90 8C for 24 h. After cooling to ambient temperature, the reaction mix-
ture (DME solution) was filtered through the silica plug (~1 cm) on air
and the filtrate was concentrated under vacuo. The residue was filtered
again through the silica plug to give two fractions: the less polar fraction
(hexane a eluent) contained [7]helicene (+)-2 and the more polar frac-
tion (hexane/benzene) contained diol 7.


The less polar fraction was subjected to column chromatography and/or
PTLC, followed by treatment with methanol or methanol/diethyl ether,
to give [7]helicene 2. From five reactions on 28, 30, 30, 30, and 19 mg
scales, 47.0 mg {36%, [a]RT


D =++680, ~50% ee (HPLC)} of [7]helicene
(+)-2 was obtained from 136.3 mg of diketone (�)-5 ([a]RT


D =�90,
71% ee). Also, 16.6 mg of [7]helicene (+)-2 {12%, ~50% ee (HPLC)},
containing about 10% of unknown impurity, was isolated. After fraction-
al crystallization of nonracemic [7]helicene (+)-2 (41.8 mg, [a]RT


D =++680)
from isopropanol/diethyl ether, enantiopure (+)-2 {25.9 mg, 19%, [a]RT


D =


+1166, 99+ % ee (HPLC)} was obtained.


The more polar fraction (50 mg, Rf=0 in hexane) was isolated as a
yellow solid and was not purified further.


Analogous procedures were to obtain rac-2 ; synthesis and isolation of
(�)-2 and diol 7 (the more polar fraction) are described in the Support-
ing Information.


[7]Helicene (+)-2 : Rf=0.70 (hexane); 99+ % ee (HPLC) (label: MM-7-
61-run1); M.p. (air) ~55 8C (powder becomes a bulk solid), 60–65 8C
(slowly changed to clear solid), 73–75 8C (almost clear jellylike, particle
shape is still preserved), ~83 8C (completely clear waxlike); DSC: glass-


like transition was observed with peak at 67.4 8C (DH=3.1–3.8 kJmol�1).
[a]RT


D =++1166 (c=0.000715 in cyclohexane); [F]RT
D =++10648; 1H NMR


(400 MHz, [D]chloroform): d=3.02–2.89 (m, 4H), 1.84–1.70 (m, 4H),
1.525 (quintet, J=7.2 Hz, 4H, overlapped with H2O peak), 1.46–1.23 (m,
12H), 0.907 (t, J=6.8 Hz, 6H), 0.258 ppm (s, 18H, J(13C,1H)=120 Hz);
IR: ñ=2954, 2926, 2854 cm�1 (C�H); UV/Vis (cyclohexane, 1 mm path-
length): lmax (emax)=212 (4.41O104), 239 (4.91O104), 286 (3.15O104), 342
(1.64O104), 353 nm (1.66O104 mol�1dm3cm�1); CD (cyclohexane, 1 mm
pathlength): lmax (Demax)=212 (�142), 265 (+99), 278 (+86), 300 (+33),
342 (+28), 359 nm (+24 mol�1dm3cm�1).


From 10 mg scale reaction, 5.7 mg (63%, [a]RT
D =++945, ~90% ee) of (+)-


2 was obtained from 9.3 mg of (�)-5 ([a]RT
D =�111, 91% ee) (label: MM-


6-51).


From other two reactions on 70 and 30 mg scales, 16.3 mg (17%,
~70% ee) of (+)-2 was obtained from 100 mg of (�)-5 ([a]RT


D =�114,
89% ee). In these two reactions, the polar fraction was the major compo-
nent.


[7]Helicene rac-2 : From two reactions on 20 and 18 mg scales, 13.7 mg
(38%) of rac-2 was obtained from 37.3 mg of diketone rac-5. M.p. 164–
165 8C; DSC: melting-like transition was observed with peak at 165.3–
166.1 8C (DH=33.3–33.8 kJmol�1); 1H NMR (400 MHz, [D]chloroform):
d=3.03–2.89 (m, 4H), 1.86–1.69 (m 4H), 1.525 (quintet, J=7.2 Hz, 4H,
overlapped with H2O peak), 1.46–1.23 (m, 12H), 0.910 (t, J=6.8 Hz,
6H), 0.261 ppm (s, 18H); 13C{1H} NMR (100 MHz, [D]chloroform): d=
144.2, 141.83, 141.68, 138.3, 137.0, 135.2, 130.2, 124.7, 110.0, 31.94, 31.82,
30.2, 29.9, 29.1, 22.7, 14.1, �0.93 ppm (J(29Si,13C)=54 Hz); IR: ñ=2954,
2926, 2855 cm�1 (C�H); LR/HR FABMS (3-NBA matrix): m/z (% RA
for m/z=700–1200, deviation for the formula): 913.9940 [M+4]+ (83,
0.5 ppm for 12C38


1H48
28Si2


32S6
81Br2), 911.9952 [M+2]+ (100, 1.5 ppm for


12C38
1H48


28Si2
32S6


79Br81Br), 909.9966 [M]+ (43, 2.1 ppm for
12C38


1H48
28Si2


32S6
79Br2).


[7]Helicene 3 : Trifluoroacetic acid (0.25 mL) was added to a solution of
[7]helicene rac-2 (9.6 mg, 10.5 mmol) in chloroform (1.5 mL). The reac-
tion was monitored by TLC (hexane) or 1H NMR spectroscopy (in
CDCl3). Typically, reaction was completed after 10–15 min at room tem-
perature. The usual aqueous workup with diethyl ether gave the crude
product as a pale yellow solid. Filtration through a short silica plug using


pentane gave [7]helicene rac-3 (7.6 mg, 94%). Using a similar procedure,
(+)-3 (2.0 mg, 85%) was obtained from 2.8 mg of (+)-2.


[7]Helicene rac-3 : Rf=0.30 (hexane); crystals obtained by evaporation of
methanol/diethyl ether: m.p. 142–143 8C; DSC: melting-like transition
was observed with peak at 140.7–141.0 8C (DH=36.5–37.1 kJmol�1).
Crystals obtained by slow evaporation from benzene/isopropanol (1:1),
including the X-ray crystallographic sample, possess non-uniform melting
behavior as observed in a melting point apparatus; however, a small, se-
lected sample of such crystals showed m.p. 113–115 8C. For a 0.677 mg
sample, DSC shows a relatively broad peak (onset at ~93 8C, peak at
~115 8C, DH�25 kJmol�1); 1H NMR (400 MHz, [D]chloroform): d=


7.107 (s, 2H), 3.05–2.90 (m, 4H), 1.85–1.70 (m, 4H), 1.527 (quintet J=
7.6 Hz, 4H, overlapped with H2O), 1.46–1.29 (m, 12H), 0.908 (t, J=
6.8 Hz, 6H); IR: ñ=3103, 2954, 2924, 2853 cm�1 (C�H); LR/HR FABMS
(3-NBA matrix): m/z (% RA for m/z=500–1100, deviation for the for-
mula): 769.9182 [M+4]+ (76, �3.6 ppm for 12C32


1H32
32S6


81Br2), 767.9186
[M+2]+ (100, �1.4 ppm for 12C32


1H32
32S6


79Br81Br), 765.9198 [M]+ (42,
�0.4 ppm for 12C32


1H32
32S6


79Br2).


[7]Helicene (+)-3 : 95+ % ee (1H NMR chiral shift agents), 99+ % ee
(HPLC); m.p. 139–140 8C (95–100 8C bulky solid, 138 8C somewhat clear);
DSC: melting-like transition was observed with peak at 141–143 8C
(DH=28.5–30.6 kJmol�1); [a]RT


D =++1006 (c=0.0000316 in cyclohexane);
[F]RT


D =++7734; 1H NMR (400 MHz, [D]chloroform): d=7.108 (s, 2H),
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3.04–2.90 (m, 4H), 1.85–1.70 (m, 4H), 1.526 (quintet J=7.2 Hz, 4H, over-
lapped with H2O), 1.46–1.29 (m, 12H), 0.908 (t, J=6.8 Hz, 6H); UV/Vis
(cyclohexane, 1 mm pathlength): lmax (emax)=210 (4.40O104), 235 (4.01O
104), 277 (2.88O104), 339 (1.60O104), 353 nm (1.56O104 mol�1dm3cm�1);
CD (cyclohexane, 1 mm pathlength): lmax (Demax)=209 (�145), 258
(+62), 276 (+53), 292 (+32), 337 (+22), 356 nm (+16 mol�1dm3cm�1).
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e of
the enantiomers, may be estimated using the simplified Schrçder–
van Laar equation, TA


e = [(1/TA
fus)+ (R ln2)/(DHA


fus)]
�1, for example: J.


Jacques, A. Collet, S. H. Wilen, Enantiomers, Racemates and Resolu-
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tions, Wiley, New York, 1981 (and Krieger, Malabar, Florida, 1994).
By using the DSC data for crystals of (+)-3 (TA


fus�136 8C �409 K
(onset) and DHA


fus�28.5 kJmol�1), TA
e �105 8C is estimated for con-


glomerate rac-3.
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On the Analyses of Mixture Vapor Pressure Data: The Hydrogen Peroxide/
Water System and Its Excess Thermodynamic Functions


Stanley L. Manatt* and Margaret R. R. Manatt*[a]


Introduction


Studies of multicomponent liquid–vapor equilibria give in-
sights regarding the molecular forces and effects existing in
such systems and allow determination of the excess thermo-
dynamic functions. The latter represent the differences be-
tween the actual values of these functions and the values
given by the ideal solution laws at the same pressure and


temperature. Knowledge of multicomponent liquid–vapor
equilibria also plays a vital role in the development of distil-
lation and other separation procedures and apparatus in in-
dustry and chemical research.
The usual analyses of multicomponent liquid–vapor data


start with a set of vapor pressure (VP) measurements for
mixtures of various mole fractions of the liquids of interest,
knowledge of the vapor pressure–temperature (VP–T) equa-
tions of the pure components and the temperatures for each
suite of mixtures mole fractions studied. Many times the
knowledge of the pure component VP–T function for one or
more mixture components is marginal or not available over
the temperature range of interest. Here it is demonstrated
that mixture vapor pressure data of good quality at a partic-
ular temperature will allow the pure component vapor pres-
sure of at least one component to be determined to high ac-
curacy. In addition, it was found that fitting of the experi-
mental data can be improved significantly if the absolute
temperature is also made a parameter. We were led to con-
sider this latter factor by the work reported some 54 years
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Department of Chemistry and Biochemistry
California State University, Los Angeles
CA 900032 (USA)
E-mail : manatt@ktb.net
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Hydrogen perox-
ide and water 2nd virial coefficients calculated from the Tsonopoulos
equations[12] and the Keyes, Smith and Gerry equations[21] and hydro-
gen peroxide and water activities in mixtures at selected temperatures
between 0 and 105 8C.


Abstract: Reported here are some as-
pects of the analysis of mixture vapor
pressure data using the model-free
Redlich–Kister approach that have
heretofore not been recognized. These
are that the pure vapor pressure of one
or more components and the average
temperature of the complex apparatus-
es used in such studies can be obtained
from the mixture vapor pressures. The
findings reported here raise questions
regarding current and past approaches
for analyses of mixture vapor pressure
data. As a test case for this analysis ap-
proach the H2O2–H2O mixture vapor
pressure measurements reported by
Scatchard, Kavanagh, and Tickner (G.
Scatchard, G. M. Kavanagh, L. B. Tick-
nor, J. Am. Chem. Soc. 1952, 74, 3715–
3720; G. M. Kavanagh, PhD. Thesis,
Massachusetts Institute of Technology


(USA), 1949) have been used; there is
significant recent interest in this
system. It was found that the original
data is fit far better with a four-param-
eter Redlich–Kister excess energy ex-
pansion with inclusion of the pure hy-
drogen peroxide vapor pressure and
the temperature as parameters. Com-
parisons of the present results with the
previous analyses of this suite of data
exhibit significant deviations. A prece-
dent for consideration of iteration of
temperature exists from the little-
known work of Uchida, Ogawa, and
Yamaguchi (S. Uchida, S. Ogawa, M.


Yamaguchi, Japan Sci. Eng. Sci. 1950,
1, 41–49) who observed significant var-
iations of temperature from place to
place within a carefully insulated appa-
ratus of the type traditionally used in
mixture vapor pressure measurements.
For hydrogen peroxide, new critical
constants and vapor pressure–tempera-
ture equations needed in the analysis
approach described above have been
derived. Also temperature functions
for the four Redlich–Kister parameters
were derived, that allowed calculations
of the excess Gibbs energy, excess en-
tropy, and excess enthalpy whose
values at various temperatures indicate
the complexity of H2O2–H2O mixtures
not evident in the original analyses of
this suite of experimental results.


Keywords: hydrogen peroxide ·
liquid mixture vapor pressures ·
phase equilibria · thermodynamics ·
water chemistry
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ago by Uchida, Ogawa, and Yamaguchi[1] who observed
temperature variations within an apparatus used for mixture
vapor pressure measurements; the significance of these au-
thorsI work has gone unrecognized by workers in the mix-
ture vapor pressure field.
Although we have investigated several systems, here, to


demonstrate the use of the above mentioned observations,
we show as an example the results for the H2O2–H2O
system. Knowledge of hydrogen peroxide (HP) vapor com-
position above H2O2–H2O mixtures has assumed some
degree of importance recently. The vapor composition
above such mixtures is important to know in schemes for
generating COH radicals[2] and in spectroscopic studies.[3,4]


The recent detection of hydrogen peroxide on the surface of
Europa[5] has caused renewed interest in the vapor pressures
above liquid and solid H2O2–H2O mixtures.
The group of George Scatchard from the 1930s to the


1960s has provided a legacy of careful experimental vapor–
liquid equilibria measurements on a number of systems.[6]


The measurements on the H2O2–H2O system[6h,8] made over
50 years ago by Scatchard, Kavanagh, and Ticknor stand as
the definitive results on this system. No other as extensive
experimental measurements on this system have been re-
ported since their work. Based on the approach outlined
above, detailed analyses of their original data have been car-
ried out which yield results that fit the measurements signifi-
cantly better than the original analyses. These results were
needed[2–5] as the basis for deriving vapor pressure–composi-
tion data for the H2O2–H2O system for compositions and
temperatures other than those exhibited in tables in the lit-
erature,[7] in the original work[6k,8] and in currently available
manufacturerIs literature.[9]


Hydrogen peroxide (HP) is unique because a number of
its physical properties such as boiling point (BP) at atmos-
pheric pressure and critical constants can not be measured
directly because of its instability. In the course of working
with the Scatchard, Kavanagh, and Ticknor data,[6h,8] values
of certain hydrogen peroxide physical properties were
reevaluated, newer liquid density functions for both hydro-
gen peroxide[10] and water (W)[11] were used, newer vapor
pressure data for water[11] were used, second virial coeffi-
cients, required for nonideal gas corrections, were calculated
by using current, well-tested empirical equations of Tsono-
poulos,[12] and data were discovered in the Kavanagh thesis[8]


supporting a small correction for hydrogen peroxide decom-
position. Combining the pure hydrogen peroxide vapor pres-
sure data of Maass and Hiebert[13] with the pure hydrogen
peroxide vapor pressure data from the present work, new
hydrogen peroxide VP–T equations have been derived, one
of which appears to be valid even close to the hydrogen per-
oxide critical region. From the fitting of the Scatchard
groupIs data to four parameter Redlich–Kister analyses (a
model-free approach),[14] equations for the temperature
functions of these latter parameters were derived. From
these functions values for the excess Gibbs energy, excess
entropy and excess enthalpy of mixing were calculated; the
values of the latter two parameters show the complexity of
H2O2–H2O mixtures that was not revealed by the excess
functions reported in the original work.[6h,8]


Theoretical Considerations


Many approaches to the analysis of isothermal, total vapor
pressure data of multicomponent liquid–vapor mixtures
have been reported.[15,16] The Redlich–Kister expansion for
the excess energy,[14] which was used in the original analy-
ses,[6h,8] is still held to be valid and convenient.[15, 16] Thus, a
four-parameter expansion for a binary mixture is given in
Equation (1), where X1 is the liquid mole fraction of water,
X2 the liquid mole fraction of hydrogen peroxide, and the Bi


values are parameters (calories mol�1 in equations used here
and in original analyses[6h,8]) to be determined from experi-
mental data at various temperatures.


gX
E ¼X1X2½B0 þ B1ðX1�X2Þ þ B2ðX1�X2Þ2


þB3ðX1�X2Þ3 þ . . . :�
ð1aÞ


or


gX
E ¼X1ð1�X1Þ½B0 þ B1ð1�2X1Þ þ B2ð1�2X1Þ2


þB3ð1�2X1Þ3 þ . . . :�
ð1bÞ


From the relations given in Equation (2a) and (2b), [17, 18]


where the mi
E values are excess chemical potentials, the Red-


lich–Kister expansion Equation (1b) leads to Equation (3)
and Equation (4), where m1


E and m2
E are the excess chemical


potentials for water and hydrogen peroxide, respectively.


m1
E ¼ gX


E þ ð1�X1Þ@gXE=@X1 ð2aÞ


m2
E ¼ gX


E�X1@gX
E=@X1 ð2bÞ


m1
E ¼ð1�X1Þ2½B0 þ B1ð1�4X1Þ þ B2ð1�2X1Þð1�6X1Þ


þB3ð1�2X1Þ2ð1�8X1Þ þ . . . :�
ð3Þ


m2
E ¼X1


2½B0 þ B1ð3�4X1Þ þ B2ð1�2X1Þð5�6X1Þ
þB3ð1�2X1Þ2ð7�8X1Þ þ . . . :�


ð4Þ


Equations (3) and (4) lead to the total vapor pressure
Equation (5), as detailed in standard texts,[15,16] that is the
heart of the original analyses[6h,8] (pressures in mm Hg),
where P is the total vapor pressure above a binary mixture,
P1 the water vapor pressure, P2 the hydrogen peroxide
vapor pressure (PHP), T the absolute temperature, R the gas
constant in appropriate units, IGC1 the imperfect gas correc-
tion for water, and IGC2 the imperfect gas correction for hy-
drogen peroxide.[19] The Scatchard groupIs initial analyses of
the H2O2–H2O experimental mixturesI vapor pressures only
considered three parameters B0, B1, and B2 with a fourth
linear temperature dependence folded into B0, that is, B0=


B0’+kt where k was a constant and t the temperature in
Celsius. The gas law deviations terms used in the present
analysis have the forms given in Equations (6) and (7),
where b1 and b2 are second virial coefficients for water and
hydrogen peroxide, respectively, V1 and V2 are the corre-
sponding liquid molar volumes at temperature T, d12=


2b12�b1�b2 where b12 is the second virial cross coefficient
and Y1 is the vapor mole fraction of water.


[15,16]
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P ¼P1X1exp½ðð1�X1Þ2=RTÞðm1E þ IGC1Þ�
þP2ð1�X1Þexp½ðX1


2=RTÞðm2E þ IGC2Þ�
ð5Þ


IGC1 ¼ ðb1�V1ÞðP�P1Þ=RT�Pð1�Y1Þ2d12=RT ð6Þ


IGC2 ¼ ðb2�V2ÞðP�P2Þ=RT�PY1
2d12Þ=RT ð7Þ


The calculation of the virial coefficients will be discussed
below. The initial analyses by ScatchardIs group[6h,8] only in-
cluded the first terms on the right of Equations (6) and (7)
and, as pointed out above, really only three Redlich–Kister
parameters in their fits. Also, subsequent calculations of
tables of H2O2–H2O mixturesI vapor pressures by them,[6h,8]


reviewers of their work,[7] and commercial tables[9] were all
formulated without consideration of any gas law deviation
term although the fit parameters used were derived with
one. It was found here that if the data is fit initially without
these corrections, significantly different fit parameters
result. Later work from the Scatchard group always included
the full Equations (6) and (7) correction terms[6j,k] in fitting
mixture vapor pressure data.
Here Equations (6) and (7)
were included both in the fits
and all subsequent calculations
on the mixture vapor pressures.
As detailed below, with four
Redlich–Kister parameters, iter-
ation of PHP and T and all the
gas imperfection terms, signifi-
cantly better fits to the data re-
sulted along with three values
for the pure hydrogen peroxide
vapor pressure that are signifi-
cantly different from those ob-
tained in the initial analyses.
The imperfect gas corrections
in the pressure range consid-
ered are in general small but
not insignificant. The second
terms on the right of Equa-
tions (6) and (7) always appear
to be substantially less than the
first terms.


The Fitting to the
Experimental
Measurements


Table 1 exhibits the original
data and the data corrected for
decomposition as discussed
below. To allow more ready
comparison with the original
work,[6h,8] extensive tables in
the literature[7] and currently
distributed manufactureIs litera-
ture on H2O2–H2O mixture
vapor pressures,[9] the pressure


units used here are atmospheres and mm Hg (where 1 at-
mosphere=1.01325 bar and 1 mmHg=1.33322 millibars=
1.3332237L102 Pascals).
In our initial consideration of the three sets of mixture


vapor pressure data from Scatchard et al.[6h,8] we obtained
fits in reasonable agreement with their results using their
dated water VP–T equation from Keyes,[20] their tempera-
tures of 333.16, 348.16, and 363.16 K, their pure hydrogen
peroxide vapor pressure estimates, their dated virial coeffi-
cient equations[21] for water and hydrogen peroxide, their
use of only one gas imperfection term (two terms seems to
be the norm now[15,16]), their use of three Redlich-Kister pa-
rameters, their use of a linear temperature term folded into
the Redlich–Kister B0 term and no consideration of a de-
composition correction to the mixturesI vapor pressures.[22]


Because of the number of experimental mixture vapor pres-
sure measurements at a particular temperature, it also
seemed valid to carry out a second set of fits including the
pure vapor pressure for hydrogen peroxide as a parameter.
This led to Redlich–Kister parameters substantially different


Table 1. Total vapor pressure for H2O2–H2O mixtures; all pressures in mmHg and temperatures in 8C.


Thesis measurements Present work
temp.[a] mole measured calcd[c] decomposition calcd
(real fraction vapor mole vapor minus iterated corrected minus
temp.)[b] water fraction water pressures measured temp. pressures[d] measured[g]


44.51 0.4860 0.8727 27.47 �0.06 – 27.397 –
(44.486)
60.01 0.0381 0.1028 19.43 �0.13 59.996 19.357 0.032
(59.991) 0.1577 0.4301 26.21 �0.11 26.137 �0.111


0.3169 0.7049 39.79 �0.33 39.717 0.282
0.4221 0.8243 52.01 0.37 51.937 �0.288
0.5925 0.9151 76.21 1.05 76.137 0.065
0.7190 0.9603 99.25 0.72 99.177 0.187
0.7964 0.9896 114.82 0.32 114.747 �0.233
0.9095 0.9946 135.35 0.36 135.277 0.067


75.01 0.0404 –[e] 42.28 0.44 75.072 42.207 �0.008
(74.999) 0.1428 0.3619 53.35 0.51 53.277 0.005


0.2540 0.6093 69.86 0.15 69.787 �0.092
0.4249 0.8166 105.30 �0.10 105.227 0.465
0.5037 0.8886 127.09 �1.03 127.017 �0.308
0.5101 0.8924 128.88 �1.00 128.807 �0.279
0.6759 0.9532 180.44 0.09 180.307 0.266
0.7223 0.9733 196.43 0.24 196.357 0.197
0.8028 0.9833 225.29 �0.19 225.217 �0.354
0.9255 0.9964 267.24 �0.47 267.167 0.090


90.01 0.0403 0.1142 84.92 �0.30 90.019 84.847 0.029
(90.011) 0.1582 0.4018 109.63 �0.75 109.557 0.108


0.3454 0.7284 165.37 0.32 165.297 �0.274
0.4882 0.8484 227.24 0.31 227.167 0.358
0.5020 0.8658 234.54 �0.08 234.467 0.016
0.6743 0.9541 331.99 �0.86 331.917 �0.394
0.8046 0.9765 411.73 0.64 411.657 0.350
0.9006 0.9911 471.07 0.04 470.997 �0.134


105.01 0.5015 0.8506 413.33 2.35 – 413.257 –
(105.026)


sum of squares of pressure errors 7.0051[f] 1.4277
absolute mean of pressure errors 0.4757[f] 0.1919


[a] Thesis temperatures are 0.018 lower, because t=T�273.16 was used instead of t=T�273.15. [b] Corrected
thesis temperatures. [c] From “temperature-smoothed” parameters. [d] 0.073 mmHg decomposition correction
subtracted from each thesis pressure measurement. [e] Insufficient sample for analysis in original work; value
used in the present work, 0.1085, has negligible effect on fit. [f] These are 12.532 and 0.524, respectively, when
measurements at 44.5 and 105 8C included. [g] Fits made with four Redlich–Kister parameters.
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from the former fits but essentially the same pure hydrogen
peroxide vapor pressures as previously reported.[6h,8]


It is clearly evident from Tables 1 and 2 that the “temper-
ature-smoothed” parameters (to be explained below) do not
reproduce the experimental mixture vapor pressures well at
the three temperatures in view of the vapor pressure experi-
mental error estimates in the thesis[8] of �0.01 to �
0.05 mmHg (and better than �0.01 8C). The fit errors in the
original work (shown in Table 1 and Table 2) with the un-
smoothed parameters derived from the individual sets of
data are much smaller (sum of squares of vapor pressure
errors 3.806, absolute mean error 0.327 and standard devia-
tion 0.390) than what is calculated from the “temperature-
smoothed” parameters (7.006, 0.420, and 0.524, respective-
ly). Also, the linear temperature term of the original work
for B0 does not compensate for the temperature dependen-
cies clearly evident in the parameters shown in Table 2.
On comparison of the fits of the present work and those


of the original work,[6h,8] the one shortcoming that stands
out in the latter then is the fact that results were “smoothed
with respect to temperature.” What this phrase means is
that the averages of each of the three parameters at the
three temperatures were taken as constants with a linear
temperature correction for B0. The results in the previous
work for B0’ and k in the expression B0=B0’+kt for each
data set were not given, but the “temperature-smoothed”
result B0=�752+0.97t was given. Thus, the extent of the
temperature variation of B0’ and k is not clear in the original
work.[6h,8]


An aspect of the fitting of mixture vapor pressure data
that appears not to have been recognized heretofore is that
the temperatures in the complex glass systems used in such
studies, even though carefully insulated from ambient tem-
peratures, are not constant at every location. This observa-


tion was first reported some 54 years ago by Uchida,
Ogawa, and Yamaguchi[1] in their studies of benzene–tolu-
ene mixtures and several other mixtures. They found that in-
dividual thermocouples gave rather different temperatures
depending on their location in the apparatus and on the rate
of heating, rate of condenser cooling liquid flow and the sur-
face area of the condensing vapor. These authors could find
no experimental settings that completely eliminated the
small temperature differences within the volume of their
well-insulated apparatus. They did not consider iteration of
the temperature in the analysis of their data.
It should be noted that usually mixture vapor pressure ap-


paratuses are calibrated using water and multijunction ther-
mocouple systems. The heating system is usually set to ach-
ieve a desired temperature based on the relation of EMF to
a VP–T equation for water.
In unpublished mixture vapor pressure work by one of


the present authors an array of eight precision-matched
thermocouples was employed in the usual, complicated
boiler-condensation system used in mixture vapor pressure
measurements.[23] Water was used for the temperature cali-
brations. The system was used for determination of mixture
vapor mole fractions of binary systems where one compo-
nent was very flammable. However, the electronics in this
apparatus allowed individual thermocouples to be sampled.
This latter provision was made in light of the observations
by the former Japanese workers.[1] Differences from �0.01
to as large as �1.00 K from location to location in the
volume of the well insulated apparatus (also fitted with a
circulation fan) were found to exist in studies of various sol-
vent mixtures and even in the water calibrations. These dif-
ferences again depended strongly on the rate of heat input
and condenser coolant flow rate and could not be eliminat-
ed completely. In the original Scatchard, Kavanagh, and


Table 2. Redlich–Kister parameters, PHP values, T values, and goodness of fit parameters.


Source
and T[a] B0


[b] B1
[b] B2


[b] B3
[b] PHP


[c] AME[d] SDE[e] SSQPE[f]


thesis (three parameters with B0=B0’+kT)
333.16 �690.5 109.4 12.6 – 17.56 0.4625 0.5385 2.0374
348.16 �686.3 56.4 �16.5 – 39.14 0.2960 0.3505 1.1234
363.16 �661.4 92.5 42.0 – 77.93 0.2288 0.2981 0.6451


group errors totals 0.3265 0.3901 3.8059
thesis (temperature-smoothed parameters)
333.16 �694.0 85.0 13.0 – 17.6 0.4238 0.5510 2.1277
348.16 �679.0 85.0 13.0 – 39.1 0.4220 0.5462 2.8698
363.16 �665.0 85.0 13.0 – 77.9 0.4125 0.5279 2.0082


group error totals 0.4196 0.5241 7.0057
group error totals with 317.66 and 378.16 K points 0.4757 0.6811 12.5318
present work (three parameters)
333.290 �689.5965 128.6024 �14.3819 – 17.457 0.2586 0.3370 0.7949
348.208 �689.5556 60.8988 �29.0154 – 39.056 0.2116 0.2799 0.7049
363.095 �659.4681 88.7518 31.8563 – 77.900 0.3368 0.4243 1.2601


group error totals 0.2646 0.3323 2.7598
present work (four parameters)


333.146 �732.1492 86.7641 �86.6240 �139.8383 18.304 0.1579 0.1976 0.2733
348.222 �680.0356 70.3986 �10.7520 27.9217 38.652 0.2064 0.2667 0.6403
363.169 �641.6787 108.6281 63.0625 59.4221 76.340 0.2079 0.2703 0.5115


group error totals 0.1919 0.2388 1.4251


[a] In K. [b] Units of Bi values are calmol
�1 here as in the original work (references[6h] and [8]). [c] Pressure in mmHg. [d] Absolute mean error of ex-


perimental vapor pressure measurements minus calculated in mmHg. [e] Standard deviation of latter differences. [f] Sum of squares of experimental
vapor pressure measurements minus the calculated.
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Ticknor work[6h,8] a 20-junction thermocouple system was
employed, but no details regarding the placement of the in-
dividual thermocouples was given or how matched in preci-
sion the individual thermocouples were. It has been found
here that the goodness of the fits of their data for H2O2–
H2O mixtures are extremely sensitive to very small varia-
tions of temperature (i.e. �0.002 K).
Thus, it is argued here that various mole fraction mixtures


give rise to mixture vapor pressures reflecting an average
temperature in the apparatus with the temperature slightly
different at different points in the apparatus volume for the
same EMF setting, no matter how carefully the system is in-
sulated from ambient temperature and how carefully the
input energy and condensation parameters are held constant
or regulated. For mixtures these small temperature differen-
ces possibly might be due to each mole fraction mixture ex-
hibiting slightly different heat transfer properties stemming
from the heat of vaporization differences of the compo-
nents.[24] Thus, it is felt that it is totally reasonable to expect
the goodness of fit for mixtures vapor pressure data at a
nominal temperature to exhibit a dependence on very small
changes of temperature. Other sets of mixture vapor pres-
sure data from the Scatchard group[6g, j,k] have been tested
and in every case the fits were very sensitive to very small
temperature variations of the order of �0.002 K. Always
significant improvements in the fits to the observed mixture
vapor pressures were found upon iteration of the tempera-
ture but always the best fit temperature was close (i.e.
within �0.3 K) to the temperature stated in the original
works. It is suggested here that the effect first observed by
Uchida, Ogawa, and Yamaguchi[1] represents an unrecog-
nized source of error in the analysis of vapor pressure data
for multicomponent systems. The implication of this sugges-
tion is that the iterated temperature arrived at represents an
average for a suite of vapor pressure measurements of vari-
ous mixture mole fractions for a particular setting of heater-
condensation parameters. The temperature differences be-
tween mixture mole fractions will be small and also repre-
sent an error contribution to any pure component vapor
pressure determined and to the resulting fit parameters.
The final fits carried out in the present work used the new


constants and equations derived below, the pure hydrogen
peroxide vapor pressure as a parameter, the iteration of the
absolute temperature, the inclusion of two gas imperfection
terms, the use of four Redlich–Kister parameters, and the
iteration of the water and hydrogen peroxide vapor phase
mole fractions.[25] These latter two parameters makes only


very insignificant contributions to the goodness of fit.
Table 1 and 2 exhibit the parameter results plus fits from the
original work and fits using three and four Redlich–Kister
parameters with iteration of T and PHP; the fits made with-
out any corrections for gas imperfection also gave different
parameters and somewhat different PHP values (not exhibit-
ed here). As the temperature was iterated, the water vapor
pressures going into Equation (5) were calculated from An-
toine equations[26] with a small added correction which was
a part of the fit equations in the fitting program. For each T
the sum of squares of the pressure residuals were monitored
and the T varied to give a minimum. At the same time the
water and hydrogen peroxide vapor mole fractions calculat-
ed were put back in the fit equations in the imperfect gas
correction terms.[25] As can be seen the final values of T are
not much different from the corrected values of T of the
original work. The pure hydrogen peroxide vapor pressures
from the three-parameter Redlich–Kister fits made here are
essentially the same as those in the original work and the fit
to the experimental data somewhat better than the latter
analyses.
The classic, two-parameter VP–T Equation (8) (pressure


in mm Hg), which is valid over small temperature ranges,
where A and B are constants, was used as a test of the pure
vapor pressures obtained in the various fits.


log10 PHP ¼ Aþ B=T ð8Þ


In Table 3 some of these results, which include those from
the original work and the fits (always using two gas imper-
fection terms) using three parameters and four parameters,
are shown. The pure hydrogen peroxide vapor pressure fits
to Equation (8) from the former two fits all exhibited devia-
tions far exceeding the estimated experimental mixture
vapor pressure errors of �0.01 mmHg for pressures above
100 mmHg and between �0.02 and �0.05 mmHg below
100 mmHg.[8] However, as shown in Table 3, the three pure
hydrogen peroxide vapor pressures from the latter four-pa-
rameter analyses exhibit a very precise fit to the simple two-
parameter Equation (8) in the 60–90 8C range. The latter fit
errors to Equation (8) were somewhat less than the Equa-
tion (8) fit errors of the new water vapor pressure data[11]


over the same temperature range or over the same vapor
pressure range.


Table 3. Fits of PHP values (mmHg) from experimental data with the two-parameter equation log10PHP=A + B/T, where A and B are least-square con-
stants determined from three values of PHP at the values of T indicated.


T[a] PHP
[b] PHP


Eq (8) DPEq (8) PHP
Eq (9) DPEq (9) T[b,c] PHP


[c] PHP
Eq (8) DPEq (8)


333.15 17.56 18.014 0.454 17.530 �0.030 333.146 18.304 18.296 �0.008
348.15 39.14 38.698 �0.442 38.446 �0.694 348.222 38.652 38.558 0.008
363.15 77.93 78.044 0.114 78.236 0.306 363.169 76.340 76.330 �0.002
absolute mean error 0.337 0.343 0.006
standard deviation 0.452 0.509 0.008


[a] In K. [b] From three-parameter Redlich–Kister fits of references [6h,8]. [c] From fits with four Redlich–Kister parameters, with hydrogen peroxide
vapor pressure as a fifth parameter and with temperature and hydrogen peroxide vapor mole fraction iterations.
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Hydrogen Peroxide Vapor Pressure–Temperature
Equations


The original workers[6h,8] used three pure hydrogen peroxide
vapor pressure values[27] and a modified Ramsey–Young
treatment[28] to derive the four-parameter hydrogen peroxide
VP–T equation given in Equation (9) (pressure in mmHg),
and, as discussed below, it was initially used here to estimate
the hydrogen peroxide boiling point.


log10 PHP ¼44:5760�4025:3=T�2:9960 log10 T
þ0:0046055T


ð9Þ


Here a different and perhaps more valid approach has
been taken to derive hydrogen peroxide VP–T equations.
The three pure hydrogen peroxide vapor pressures from the
four-parameter Redlich–Kister fits discussed above and the
21 pure hydrogen peroxide vapor pressure data points of
Maass and Hiebert[13] were next combined to derive VP–T
equations. We realized that Maass and Hiebert estimated
errors[13] of �0.1 mmHg and �0.1 K are significantly great-
er than those estimated for the Scatchard groupIs mixture
vapor pressure measurements, but it was felt that successive
least squares fitting of these data combined with three PHP


values from the fits of the present work would flag one or
more data points in substantial error which could be thrown
out in the next iteration; always the three PHP values deter-
mined here were kept. Four- and seven-parameter VP–T
equations were sought. Variant data points of these former
workers exhibiting fit errors greater than �0.3 mmHg were
eliminated in successive iterations. The criteria of a mini-
mum of 10 points and inclusion always of the three PHP


values from the present work were set for the determination
of the four- and seven-parameter VP–T equations. The fit-
ting and data point elimination procedure cut off at 11 re-
maining points when the absolute mean deviation was �
0.080 mmHg and the standard deviation was 0.12 mmHg;
these values are close to the corresponding errors estimated
by Maass and Hiebert.[13] Attempts to derive similar VP–T
equations for hydrogen peroxide using the vapor pressures
from the three-parameter Redlich–Kister fits or the Wilson
treatment[29] fits (not exhibited here), combined with the
Maass and Hiebert[13] data, yielded no satisfactory equations.
Thus, the four-parameter Redlich–Kister excess energy ex-
pansion with two gas imperfection terms leads to much im-
proved fits, PHP values at three different temperatures that
exhibit extremely good fits to Equation (8) over the range
60–90 8C and, combined with selected data of Maass and
Hiebert,[13] give the seven- and four-parameter pure hydro-
gen peroxide VP–T equations given in Equation (10) and
(11) (pressures in mm Hg; temperature in K).


log10 PHP ¼24:8436�3511:54=T�4:61453 log10T
�3:60245	 10�3T�7:73423	 10�6T 2


þ1:78355	 10�8T 3�2:27008	 10�13T 4


ð10Þ


log10 PHP ¼38:8572�3627:72=T�1:2133 log10T
�4:74132	 10�2T


ð11Þ


The values of mixturesI vapor pressures and hydrogen
peroxide vapor mole fraction are strongly influenced by the
VP–T equation(s) used in mixture vapor pressure Equa-
tion (5). The differences of mixture vapor pressures between
the present results and those of the original analysis are
larger (ranging from 10–23%) at the lower temperatures (0–
40 8C) and at large hydrogen peroxide mole fractions as ex-
hibited in Table 4. Deviations of the hydrogen peroxide
vapor mole fractions as high as 29% were found in the
lower temperature range (0–40 8C) (see Table 5) which is
that most important temperature in COH radical generation
work.[2] These deviations indicate the shortcomings of the
previously reported four-parameter hydrogen peroxide VP–
T Equation (9).[6h,8] Deviations at higher temperatures were
in general smaller. The satisfactory agreement with the re-
sults of GiguRre and Maass[30] at 30 8C for H2O2–H2O mix-
tures (average error of �0.15 mmHg or �1.9%) supports
the validity of the above hydrogen peroxide VP–T equations
and also the Redlich–Kister parameter temperature func-
tions for the lower temperature range[31] that are derived
below. The limitations of Equations (10) and (11) have been
tested several ways. As discussed below, the Equation (10) is
not valid either in the critical region or at a Tr (Tr=T/Tc


HP


where Tc
HP is the hydrogen peroxide critical temperature) of


0.7, giving an unrealistic Pc
HP (hydrogen peroxide critical


pressure), and an wHP (hydrogen peroxide acentric factor)
which is way too low. Table 6 compares the vapor pressures
for Equations (9), (10), and (11) over the range 0 to 160 8C.
The deviations of Equation (9) from the results of Equa-
tions (10) and (11) are very significant at most temperatures
except in the 60–90 8C range. The differences between Equa-
tions (10) and (11) between 0 and 90 8C are not significant,
but above 90 8C the PHP from Equation (10) significantly ex-
ceeds that from Equation (11). As discussed below, the Pc


HP


calculated from Equation (11) is very close to the corre-
sponding state theory[32–35] estimate of 249.4 atm, so Equa-
tion (11) seems valid for vapor pressure estimates in the
higher temperature range even up to the critical region.
A more telling test of the range of validity of Equa-


tions (10) and (11) comes from calculations of the hydrogen
peroxide heat of vaporization, Hv, in regions where the
higher order virial coefficients (i.e. third and higher ones)
are not important, from Equation 12[36,37] where VL and Vsat


are the molar volumes of the liquid and saturated vapor, re-
spectively, Psat is the corresponding vapor pressure and bHP
is the hydrogen peroxide virial coefficient.


DHv ¼ RT2ð1�VL=VsatÞð@lnPsat=@TÞð1þ bHP=VsatÞ ð12Þ


It was found that the DHv values from the vapor pressure
Equation (10) above 90 8C did not diminish at the rate one
would expect and by 115 8C actually were increasing signifi-
cantly, as shown in Table 7. This behavior is counter to the
expected behavior for a DHv. Careful scrutiny of the first
and second derivatives of Equation (10) indicated significant
deviations from those of Equation (11) (and Equation (9)
too) above 90 8C. Thus, although Equation (10) is valid from
0 to 90 8C, above the latter temperature Equation (11) was
used in the present work.


Chem. Eur. J. 2004, 10, 6540 – 6557 www.chemeurj.org F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6545


Analyses of Mixture Vapor Pressure Data 6540 – 6557



www.chemeurj.org





Concerning the Temperature Dependence of the
Redlich–Kister Parameters


As exhibited in Table 2 for the various fits to the experi-
mental data with either a three- or four-parameter Redlich–
Kister approach, all the parameters are significantly temper-
ature dependent in the range of 60–90 8C. The linear T func-
tion for B0 and the “temperature smoothing” offered by the
Scatchard group insufficiently represent what is really hap-
pening. The percentage contributions of each term in the
Redlich–Kister chemical potential expansion and the imper-
fect gas correction terms as a function of T were evaluated
for various liquid mole fractions at the three nominal tem-
peratures 60, 75, and 75 8C. Results from these calculations
revealed that the predominant term by far is B0. Thus, it
would seem that its temperature dependence would be the
most important to characterize in some detail. To do this,
first it was assumed that none of the Redlich–Kister param-
eters are discontinuous; there is no evidence otherwise.
Second, the two mixture vapor pressures at the corrected t
values[38] of 44.486 8C (317.636 K) and 105.026 8C


(378.176 K), respectively, were assumed to have errors of
the same magnitude as the other mixture vapor pressure
measurements. Third, the following assumptions were made
regarding the temperature dependence of the B1, B2, and
B3 : B1 can be fitted to a Lorentzian curve from the three
values obtained in the fits by Equation (13), where the Ci


values are constants and the three values the B2 and B3 pa-
rameters can be fitted to sigmoid curves of the general form
given in Equation (14), where the Cij values are constants.


[39]


B1 ¼ C0 þ C1C2=pðC22 þ ðT�C3Þ2Þ ð13Þ


Bi ¼ C0j þ C1j=½1þ expfC2jðT�C3jÞg� ð14Þ


The parameters for Equations (13) and (14) are shown in
Table 8. For the two temperatures of 317.636 and 378.176 K
the values for Bi were then calculated from the above equa-
tions. These values, along with the two corresponding liquid
mole fractions, the temperature-dependent liquid molar vol-
umes, the appropriate virial coefficients, and the water and
hydrogen peroxide vapor pressures (calculated from vapor


Table 4. Total vapor pressure (mmHg) of hydrogen peroxide-water mixtures; % error with original work indicated in parenthesis.


Temp. Mole fraction hydrogen peroxide in liquid phase
[8C] 1.0 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0


0.0 0.352 0.486 0.714 0.996 1.326 1.727 2.225 2.822 3.470 4.082 4.585
(�22.7) (�16.8) (�16.9) (�14.0) (�8.9) (�4.0) (�1.2) (�0.5) (�0.6) (�0.5) (�0.1)


10.0 0.777 1.045 1.510 2.077 2.738 3.540 4.531 5.713 6.995 8.207 9.212
(�19.2) (�14.0) (�14.6) (�12.3) (�7.7) (�3.4) (�0.9) (�0.3) (�0.5) (�0.5) (�0.1)


20.0 1.612 2.137 3.014 4.094 5.351 6.868 8.736 10.958 13.364 15.642 17.542
(�15.8) (�11.3) (�12.3) (�10.6) (�6.6) (�2.7) (�0.5) (�0.1) (�0.4) (�0.4) (�0.1)


25.0 2.274 2.986 4.175 5.636 7.338 9.388 11.907 14.898 18.136 21.204 23.770
(�14.1) (�9.9) (�11.1) (�9.7) (�5.9) (�2.3) (�0.3) (0.1) (�0.3) (�0.4) (�0.1)


30.0 3.166 4.119 5.709 7.664 9.940 12.679 16.040 20.022 24.331 28.417 31.844
(�12.5) (�8.4) (�9.9) (�8.7) (�5.3) (�1.9) (�0.0) (0.2) (�0.3) (�0.4) (�0.1)


40.0 5.919 7.542 10.268 13.643 17.586 22.328 28.132 34.991 42.401 49.438 55.365
(�9.4) (�5.3) (�6.9) (�6.3) (�3.6) (�0.8) (0.6) (0.6) (�0.1) (�0.3) (�0.1)


50.0 10.590 15.382 21.860 28.652 35.615 43.266 52.118 62.245 73.041 83.399 92.588
(�6.5) (�15.9) (�22.2) (�21.8) (�17.6) (�12.3) (�7.8) (�4.7) (�2.6) (�1.0) (�0.0)


60.0 18.218 25.743 36.141 47.209 58.602 71.049 85.301 101.439 118.518 134.876 149.502
(�3.8) (�12.5) (�19.4) (�19.8) (�16.4) (�11.8) (�7.7) (�4.7) (�2.7) (�1.0) (�0.0)


70.0 30.262 42.098 58.303 75.796 93.986 113.747 135.997 160.735 186.601 211.373 233.839
(�1.4) (�10.3) (�17.3) (�18.5) (�15.9) (�11.9) (�8.2) (�5.2) (�2.9) (�1.1) (�0.0)


75.0 38.540 54.919 72.945 93.363 116.345 141.730 169.228 198.510 229.112 260.069 289.246
(�0.2) (�12.0) (�16.0) (�16.4) (�14.7) (�11.7) (�8.1) (�4.7) (�2.0) (�0.5) (�0.0)


80.0 48.719 61.703 76.878 96.843 122.895 155.072 192.337 233.065 275.451 317.359 355.327
(0.8) (�0.6) (0.5) (1.0) (0.7) (0.1) (0.0) (0.2) (0.3) (0.2) (�0.0)


90.0 78.236 96.906 119.670 148.859 186.631 233.284 287.480 346.897 408.847 470.163 525.921
(2.6) (�0.4) (0.4) (1.1) (1.1) (0.7) (0.4) (0.4) (0.4) (0.3) (�0.0)


100.0 116.181 147.075 180.413 222.488 276.409 342.676 419.550 503.934 592.176 679.865 760.000
(4.24) (0.6) (1.0) (1.5) (1.4) (1.0) (0.7) (0.6) (0.6) (0.3) (0.0)


110.0 172.781 213.359 256.643 310.878 380.173 465.315 564.238 673.126 787.415 901.504 1006.40
(5.7) (3.5) (5.0) (6.4) (7.0) (7.2) (7.2) (7.3) (7.3) (7.1) (6.8)


120.0 251.34 313.00 378.46 459.85 563.08 689.25 835.38 996.03 1164.67 1333.25 1488.72
(6.9) (3.0) (2.9) (3.1) (2.7) (2.1) (1.6) (1.2) (0.9) (0.5) (0.0)


130.0 358.29 441.84 530.33 639.93 778.63 947.95 1144.08 1359.94 1586.97 1814.54 2025.32
(8.0) (4.2) (4.1) (4.1) (3.6) (2.8) (2.1) (1.6) (1.1) (0.5) (0.0)


140.0 501.34 612.44 729.90 874.93 1058.05 1281.42 1540.23 1825.42 2125.96 2428.09 2709.15
(8.9) (5.3) (5.1) (5.1) (4.5) (3.5) (2.6) (1.9) (1.3) (0.6) (0.0)


150.0 689.57 834.81 988.12 1176.90 1414.83 1704.88 2041.12 2412.11 2803.93 3199.00 3568.19
(9.6) (6.3) (6.1) (6.0) (5.3) (4.2) (3.1) (2.3) (1.5) (0.7) (0.0)


160.0 933.62 1120.49 1317.47 1559.47 1864.01 2235.14 2665.65 3141.42 3645.06 4154.50 4632.83
(10.2) (7.1) (7.0) (6.9) (6.0) (4.9) (3.7) (2.7) (1.8) (0.8) (0.0)
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Table 5. Mole fraction of hydrogen peroxide above H2O2–H2O mixtures; % error with original work indicated in parenthesis.


Temp. Mole fraction hydrogen peroxide in vapor
[8C] 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9


0.0 0.0028 0.0087 0.0208 0.0430 0.0793 0.1350 0.2217 0.3698 0.6371
(�27.5) (�27.3) (�28.6) (�27.9) (�23.9) (�16.8) (�9.0) (�4.7) (�5.9)


10.0 0.0032 0.0099 0.0232 0.0472 0.0861 0.1451 0.2356 0.3870 0.6518
(�22.9) (�23.0) (�24.5) (�24.1) (�20.4) (�13.8) ( �6.5) (�3.0) (�4.7)


20.0 0.0036 0.0110 0.0256 0.0514 0.0928 0.1548 0.2489 0.4031 0.6651
(�18.3) (�18.7) (�20.6) (�20.5) (�17.1) (�10.9) (�4.3) (�1.6) (�3.8)


25.0 0.0038 0.0116 0.0267 0.0535 0.0960 0.1595 0.2553 0.4109 0.6715
(�16.0) (�16.6) (�18.6) (�18.7) (�15.5) (�9.5) (�3.6) (�1.0) (�3.5)


30.0 0.0040 0.0121 0.0279 0.0555 0.0992 0.1642 0.2616 0.4186 0.6779
(�13.7) (�14.4) (�16.6) (�18.8) (�13.9) (�8.3) (�2.5) (�0.5) (�3.2)


40.0 0.0044 0.0134 0.0300 0.0593 0.1054 0.1736 0.2749 0.4354 0.6924
(�8.2) (�9.4) (�12.2) (�13.1) (�10.8) (�6.0) (�1.2) (�0.1) (�3.1)


50.0 0.0046 0.0138 0.0315 0.0623 0.1111 0.1835 0.2909 0.4578 0.7137
(0.28) (�2.1) (�6.2) (�8.5) (�7.7) (�4.4) (�1.3) (�1.3) (�4.1)


60.0 0.0052 0.0151 0.0337 0.0657 0.1157 0.1899 0.2997 0.4693 0.7240
(2.2) (0.9) (�2.5) (�4.6) (�4.0) (�1.4) (0.8) (�0.4) (�3.8)


70.0 0.0060 0.0170 0.0366 0.0693 0.1200 0.1949 0.3057 0.4750 0.7255
(�0.8) (0.5) (�0.8) (�1.4) (�0.3) (2.0) (3.4) (1.5) (�2.6)


75.0 0.0064 0.0185 0.0389 0.0719 0.1239 0.1040 0.3233 0.4924 0.7172
(�1.2) (�2.7) (�2.2) (�1.0) (�0.0) (0.2) (�0.1) (�0.7) (�0.8)


80.0 0.0069 0.0193 0.0401 0.0741 0.1284 0.2125 0.3352 0.5006 0.7108
(�2.0) (�2.0) (�0.9) (�0.2) (�0.3) (�1.2) (�1.7) (�1.0) (0.8)


90.0 0.0076 0.0211 0.0435 0.0797 0.1367 0.2229 0.3455 0.5067 0.7098
(�1.1) (�1.4) (�0.6) (�0.1) (�0.3) (�0.9) (�1.0) (0.3) (2.2)


100.0 0.0083 0.0229 0.0469 0.0849 0.1439 0.2316 0.3542 0.5133 0.7131
(�0.1) (�0.6) (0.0) (0.5) (0.3) (�0.1) (�0.0) (1.2) (2.8)


110.0 0.0090 0.0246 0.5000 0.0899 0.1508 0.2401 0.3633 0.5215 0.7185
(1.1) (0.4) (0.9) (1.2) (1.0) (0.5) (0.6) (1.7) (3.1)


120.0 0.0096 0.0263 0.0531 0.0947 0.1576 0.2488 0.3730 0.5308 0.7255
(2.7) (1.7) (1.9) (2.0) (1.6) (0.9) (0.8) (1.8) (3.0)


130.0 0.0103 0.0280 0.0562 0.0995 0.1644 0.2575 0.3829 0.5405 0.7328
(4.2) (3.0) (2.9) (2.7) (2.0) (1.2) (0.9) (1.7) (2.8)


140.0 0.0110 0.0297 0.0593 0.1044 0.1712 0.2661 0.3926 0.5500 0.7400
(5.4) (3.9) (3.5) (3.1) (2.2) (1.2) (0.8) (1.5) (2.5)


150.0 0.0118 0.0315 0.0625 0.1093 0.1781 0.2748 0.4023 0.5593 0.7470
(6.34) (4.6) (4.0) (3.4) (2.3) (1.1) (0.6) (1.2) (2.2)


160.0 0.0125 0.0334 0.0658 0.1144 0.1851 0.2834 0.4119 0.5685 0.7538
(7.0) (5.1) (4.2) (3.4) (2.2) (0.9) (0.31) (0.9) (1.9)


Table 6. PHP in mmHg calculated from various equations.


Temp. [8C] 2-parm.[a] 4-parm.[b] 7-parm.[c] Thesis 4-parm.[d] Y-parm.�X-parm.[e] Thesis 4-parm.�X-parm.[e]


0.0 0.411 0.356 0.352 0.272 0.004 (1.1) �0.080 (�22.7)
10.0 0.865 0.781 0.777 0.627 0.004 (0.5) �0.150 (�19.3)
20.0 1.731 1.614 1.612 1.357 0.002 (0.1) �0.255 (�15.8)
25.0 2.407 2.274 2.274 1.952 0.000 (0.0) �0.322 (�14.2)
30.0 3.309 3.163 3.166 2.769 �0.003 (�0.1) �0.397 (�12.5)
40.0 6.069 5.910 5.918 5.360 �0.008 (�0.1) �0.558 (�9.4)
45.0 8.102 7.948 7.958 7.325 �0.010 (�0.1) �0.633 (�8.0)
50.0 10.720 10.579 10.590 9.899 �0.011 (�0.1) �0.691 (�6.5)
60.0 18.299 18.214 18.218 17.521 �0.004 (�0.0) �0.697 (�3.8)
70.0 30.279 30.277 30.262 29.839 �0.015 (�0.0) �0.423 (�1.4)
75.0 38.529 38.566 38.540 38.427 0.026 (0.1) �0.112 (�0.3)
80.0 48.693 48.753 48.719 49.077 0.033 (0.1) 0.358 (0.7)
90.0 76.283 76.261 76.269 78.200 �0.008 (�0.0) 1.931 (2.5)
100.0 116.666 116.181 116.452 121.058 0.271 (0.2) 4.877 (4.20)
105.0 143.068 142.091 142.675 149.118 0.584 (0.4) 7.027 (4.9)
110.0 174.512 172.781 173.886 182.528 1.105 (0.6) 9.747 (5.6)
120.0 255.748 251.342 254.546 268.650 3.205 (1.3) 17.308 (6.9)
130.0 367.759 358.294 366.117 386.760 7.824 (2.2) 28.466 (7.9)
140.0 519.610 501.338 518.448 545.601 17.110 (3.4) 44.263 (8.8)
150.0 722.267 689.575 724.145 755.430 34.569 (5.0) 65.855 (9.6)
160.0 988.812 933.624 999.372 1028.100 65.748 (7.0) 94.475 (10.1)


[a] Calculated from Equation (8). [b] Calculated from Equation (11). [c] Calculated from Equation (10). [d] Calculated from Equation (9). [e] Percent de-
viation indicated in parenthesis; up to 90 8C X is 7 and Y is 4; above 90 8C X is 4 and Y is 7.
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pressure Equation (10) for the lower temperatures and
Equation (11) for the higher temperatures) allowed B0 to be
varied until the observed mixture vapor pressures were ob-
tained. Thus, two more B0 values based on experimental
mixture vapor pressures were obtained. From much experi-
mentation it was determined that no single function could
be found that would fit all five of the B0 values. Thus, sever-
al functions were used to describe the behavior of B0. From
273.150 to 317.636 K, a Lorentzian was used; it was fit to
the B0 values at 317.636, 333.146 and 348.222 K (parameters
Ci). The average of a 2


o polynomial (parameters P1i) and a
Lorentzian (the same from the fit over the latter tempera-
ture range) was used from 317.636 to 348.222 K. From


348.222 K to 391.463 K, a 2o


polynomial (parameters P2i) was
fit to the B0 values at 348.222,
363.169, and 378.176 K; above
391.463 K B0 was taken as a
constant of �612.961. The com-
posite curve is shown in
Figure 1 and the parameters for
the various temperature regions
are given in Table 8. The B0


minimum at about 324 K and
increase at lower temperatures
are consistent, as mentioned
above, with the good four-pa-
rameter Redlich–Kister fit
found in the present work to


the limited vapor pressure results of GiguRre and Maass[30,31]


for HP–W mixtures at 30 8C.
For calculations of mixture total vapor pressures and


vapor mole fractions, a master program was developed. The
program includes sections that calculate the water vapor
pressures from a seven-parameter equation and, depending
on the temperature range, hydrogen peroxide vapor pres-
sures from four- or seven-parameter equations, temperature-
dependent liquid molar volumes, temperature-dependent
virial coefficients, and the four temperature-dependent Red-
lich–Kister parameters. The outputs are mixture vapor pres-
sures and vapor phase mole fractions calculated for the
liquid mole fraction water or hydrogen peroxide at any in-
crement desired. For comparisons the program also calcu-
lates mixtures vapor pressure data and vapor phase mole
fractions using the parameters and equations from the origi-


Table 7. Calculations of Hv (in calmol
�1) from Equation (24) for hydrogen peroxide which was used as a test


for Equations (9), (10), and (11).


Temp. [8C] Equation (9) Equation (11) Equation (10) %diff. Diff. II and III Experimental
col.I col.II col.III I and II (%diff. II and III)


0.0 12932 12126 12246 6.6 120 (1.0) 12620[a]


25.0 12587 11878 11913 6.0 35 (0.3) 12340[b]


45.0 12331 11695 11688 6.0 �7 (�0.1)
60.0 12149 11567 11550 5.0 �17 (�0.1)
75.0 11977 11446 11442 4.6 4 (�0.0)
90.0 11815 11330 11368 4.3 38 (0.3)
100.0 11712 11255 11340[c] 4.1 85 (0.8)
105.0 11662 11218 11332[c] 4.0 114 (1.0)
110.0 11613 11182 11330[c] 3.9 148 (1.3)
115.0 11565 11146 11333[c] 3.8 187 (1.7)
150.0 11260 10903 11498[c] 3.3 595 (5.6)


[a] W. T. Foley, P. A. GiguRre, Can. J. Chem. 1951, 29, 895–903. [b] P. A. GiguTre, B. G. MorTssette, A. W.
Olmos, O. Knop, Can. J. Chem. 1955, 33, 804–820. [c] Note here that Hv from Equation (10) passes through a
minimum and then begins to increase with temperature, which is wrong.


Table 8. Parameters for the Redlich–Kister temperature functions and
their first derivatives for B1, B2, B3 and the four regions of B0 ; see Equa-
tions (13), (14), and (16)–(21).


Para- Temperature Curve type Constants
meter range


Bo 273.150–317.636 K Lorentzian C0=�666.8830
C1=�2499.584
C2=8.261924
C3=327.4487


317.636–348.222 K average of above P10=17418.34
Lorentzian and 2nd P11=�109.9125
order polynomial P12=0.1663847


348.222–391.463 K 2nd order polynomial P20=�6110.401
P21=28.08669
P22=�0.03587408


391.463–433.150 K B0=�612.9613
B1 273.150–433.150 K Lorentzian C01=126.7385


C11=�2558.776
C21=12.33364
C31=343.1050


B2 273.150–433.150 K sigmoid C02=63.18354
C12=�149.9278
C22=0.4745954
C32=348.1642


B3 273.150–433.150 K sigmoid C03=59.42228
C13=�199.2644
C23=0.8321514
C33=346.2121


Figure 1. Composite B0 function. Red curve is Lorentzian; blue curve is
the average of a Lorentzian and a second-order polynominal; green
curve is second-order polynominal; purple curve is linear region; the ex-
perimental points are crosses. The units of B0 here are calories mol�1


(1 calorie=4.184 Joules) to correspond to the other Bi results in Table 2.
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nal analyses.[6h,8] Optional outputs are any or all of the other
quantities mentioned above and the percentage contribu-
tions for each term in the chemical potential expression.
The only inputs are the absolute temperature and a small
correction term to the seven-parameter water vapor pres-
sure equation given below. These results are exhibited in
Tables 4 and 5 with indications of the deviations from the
original work. As discussed above deviations as high as
22% for mixturesI vapor pressures were found. Hydrogen
peroxide vapor phase mole fraction deviations as high as
29% were found at the lower temperatures and around am-
bient temperatures which are those where much COH radical
generation work[2,3] and spectroscopy[3,4] are carried out.


Energy, Entropy, and Enthalpy of Mixing


The first of these quantities, gX
E, can be found by substitut-


ing the temperature-dependent Redlich–Kister parameters
into Equation (1b), where the terms Bi(T) are functions of
temperature.


gE ¼X1ð1�X1Þ½B0ðTÞ þ B1ðTÞð1�2X1Þ þ B2ðTÞð1�2X1Þ2


þB3ðTÞð1�2X1Þ3�
ð1b0Þ


In the original work B0=B0’+kt, where B0’ was “tempera-
ture-smoothed,” and the other Bi values were taken as the
“temperature-smoothed” constants. The excess entropy, sX


E,
is obtainable from Equation (15), where the constants come
from Table 8.


sX
E ¼�@gX


E=@T ¼ �X1ð1�X1Þ½@B0ðTÞ=@Tþ
@B1ðTÞ=@Tð1�2X1Þ þ @B2ðTÞ=@Tð1�2X1Þ2þ
@B3ðTÞ=@Tð1�2X1Þ3�


ð15Þ


When the full temperature functions obtained here for
the Bi values are inserted in Equation (15), a rather cumber-
some expression results. Also, remember that B0(T) has four
parts. The derivatives of the B0(T), B1(T), B2(T), and B3(T)
functions are given in Equations (16)–(21).


273.15 to 317.636 K


@B0=@T ¼ �2ða0=ð1þ a0
2Þ2ÞC1=pC22


where a0 ¼ ðT�C3Þ=C2
ð16Þ


317.636 to 348.222 K


@B0=@T ¼ 0:5½�2ða0=ð1þ a0
2Þ2ÞC1=pC22 þ P11 þ 2P12T�


ð17Þ


348.222 to 391.463 K (P2iIs from fit to 2o polynomial)


@B0=@T ¼ P21 þ 2P22T ð18Þ


T>391.463 K @B0/@T=0.0


@B1=@T ¼ �2ða1=ð1þ a1
2Þ2ÞC11=pC122 ð19Þ


where a1= (T�C13)/C12


@B2=@T ¼ �C21C22a2=ð1þ a2Þ2 ð20Þ


where a2=exp(C22(T�C23))


@B3=@T ¼ �C31C32a3=ð1þ a3Þ2 ð21Þ


where a3=exp(C32(T�C33))


Using the constants in Table 8 to evaluate Equation (1b’)
and, using the derivative expressions above in Equa-
tion (15), sX


E values were calculated. The excess heat of
mixing, hX


E, is calculated from the relation hX
E=gX


E +


TsX
E. For comparison all three quantities were also calculat-


ed using the “temperature-smoothed” constants from the
original work.[6h,8] Figures 2 and 3 exhibit these results for


the nominal temperatures of 60, 75, and 90 8C. It can be
seen that there are very significant differences between the
original work and the present treatment, especially for TsX


E


and hX
E in the region of 75 8C. These differences point up


the inadequacy of the previous results.
However, the gX


E values from both treatments are not
that different at all temperatures. The equations in the origi-
nal treatment yield a temperature-independent hX


E with
only very slight changes in gX


E and TsX
E with temperature.


The major contributions to the 75 8C sX
E in the present anal-


ysis are the slopes of the parameters near 75 8C. If one were
to consider approximate linear functions of temperature for
B0, B2, and B3 and the slope of a Lorentzian for B1 only
over the 75 8C region, TsX


E values nearly the same as those
obtained from the more complex temperature functions de-


Figure 2. H2O2–H2O excess functions at 75 8C. The red curves are from
the present work; the blue curves are from equations in references
[6h,7, 8]; the gE curves from the latter workers and the present work are
nearly identical.
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rived above result. Thus, from the very negative TsX
E values


in this temperature region it appears that some rather signif-
icant changes in the H2O2–H2O solution interactions are
taking place at certain mole fractions. These changes are not
reflected in the activity functions (given in the Supporting
Information). Figure 4 and Figure 5 exhibit the excess quan-
tities at four other temperatures. Noteworthy are the TsX


E


maximum around 50 8C and the complexities seen at 55 8C.
Further investigation of H2O2–H2O mixtures in all these
temperature regions by other techniques should reveal the
nature of the solution interaction changes hinted at by the
TsX


E behaviors seen here.


Discussion and Conclusions


Besides the current interest in the H2O2–H2O mixtures,[2–5]


the present results are of interest because the H2O2–H2O
system is probably the simplest binary system with extensive
hydrogen bonding where the hydrogen bonding of each
pure component should be very similar and because the de-
rived thermodynamic properties might shed light on existing


solution interactions. Although the ammonia–hydrazine
system (A–HA) might be seen as a similar pair, and al-
though there are more hydrogen bonding possibilities in
that system, the types of hydrogen bonds involved are much
weaker[41] so the solution interactions can be expected to be
less for ammonia–hydrazine mixtures than for the case of
H2O2–H2O mixtures.
The vapor pressures of H2O2–H2O mixtures have received


little attention since the work of Scatchard, Kavanagh, and
Ticknor[6h,8] of over 50 years ago. From the detailed evalua-
tion of these authorsI work, we conclude that the experi-
mental work was carefully done and the experimental data,
outside of several minor problems, is worthy of a contempo-
rary reanalysis using the approach outlined here and current
data fitting methodology. The only significant aspect of the
data with which we take issue concerns their neglect of a
small correction for hydrogen peroxide decomposition; Ka-
vanagh exhibited results[8] which he felt indicated that hy-
drogen peroxide decomposition was unimportant, but we
feel his results warrant that a small constant decomposition
correction be made to the original published data over all
the temperatures.


Figure 3. H2O2–H2O excess functions at 60 and 90 8C. The red curves are
from the present work; blue curves are from equations in references
[6h,7, 8].


Figure 4. H2O2–H2O excess functions at 25 and 50 8C. The red curves are
from the present work; blue curves are from equations in references
[6h,7, 8].
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In the present work various hydrogen peroxide physical
constant estimates, several other constants and several equa-
tions needed in the fitting have been updated as described
below. These include the following: use of new value for the
gas constant; new estimates of the hydrogen peroxide criti-
cal constants based on the theory of corresponding
states;[32–35] use of water vapor pressure and liquid density
data taken from a recent steam table update;[11] use of
newer hydrogen peroxide liquid density results;[21] use of the
empirical Tsonopoulos treatment for estimation of the hy-
drogen peroxide second virial coefficients.[12]


A weakness in the original analyses most definitely was
the “temperature smoothing” of the Redlich–Kister parame-
ters obtained by averaging the parameters from the separate
fits to the data at the three nominal temperatures 60, 75,
and 90 8C. That all the parameters are substantially tempera-
ture-dependent is evident (see Table 2) even in the original
work. The linear temperature dependence of B0 previously
suggested[6h,8] is definitely insufficient. The original descrip-
tion of the estimations of the pure hydrogen peroxide vapor
pressures from the three sets of data is somewhat confus-


ing.[27] It has been demonstrated here that these pressures
can be parameters in the analyses of the data. Further it was
shown above that fits with only three Redlich–Kister param-
eters, although leading to pure hydrogen peroxide vapor
pressure values essentially the same as found in the original
analyses, give pure hydrogen peroxide vapor pressure values
that fit poorly to two-, four-, or seven-parameter hydrogen
peroxide VP–T equations (see Table 3 and Table 4).
As shown here the goodness of the fits of mixture vapor


pressure are very sensitive to small changes (of the order of
�0.002 K) of temperature. The temperature iteration to a
least-squares minimum of the vapor pressure errors suggest-
ed here leads to much improved fits. The temperature ar-
rived at represents an average temperature seen by a suite
of mixtures where the average temperature of a particular
mole fraction mixture is slightly different at various loca-
tions within a well insulated apparatus, even though the
input energy and condensation parameters may have been
always set to give the same output of a multi junction ther-
mocouple system. This situation was first recognized by
Uchida, Ogawa, and Yamaguchi[1] some 54 years ago, but it
seems not to have been noted by other workers measuring
mixture vapor pressures. As mentioned above, the former
workers did not consider iteration of the temperature in the
analysis of their data. However, these workersI observations
were incorporated by one of the present authors in the
design of an apparatus for mixture vapor pressure measure-
ments[23] and led us in the present work to consider iteration
of temperature in our reanalysis of the Scatchard, Kava-
nagh, and Ticknor data.[6h,8] As suggested above, possibly a
major contribution to this effect arises from small differen-
ces in heat transfer for mixtures of different mole fractions
due to differences in the heats of vaporization of the compo-
nents.[24] This effect then represents a source of error in any
parameters determined from such data and needs to be
taken into account.
The findings discussed above and the demonstration that


the pure hydrogen peroxide vapor pressure can be extracted
from the mixture vapor pressure data should have signifi-
cant practical importance in mixture vapor pressure studies.
In the past for vapor pressure studies of pure hydrogen per-
oxide and other pure substances it was deemed necessary to
carry out laborious purifications to obtain materials as close
as possible to 100% purity. Previous studies of such hydro-
gen peroxide materials at temperatures much above 50 8C
appear to have been plagued by decomposition, whereas in
the case of mixtures that are 90% or so in hydrogen perox-
ide, the decomposition can be kept to a very low level as
was done by Scatchard, Kavanagh, and Ticknor.[6h,8] Thus,
for studies of mixture vapor pressures of two components at
a particular nominal temperature, if a good VP–T equation
for one component is known, the pure vapor pressure of the
other component should be determinable from the mixture
vapor pressure data. If enough different mole fraction mix-
tures are studied at a nominal temperature, it also should be
possible in some cases to determine the pure vapor pres-
sures of both components.[42] Also, The approach demon-
strated here can be extended to mixture vapor pressure data
involving more than two components.


Figure 5. H2O2–H2O excess functions at 40 and 55 8C. The red curves are
from the present work; blue curves are from equations in references
[6h,7, 8].
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The use of four Redlich–Kister parameters in the fitting
of the three sets of data considered herein led to much im-
proved fits and to three pure hydrogen peroxide vapor pres-
sure values that fit the two-parameter VP–T Equation (8)
very precisely over the range 60–90 8C. Combined with the
pure hydrogen peroxide vapor pressure data reported by
Maass and Hiebert,[13] reasonable four- and seven-parameter
VP–T equations could be derived. It was found that the
seven parameter equation is not valid above 90 8C, but the
four parameter equation appears to give reasonable pres-
sure estimates even up to the critical region.
Attempts at fittings with five Redlich–Kister parameters


and with PHP and T iterations, for reasons that are not clear,
did not lead to stable solutions, reasonable pure PHP values,
or much improved agreements with the experimental data.
Perhaps, as suggested elsewhere[15,16] these sets of data may
not be accurate and extensive enough to warrant use of
more parameters than six.
To derive temperature functions for the four Redlich–


Kister parameters, B0, B1, B2, and B3, some assumptions, de-
scribed above, were adopted regarding the nature of the
temperature dependencies. These led to relative simple tem-
perature equations for these functions. The Gibbs excess en-
ergies of mixing, gX


E, were calculated from these tempera-
ture-dependent Redlich–Kister parameters; the values
found indicated negative deviations from ideal mixtures at
all temperatures. The excess entropy, sX


E, was calculated uti-
lizing the temperature derivatives of the four Redlich–
Kister parameters equations; the sX


E behavior is driven by
the nature of the derivatives of the temperature dependen-
cies of the four Redlich–Kister parameters. It varies from a
very small positive value near 0 8C to a maximum positive
value near 50 8C to a very negative minimum near 75 8C to
small negative values at 120 8C for large XHP and small posi-
tive values at 120 8C for small XHP. The sX


E behaviors in the
40, 55, and 75 degree regions (see Figure 2 to Figure 5)
appear very complex and warrant further investigation by
other techniques. The naive linear temperature correction to
B0 put forth in the original work[6h,8] could give no hint of
the complex behavior our reanalysis of the experimental
data suggest. Also, the results in the original work lead to a
temperature-independent hX


E which is certainly wrong.
It is hoped that the results presented here and the recent


interest in H2O2–H2O mixtures[2–5] will stimulate further
studies of this system. A better characterization of H2O2–
H2O mixtures at temperatures below 60 8C and down to am-
bient temperatures should be feasible; such results would
test further the assumptions and analyses made in the pres-
ent work regarding the parameter temperature dependen-
cies and should provide further pure hydrogen peroxide
vapor pressure values. It would appear that a vast amount
of mixture vapor pressure data in the literature could be
fitted substantially better in light of the results presented
here.


Estimation of Constants, Derivation of Density
Equations and Review of Data


Concerning the experimental data : The experimental work
displayed in detail in the Kavanagh thesis[8] has been care-
fully scrutinized.[43] Detailed study of the rates of decompo-
sition of hydrogen peroxide have been reported by
Schumb.[44] It was not expected[8] that the decomposition
rates for hydrogen peroxide would be as low as was found
in this latter study due to the large and complicated surface
of the vapor pressure apparatus. For various mole fraction
mixtures at temperatures of 60, 75, and 90 8C measurements
were made by Kavanagh[8] of the pressure rise in the experi-
mental system during the time of a usual run. The small
pressure rise observed at all temperatures did indeed signifi-
cantly exceed what would be expected from the work of
Schumb.[44] However, it was concluded that the amount of
decomposition “would not affect the results appreciably.”[8]


We disagree with this conclusion as it appears that the aver-
age extent of decomposition is nearly the same at all the
three temperatures and all the mole fractions studied. This
perhaps indicates some catalytic region of constant area at
some site within the apparatus. Thus, a small correction of
�0.073 mmHg was applied to the original vapor pressure
measurements in the present analysis. The original experi-
mental data are exhibited in Table I along with the data cor-
rected for this decomposition.[38] As mentioned above the
mixture vapor pressures are given here in mmHg
(1.0 mmHg=1.3332237L102 Pa) to facilitate comparisons
with the original data and analyses,[6k,8] the results in an ex-
tensive review of the original work[7] and currently available
commercial data sheets describing the vapor pressures of
HP–W mixtures.[9] In other places pressure units used are at-
mospheres or bars (1.0 atm=1.013250 bar).


Calculation of molecular volumes and water vapor pressure
equation : Temperature-dependent values of water and hy-
drogen peroxide liquid molecular volumes are required for
the gas law deviation corrections and for the empirical cal-
culations of the virial coefficients described below. The orig-
inal work[6h,8] used the hydrogen peroxide liquid density re-
sults of Huckaba and Keyes[45] extrapolated from results at 0
and 20 8C to the region 60–90 8C; this extrapolation seems a
little unrealistic. In the present work the newer liquid densi-
ty equation [Eq. (22)] of Easton, Mitchell, and Wynne-
Jones,[10] based on measurements at 0, 10, 25, 50, and 96 8C,
was used, where a is the density of water at t [oC], w the wt.
fraction of hydrogen peroxide (here w=1.00) and b, c, and
d are functions given elsewhere.[7,10]


1HP ¼ aþ bwþ cw2 þ dw3 ð22Þ


The water liquid density function developed here is based
on the density data contained in the new steam table.[11]


Equation (23) represents the simplest equation that gave a
precise fit to the experimental data.


1W ¼ 1:0000þ c1T þ c2T2 þ c3=T þ c4=T2 ð23Þ
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However, two sets of ci values were required. The first set
fit over the range 0 to 52.5 8C and the second set over the
range 52.5 to 160 8C. The first set of parameters were de-
rived from 14 values which included data at 18 intervals
from 0 to 8 8C and at 108 intervals to 50 8C. These parame-
ters reproduced the density maximum around 4 8C. The
second set of parameters were derived from 12 values start-
ing at 55 8C with values at 10 8 intervals from 60 8C to 160 8C.
Possibly these two sets of parameters might be of use to
others in certain cases so they are shown in Table 9. The


water and hydrogen peroxide liquid density equations de-
scribed above then were used to calculate the liquid molecu-
lar volumes at various temperatures using the molecular
weights of 18.016 for water and 34.016 for hydrogen perox-
ide.
The seven-parameter VP–T equation (24); pressure in


mmHg) for water derived from the new steam table data[11]


was used in the simulation program described above.


log10 PW ¼19:389127�2861:9133=T�3:2418662 log10T
�1:0799994	 10�4T�7:9189289	 10�6T2


þ1:5411774	 10�8T3�8:1926991	 10�12T4


ð24Þ


From comparisons with the steam table data a very small
correction to this equation needed to be made above 100 8C.


Hydrogen peroxide boiling point, critical constants, and
Pitzer acentric factor : The conditions for the experimental
determination of hydrogen peroxide critical constants prob-
ably will never be realized. For empirical calculations of
virial coefficients needed for the gas law corrections terms
estimates of these parameters are required. A good estimate
of the hydrogen peroxide critical temperature, Tc


HP, can be
made based on corresponding state theory.[32–35] This ap-
proach says that the ratio of the atmospheric boiling points
of water, Tb


W, and its critical temperature, Tc
W, is the same


for a closely related substance, in this case the ratio Tb
HP/


Tc
HP. The required boiling point of pure hydrogen peroxide


at atmospheric pressure (Tc
HP) has not been measured.


However, three estimates have been reported. Maass and
Hiebert[13] estimated this boiling point in two ways. From
the classic, two-parameter VP–T equation (pressure in
mm Hg), given in Equation (8) they calculated a value of
151.1 8C. Their other estimate was derived from the
Ramsey–Young extrapolation approach,[28] which assumes
that the ratio between temperatures at which a substance
whose vapor pressure is to be extrapolated and a reference
substance with similar solution properties or interactions has
the same vapor pressure is taken as a linear function of tem-
perature. A value of 151.4 8C was calculated; thus, both esti-


mates are very close. The other hydrogen peroxide boiling
point estimate was derived by the Scatchard group[6h,8] by a
somewhat modified Ramsey–Young[28] treatment that yield-
ed the four-parameter hydrogen peroxide VP–T Equa-
tion (9) (pressure in mm Hg) exhibited above.
Equation (9) gives a boiling point of 150.2 8C. This value


gives a Tc
HP value of 730.2 K, which was used initially in the


present work to obtain the first estimated values of the
second virial coefficients from the empirical equations de-
scribed below. The results of the new fits with four Redlich–
Kister parameters discussed above yielded significantly dif-
ferent values for the three pure hydrogen peroxide vapor
pressures at the three nominal temperatures of “60”, “75”
and “90” oC. These values and selected data from Maass and
Hiebert[13] were combined, as described above, to give the
four- and seven-parameter hydrogen peroxide VP–T Equa-
tions (11) and (10) yielding boiling points of 153.155 8C
(426.305 K) and 151.478 8C (424.628 K), respectively. These
boiling points led to very slightly different critical constants,
slightly different virial coefficients and different Redlich–
Kister parameters, but no significant changes in the pure hy-
drogen peroxide vapor pressures arising from the second
rounds of fitting to the experimental measurements by four
Redlich–Kister parameters and iteration of T and PHP.
With Tc


W=647.3 K[46] and with the assumption that the
ratio Tc


HP/T
c
W is approximately equal to the ratio Tb


HP/T
b
W,


Tc
HP values of 736.6 or 739.5 K are yielded, depending on


whether the boiling point is 151.478 or 153.155 8C, respec-
tively. For comparison applying this concept to the ammo-
nia–hydrazine pair, which are certainly also molecules
having significant hydrogen bonding interactions in the
liquid, the hydrazine critical temperature, Tc


HZ, is calculated
as 653.9 K compared with a literature value of 653 K;[46] this
result supports the corresponding state theory estimate[32–35]


of Tc
HP made above.


Several suggestions have been made for estimation of the
critical pressure. One is that insertion of the critical temper-
ature into a VP–T equation will give the critical pressure.
Kavanagh[8] calculated a Pc


HP value of 214 atm from Equa-
tion (9), which seems too low and is less than the 218.3 atm
Pc


W of water.[46] For the ammonia–hydrazine pair (A–HZ)
the former has a Pc


A value of 112.0 atm[46] and the latter a
Pc


HZ value of 145 atm.
[46] Another pair of molecules that sug-


gests that the value of Pc
HP should be significantly greater


than that of Pc
W is the methylamine–methyl hydrazine pair


(MA–MH), in which the former has a Pc
MA value of


73.3 atm and the latter a Pc
MH value of 81.3 atm.[46] Using


the seven-parameter hydrogen peroxide VP–T equation
[Eq. (10)], Pc


HP is estimated as 1837 atm which is unreasona-
bly high and higher than any known value for a critical pres-
sure. Thus this seven-parameter VP–T equation definitely is
invalid close to the critical region. However, the four-param-
eter VP–T equation [Eq. (11)] gives a value of 255.0 atm. In
the original work Pc


HP was also required for calculation of
the virial coefficients. Although the above Kavanagh value
was exhibited as Pc


HP, the value used for calculation of the
virial coefficients appears to have been based on the as-
sumption that the ratio Pc


W/T
c
W is approximately equal to


the ratio Pc
HP/T


c
HP. The Tc


HP of 730 K calculated in the origi-


Table 9. Parameters for liquid water density functions based on new steam
table density data[11] fitted by equation 1w=1.000+c1T+c2T


2+c3/T+c4/T
2.


T range [K] c1 c2 c3 c4


273.15–328.15 �3.171838L10�3 4.279879L10�6 367.0906 �59.47127
328.15–433.15 4.718129L10�4 �1.709110L10�6 27.28696 �7352.166
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nal work[8] gives a Pc
HP value of 247 atm. For compounds


that have very similar interactions in the liquid there is sup-
port for this approximation from the law of corresponding
states.[32–35] This assumption then gives Pc


HP as 248.4 atm for
the boiling point at 151.5 8C and 249.4 atm for the boiling
point at 153.2 8C. This assumption applied to the ammonia–
hydrazine pair gives a Pc


HZ value of 180.4 atm, which is 24%
higher than the literature value of 145 atm.[46] On considera-
tion of the pair methylamine–methyl hydrazine, a Pc


MH


value of 96.7 atm is calculated, which is 19% higher than
the literature value of 81.3 atm.[46] Its effect in calculations
below being small, Pc


HP was taken as 252.2 atm, the average
derived from the four-parameter VP–T equation [Eq. (11)]
and the corresponding state theory estimate based on the
153.2 8C boiling point.
The final two constants required in the Tsonopoulos virial


coefficient calculations[12] are the hydrogen peroxide critical
volume, Vc


HP, and the Pitzer acentric factor,[47] wHP. Here
two estimates of Vc


HP have been made. The first was made
from the Equation (25) (volume in cm3) of Tyn and
Calus,[48,49] where Vb is the liquid molecular volume at the
normal boiling point and Vc the critical volume.


Vb ¼ 0:285ðVcÞ1:048 ð25Þ


For water Equation (24) gives Vc
W as 53.7 cm3mol�1 which


is 5.9% lower than the experimental value of
57.1 cm3mol�1.[46] When applied to hydrogen peroxide using
the liquid density functions discussed above, which gives a
molecular volume of 27.6 cm3mol�1 for the boiling point
153.2 8C, a Vc


HP value of 77.4 cm3mol�1 is obtained. We
chose to scale this value up by the deviation noted for water
to give a Vc


HP value of 82.3 cm
3mol�1. Another estimate can


be made from corresponding state theory arguments[32–35]


that the ratio of the liquid molecular volumes of similar liq-
uids at their atmospheric boiling points are in the ratio of
their critical volumes; this gives Vc


HP as 83.7 cm
3mol�1. The


average of these two estimates, 83.0 cm3mol�1, has been
used in the present work.


The Pitzer acentric factor, wHP, reflects the noncentral
nature of intermolecular forces. It has been defined by
Equation (26)[47] where Ps is the vapor pressure calculated
from a vapor pressure equation at T with the reduced tem-
perature, Tr, of 0.7 and Tr=T/Tc.


w ¼ �log10ðPs=PcÞTr¼0:7�1:000 ð26Þ


For water Equation (26) gives a w value of 0.344, which is
the accepted value.[46] Using the seven- and four-parameter
VP–T equations for hydrogen peroxide derived below and
Equation (26), we calculated values of 0.244 and 0.417, re-
spectively. The former value seems way too low, which indi-
cates that even at a Tr of 0.7 (575.7 K, 242.5 8C) the seven-
parameter VP–T equation [Eq. (10)] is not valid. One can
again draw a comparison with the ammonia–hydrazine pair,
for which the w values are 0.244 and 0.316, respectively.[46]


The 0.417 value for wHP given by the four-parameter VP–T
equation [Eq. (11)] then seems reasonable and has been
used here. Table 10 summarizes the constants estimated in


this section and which are required for calculations of the
virial coefficients.
It should be kept in mind that all the constants estimated


in this section are used to calculate virial coefficients that go
into the imperfect gas law correction terms of Equations (6)
and (7), which are expected to make only small contribu-
tions to the complete chemical potential expressions Equa-
tions (3) and (4) at the pressures involved here. To verify
this in the present work model calculations were carried out
which showed that the imperfect gas correction terms con-
tribute at most 1–2% to the mixture vapor pressures in the
temperature and pressure ranges considered. Depending on
the mole fraction and temperature, these terms, however,
can contribute as much as 20% to a particular, small total
chemical potential term.


Calculations of second virial coefficients : For use in the cal-
culation of the second virial cross coefficient, bHP–W, values
of the so-called binary critical constants Tc


HP–W, P
c
HP–W and


wHP–W are required. The following mixing rules [Eq. (27)–
(29)], recommended by Tsonopoulos and Heidman,[12b] have
been used.


wHP�W ¼ 0:5ðwW þ wHPÞ ð27Þ


Tc
HP�W ¼ ðTc


WT
c
HPÞ


1=2ð1�kHP-WÞ ð28Þ


Pc
HP�W ¼ 4	 Tc


HP�WðPc
WV


c
W=T


c
W þ Pc


HPV
c
HP=T


c
HPÞ


ðVc
W


1=3 þ Vc
HP


1=3Þ3 ð29Þ


If two polar substances are very similar in chemical
nature and not too different in size, kHP–W can be taken as
zero which was done here. The virial coefficients, bW, bHP,
and bHP–W, were calculated from the Tsonopoulos Equa-
tion (30),[12] for which [Eq. (31)–(33)] are applicable.


biPi
c=RT i


c ¼ fð0ÞðT rÞ þ wif
ð1ÞðT rÞ þ fð2ÞðT rÞ ð30Þ


fð0ÞðT rÞ ¼0:1445�0:330=T r�0:1385=T2
r�0:0121=T3


r


�0:000607=T8
r


ð31Þ


fð1ÞðT rÞ ¼ 0:0637þ 0:331=T2
r�0:423=T3


r�0:008=T8
r ð32Þ


fð2ÞðT rÞ ¼ �0:0109=T6
r ð33Þ


In the above equations bi is the virial coefficient, Pi
c and


Ti
c the appropriate critical pressure and temperature, respec-


tively, R the gas constant (units cm3mol�1K�1), wi the Pitzer
acentric factor, and Tr the reduced temperature, T/Ti


c. Here
the pressure units of Pi


c are bars (1.0 atm=1.01325 bar=
760.0 mmHg). A program was written to calculate the bi
values as a function of temperature for both water and hy-


Table 10. Constants used in calculations of virial coefficients.


TBP
[a] Tc[a] Pc Vc w


water[b] 373.150 647.3 218.3 atm 57.1 cm3mol�1 0.344
hydrogen peroxide 426.305 739.5 252.2 atm 83.0 cm3mol�1 0.417


[a] Temperature in K. [b] Taken from reference [46].
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drogen peroxide. These results along with the results for
these parameters calculated from equations from the origi-
nal work[8,21] are in the Supporting Information.
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The Role of Physical Environment on Molecular Electromechanical
Switching


Amar H. Flood,[a] Andrea J. Peters,[a] Scott A. Vignon,[a] David W. Steuerman,[b]


Hsian-Rong Tseng,[a] Seogshin Kang,[a] James R. Heath,*[b] and J. Fraser Stoddart*[a]


Introduction


Very few molecular properties are amenable to investigation
across a broad range of physical environments. One class of
such properties are the electrochemically driven molecular
mechanical motions[1] that characterize the switching bista-
bility of certain [2]catenanes[2–6] and [2]rotaxanes.[7–11] These
molecules, in fact, provide model systems for such investiga-
tions. Their synthetic modularity[12] and structural versatili-
ty[13] make them adaptable to a wide range of surround-
ings.[14] Furthermore, the relatively large geometrical and
electronic changes that accompany their electrochemically
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Abstract: The influences of different
physical environments on the thermo-
dynamics associated with one key step
in the switching mechanism for a pair
of bistable catenanes and a pair of bi-
stable rotaxanes have been investigated
systematically. The two bistable cate-
nanes are comprised of a cyclobis(para-
quat-p-phenylene) (CBPQT4+) ring, or
its diazapyrenium-containing analogue,
that are interlocked with a macrocyclic
polyether component that incorporates
the strong tetrathiafulvalene (TTF)
donor unit and the weaker 1,5-dioxy-
naphthalene (DNP) donor unit. The
two bistable rotaxanes are comprised
of a CBPQT4+ ring, interlocked with a
dumbbell component in which one in-
corporates TTF and DNP units, where-
as the other incorporates a monopyr-
rolotetrathiafulvalene (MPTTF) donor
and a DNP unit. Two consecutive
cycles of a variable scan rate cyclic vol-
tammogram (10–1500 mVs�1) per-
formed on all of the bistable switches
(~1mm) in MeCN electrolyte solutions
(0.1m tetrabutylammonium hexafluoro-
phosphate) across a range of tempera-


tures (258–303 K) were recorded in a
temperature-controlled electrochemical
cell. The second cycle showed different
intensities of the two features that
were observed in the first cycle when
the cyclic voltammetry was recorded at
fast scan rates and low temperatures.
The first oxidation peak increases in in-
tensity, concomitant with a decrease in
the intensity of the second oxidation
peak. This variation changed systemati-
cally with scan rate and temperature
and has been assigned to the molecular
mechanical movements within the cate-
nanes and rotaxanes of the CBPQT4+


ring from the DNP to the TTF unit.
The intensities of each peak were as-
signed to the populations of each co-
conformation, and the scan-rate varia-
tion of each population was analyzed
to obtain kinetic and thermodynamic
data for the movement of the
CBPQT4+ ring. The Gibbs free energy


of activation at 298 K for the thermally
activated movement was calculated to
be 16.2 kcalmol�1 for the rotaxane, and
16.7 and 19.2 kcalmol�1 for the bipyri-
dinium- and diazapyrenium-based bi-
stable catenanes, respectively. These
values differ from those obtained for
the shuttling and circumrotational mo-
tions of degenerate rotaxanes and cate-
nanes, respectively, indicating that the
detailed chemical structure influences
the rates of movement. In all cases,
when the same bistable compounds
were characterized in an electrolyte
gel, the molecular mechanical motion
slowed down significantly, concomitant
with an increase in the activation barri-
ers by more than 2 kcalmol�1. Irrespec-
tive of the environment—solution, self-
assembled monolayer or solid-state
polymer gel—and of the molecular
structure—rotaxane or catenane—a
single and generic switching mecha-
nism is observed for all bistable mole-
cules.Keywords: bistability · catenanes ·


electrochemistry · metastability ·
NMR spectroscopy · rotaxanes
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driven internal molecular motions are accompanied by a va-
riety of experimentally detectable signatures.[15]


The interlocked molecular compounds (Figure 1), whose
switching and/or shuttling in the solution phase we are going
to discuss in this paper, are two pairs[2–5] of [2]catenanes
—C14+ and C24+ are bistable, C34+ and C44+ are degener-


ate—and three [2]rotaxanes, of which R14+ and R24+ are bi-
stable[2,3] and R34+ is a degenerate shuttle.[16]


In a recent communication,[17] we discuss the electrochem-
ical switching mechanism in a liquid polymer matrix for
those interlocked molecules that are bistable. Briefly, for
both the bistable [2]catenanes and [2]rotaxanes, there exists
an equilibrium between the cyclobis(paraquat-p-phenylene)
(CBPQT4+) ring encircling either the tetrathiafulvalene
(TTF) unit, which is energetically favored and called the
ground-state co-conformer (GSCC)[4,17] , or the dioxynaph-
thalene (DNP) site, referred to as the metastable-state co-
conformer (MSCC).[4,17] The first oxidation for all of
these systems corresponds to TTF!TTFC+ and is accompa-
nied by a rapid shuttling (for bistable [2]rotaxanes) or cir-
cumrotation (for bistable [2]catenanes) of the CBPQT4+


ring so that it encircles the DNP site. At the moment when
the TTFC+ radical cation is reduced back to neutral TTF, the
CBPQT4+ ring still encircles the DNP site, and so the equili-
brium is distorted toward the MSCC. Although this MSCC
has not been observed previously for any of these bistable
molecules in solution, it has been invoked[4,5,9] to account
for the long (several minutes) retention times of the high-
conductance states in the various molecular-switch tunnel
junctions (MSTJs) fabricated from bistable [2]catenanes and
[2]rotaxanes, including some of those discussed in this
paper.


In a liquid polymer matrix,[17] the recovery of the GSCC
from the MSCC for C14+ , C24+ , and R24+ may be detected
optically, and the kinetics may be quantified by using time-
and temperature-dependent cyclic voltammetry (CV). Fur-
thermore, for a particular functionalized bistable [2]rotaxane
that is organized as a self-assembled monolayer (SAM) on
gold,[10] the same relaxation process can be characterized.
This behavior results from the fact that the TTF!TTF·+ ox-
idation potential is lowered by approximately 200 mV in the
MSCC, relative to that in the GSCC. This lower potential
for the MSCC is also consistent with that co-conformer
being the one responsible for the switch-closed, high-con-
ductance state in the MSTJ devices.[9]


The polymer matrix[17] may be viewed as a solvent, but
with a viscosity approximately 104 times higher than that of
a typical solvent, such as MeCN. The effect of solvent vis-
cosity on unimolecular reaction rates for both small mole-
cules[18] and for macromolecules[19] has been investigated by
several research groups. While a detailed picture of how sol-
vent viscosity and unimolecular reaction rates is not fully
developed, the existing body of work suggests[18,19] that the
polymer environment should slow down the rate of recovery
of the GSCC from the MSCC by between 102 and 103 times.
A general rule of thumb is that the rate of an activated
process is reduced by an order of magnitude for every 108
reduction in temperature. These observations, taken togeth-
er with the polymer matrix results,[17] suggest that the meta-
stability for all the bistable [2]catenanes and [2]rotaxanes
(Figure 1) should be readily detectable in common solvents
by reduced-temperature CV measurements. In this paper,
we report that we are, in fact, able to capture and quantify
the metastability through a series of temperature- and time-
dependent CV measurements in MeCN. We compare these


Figure 1. The structural formulas of two bistable [2]catenanes C14+ and
C24+ , their degenerate [2]catenane analogues C34+ and C44+ , respective-
ly, together with two bistable [2]rotaxanes R14+ , R24+ , and their degener-
ate analogue R34+ . The bistable catenanes and rotaxanes were character-
ized in solution by using electrochemical techniques and the degenerate
analogues were investigated by dynamic 1H NMR spectroscopy. Each
bistable catenane and rotaxane is composed of a tetracationic
cyclobis(paraquat-p-phenylene) (CBPQT4+) ring that is interlocked with
either a polyether macrocycle or a dumbbell component, respectively,
which incorporate a tetrathiafulvalene (TTF) unit and a 1,5-dioxynaph-
thalene (DNP) ring system.
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new results with 1) various control experiments; 2) results
obtained by using variable-temperature 1H NMR spectros-
copy on the degenerate systems C34+ , C44+ , and R34+ ; and
3) those reported[17] for the polymer matrix, and find that
the kinetics of bistable switching in these molecular mechan-
ical systems can be correlated with both molecular structur-
e[11c] and physical environment. In other words, although,
relative to the solution state, the polymer environment
slows down the MSCC!GSCC relaxation kinetics for all
the molecular switches by two or three orders of magnitude,
the relative differences of the activation barriers in MeCN,
for example, translate into similar relative differences in the
polymer matrix. Most important, however, is the fact that
these experiments, combined with the findings discussed in
two previous publications,[10,17] provide compelling evidence
for the robustness of a single molecular-switching mecha-
nism across a wide range of physical environments. Further-
more, this mechanism applies to both bistable [2]catenanes
and bistable [2]rotaxanes.


Results and Discussion


Cryoelectrochemistry on a bistable rotaxane: In Figure 2a,
we present two successive CVs of R14+ in MeCN (257 K,
200 mVs�1) and compare them with those for the dumbbell
component of R14+ (293 K, 200 mVs�1). This bistable rotax-
ane exhibits an equilibrium GSCC:MSCC population of


about 10:1 under ambient conditions. The first CV trace re-
flects this distribution; two oxidation features are recorded
at 500 and 830 mV. The relatively weak feature at 500 mV
corresponds to the TTF!TTF·+ oxidation of the MSCC.
The stronger peak at 830 mV is assigned to a combination
of the mono-oxidation of the encircled TTF of the GSCC,
superimposed on the feature that is assigned to the second
oxidation (TTF·+!TTF2+) of R14+ . This oxidation step is
independent of the co-conformer, since the CBPQT4+ ring
encircles the DNP site once the TTF unit is singly oxidized.
It is observed that, although the peak position of the second
oxidation is obscured by the first oxidation process of the
GSCC, the subsequent reduction of the TTF2+ ion occurs at
the same potential as that of the dumbbell. In the second
scan, the integrated current under the 500 mV feature, as-
signed to the MSCC, gains intensity at the expense of the
830 mV feature. The hysteretic response in the successive
CV curves for R14+ at lower temperatures reflects the fast
recovery of the ground-state equilibrium distribution, de-
scribed by K(D/T)4+, and indicates that the recovery kinetics
are much faster in the solution phase than they are in the
polymer matrix[17] or for the “half-device” which employed
a very similar bistable rotaxane that formed a SAM on
gold.[10]


Cryoelectrochemistry on a bistable catenane: The bistable
[2]catenane C24+ displays similar temperature-dependent
CV behavior to that of the R14+ . There is, however, a negli-
gible proportion of the MSCC present on the first cycle, and
the single process at 1000 mV is assigned to the double oxi-
dation of the encircled TTF unit. As the scan rate is in-
creased, the second cycle displays the characteristic MSCC
peak at 660 mV with increased intensity (Figure 3a) relative
to the peak at 1000 mV. The MSCC peak is more visible at
ambient temperature (295–303 K), revealing the slower ki-
netics associated with the thermal re-equilibration kD!T


Figure 2. a) First (dashed line) and second (solid line) CVs of the bistable
[2]rotaxane R14+ , displaying (above) the characteristic metastable peak
in the second cycle recorded at 255 K and at a scan rate of 200 mVs�1.
The CV of the rotaxaneNs corresponding dumbbell displays (below) the
same CV for each cycle (293 K) under otherwise the same conditions
(0.1m TBAPF6/MeCN/versus SCE) used to obtain the CV of R14+ .
b) Fitted first-order decay profiles for the relaxation of the MSCC to the
GSCC of the bistable [2]rotaxane R14+ extracted from the CV data re-
corded over a range of different temperatures (249–278 K).


Figure 3. a) A series of second-cycle CVs for C24+ recorded at a variety
of scan rates (60–500 mVs�1) at room temperature (298 K). b) The fitting
of the population data extracted from a) to a first-order decay curve.
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of the bistable catenane C24+ compared with the bistable
rotaxane R14+ . By varying the time between the first and
second CV scans of R14+ and C24+ , as well as the tempera-
ture of the experiment, the various kinetic parameters for
relaxation from the MSCC to the GSCC may be deter-
mined, following the method[11b,20] outlined by us[17] previ-
ously. The first-order kinetics can be fitted[21] with exponen-
tial curves (Figure 2b) for the MSCC relaxing to the GSCC
of R14+ over the temperature range 249–278 K. One single
plot for C24+ at 298 K is shown in Figure 3b. An Eyring plot
(Figure 4) reflects how the kinetics change with temperature
for R14+ , C14+ and C24+ in MeCN.


Dynamic NMR on a degenerate catenane: Observation of
the switching process in bistable systems is too fast to be ob-
served directly by dynamic 1H NMR spectroscopy, and to
date it has not proved to be possible to observe the relaxa-
tion of the MSCC by 1H NMR spectroscopy. The kinetics
for circumrotation and shuttling in degenerate catenanes
and rotaxanes (Figure 5), however, can be studied. In a


recent report,[16] variable-temperature 1H NMR spectrosco-
py was employed to investigate shuttling in a series of de-
generate [2]rotaxanes incorporating different spacers be-
tween the two recognition sites. The rotaxane R34+ incorpo-
rating two DNP recognition sites with a glycol chain spacer
can be used as the model for relaxation of the MSCC in the
bistable rotaxanes investigated in this report, and the barrier
for shuttling (DG�) in this rotaxane was determined[16] to be
15.4 kcalmol�1 at 293 K in CD3COCD3.


As models for relaxation of the MSCC in the bistable cat-
enanes, two degenerate catenanes were chosen. The [2]cat-
enane C34+ had been studied previously and the barrier for
circumrotation determined[2,3] to be 17.2 kcalmol�1 at 361 K
in CD3CN. Although the synthesis of the other degenerate
[2]catenane C44+ was reported in a previous paper,[5] kinetic
and thermodynamic data for the circumrotation process was
not presented. Here, we report relevant data for circumrota-
tion in this compound obtained[22] by spin-saturation transfer
at high temperature (388 K) in CD3SOCD3. The free energy
of activation for the circumrotation of the macrocyclic
polyether ring through the CBPQT4+ ring in C44+ was
determined at 388 K to be 23.7 kcalmol�1. The data ob-
tained for the degenerate compounds allow comparisons
to be made with the DG� values determined for the re-
laxation of the MSCC in the bistable rotaxanes and cate-
nanes.


Influence of the physical environment on the switching: In
Table 1, we present a summary of the kinetic and thermody-
namic data for all of the bistable [2]rotaxanes and [2]cate-
nanes discussed here in solution and in the polymer matrix
environment. We also include the data for the bistable [2]ro-
taxane SAM,[10] as well as that for the degenerate catenanes
and rotaxanes.[22] There are several observations worth
noting. First, the shuttling barriers obtained from the dy-
namic 1H NMR measurements on R34+ are very similar to
those observed for R14+ in solution. By contrast, however,
the parameters describing the circumrotational barrier for
the degenerate C44+ are not similar to those for the corre-
sponding bistable C24+ . For catenanes, the uncomplexed
donor (DNP for the GSCC of C24+) has an “alongside” in-
teraction with the CBPQT4+ ring. This interaction is the
major difference between the energetics of the degenerate
(C44+) compared with the bistable (C24+) systems, and such
an interaction is not nearly so important in the case of the
rotaxanes.[23] This observation implies[11c] that the rates of re-
laxation are strongly influenced by the details of the chemi-
cal structure. The second observation from Table 1 is that
the polymer environment does substantially slow down the
MSCC!GSCC recovery kinetics for both the bistable
[2]catenanes and [2]rotaxanes. For both R14+ and C24+ ,
DG�


298 increases by 2 kcalmol�1 on going from MeCN to the
polymer environment. Moreover, the influence upon the
free energy of activation within the polymer matrix is very
similar to that observed[10] in the SAM “half-device”, and
substantially different from that observed in solution
(Figure 6). Note that, C24+ is a much slower switch in
MeCN than R14+ , the effect of the polymer environment on
the relaxation kinetics of both molecules is very similar. The


Figure 4. The Eyring plots for the bistable [2]rotaxane R14+ and the bi-
stable [2]catenanes C14+ and C24+ in the liquid solution phase for the re-
laxation of the MSCC to the GSCC.


Figure 5. Graphical representations of a) shuttling and b) circumrotation
in degenerate [2]rotaxanes and [2]catenanes, respectively.
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final and most important obser-
vation from Table 1 is that,
while the kinetics of the switch-
ing mechanism (Scheme 1) for
bistable [2]rotaxanes and [2]cat-
enanes exhibits a strong en-
vironmental dependence, a
single, generic switching mecha-
nism is observed for all the bi-
stable molecules, regardless of
whether they are in liquid so-
lution, tethered to a solid sup-
port, or immobilized within a
liquid polymer matrix.


Conclusion


A single mechanism of switch-
ing displayed by bistable rotax-
anes and catenanes has been
verified by using kinetic and
thermodynamic data obtained
from variable-temperature elec-
trochemistry. In fact, this


switching mechanism, and its environmental dependence,
was first hypothesized[4,5,9] to explain the thermally activated
switching process that occurs within molecular-switch tunnel
junctions incorporating bistable [2]catenanes and [2]ro-
taxanes. The quantification of the switching mechanism in
this and the previous reports[10,17] on a “half-device” and a
polymer matrix go a long way toward validating the initial
hypothesis. The precise molecular structure of the bistable
molecule and the nature of the environment influences
strongly the speeds at which the cycle of switching can be
activated. In general, the rates of thermal relaxation of the
metastable state co-conformation to the ground state co-
conformation are slowed down when the molecules are
transferred from solution to the more viscous polymer elec-
trolyte gel. The same retardation of the relaxation step is
achieved in the case of the rotaxane when it is organized as
a self-assembled monolayer on a gold electrode. These in-
vestigations open up opportunities to study molecular me-
chanical processes that are normally too rapid at ambient
temperatures in easily flowing solvents to be characterized
quantitatively for the purposes of gaining more fundamental
understanding and underpinning the possibilities for advanc-
ing technological applications.


Experimental Section


Electrochemistry: Two custom-built electrochemical cells that cover the
temperature ranges 260–303 K and 248–260 K were used, in conjunction
with standard electrochemical apparatus, to record the variable-tempera-
ture CVs. One glass cell, based on a jacketed design for thermostatic con-
trol (T=260–303 K),[10] (Model 9000 refrigerated constant temperature
bath and circulator, Allied Fisher Scientific) was modified to have four
entry slots for the Pt coil counter electrode, a Ag wire pseudo-reference
electrode, Teflon tubing carrying dry Ar gas for purging and the glassy


Table 1. Kinetic and thermodynamic data for relaxation of the metastable state or shuttling/circumrotation ob-
tained from variable-temperature studies for a series of bistable and degenerate rotaxanes and catenanes in
different environments.[a]


Compound T range DG� (T [K]) t298 k298 DG�
298


[b]


(environment) [K] [kcalmol�1] [s] [s�1] [kcalmol�1]


R14+ (solution) 249–278 15.9�0.5(278) 0.123(�0.002) 8.11(�0.1) 16.2(�1.0)
R14+(polymer) 290–320 18.1�0.5(298) 3.5(�0.25) 0.286(�0.02) 18.1(�0.5)
RS4+ (SAM)[c] 278–303 18.0�0.2(293) 2.56(�0.01) 0.39(�0.2) 18.0(�0.5)
C14+ (solution)[d] 263–283 16.1�0.5(283) 0.24(�0.01) 4.1(�0.2) 16.7(�1.0)
C14+ (polymer) 283–305 17.0�0.4(298) 0.6(�0.1) 1.6(�0.4) 17.0(�0.4)
C24+ (solution) 295–303 19.2�0.5(298) 17.5(�1.2) 0.057(�0.004) 19.2(�0.5)
C24+ (polymer) 298 21.0�0.4(298) 800(�90) 0.0013(�0.0003) 21.0(�0.4)


C34+ (CD3CN) – 17.2(361) – – –
C44+ (CD3SOCD3) – 23.7(388) – – –
R34+ (CD3COCD3) 247–305 15.4(293) 0.0358 27.9 15.5


[a] Solution data obtained on 1 mm samples in MeCN (0.1m TBAPF6) by using a glassy carbon working elec-
trode at a range of temperatures. Solid-state polymer data obtained from samples mixed within a polymer
matrix (composition: w:w:w:w ratios 70:7:20:3 of MeCN/polymethylmethacrylate/propylene carbonate/LiClO4)
at a Pt electrode over a range of temperatures. The thermodynamic data on C34+ , C44+ , and R34+ was ob-
tained using variable-temperature 1H NMR spectroscopy. [b] The DG298, k298, and t298 data on the bistable cate-
nane and rotaxane were obtained from interpolation (RS4+) or extrapolation (R14+ , C14+) by utilizing the
Gibbs–Helmholtz relationship and the Ea from the Arrhenius relationship. [c] RS4+ (SAM) was a self-assem-
bled monolayer prepared on the surface of a gold working electrode, see reference [10]. This [2]rotaxane was
identical to R14+ except that it bears a C8-based thiotic spacer instead of the �OH moiety. [d] The linear fit to
the Arrhenius and Eyring plots for C14+ produced a low R2 value of 0.88.


Figure 6. The Arrhenius plots for the bistable [2]rotaxane R14+ in so-
lution and in a solid-state polymer electrolyte alongside the self-assem-
bled monolayer of its disulfide-tethered analogue, RS4+ (solid circles,
dashed line).


Scheme 1. The generic molecular electromechanical mechanism for the
switching cycle in both bistable [2]catenanes and [2]rotaxanes. The
MSCC is formed from the GSCC by oxidizing and then reducing the
TTF unit. The ground-state equilibrium is subsequently re-established
either by relaxation over a barrier or stimulated by a redox cycle of
CBPQT4+-based reduction and then oxidation. The hashed lines sur-
rounding the switches represent either bistable catenanes or rotaxanes
and also relates to any of the following environments—liquid solution
phase, solid-state polymer electrolyte, and self-assembled monolayer.
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carbon working electrode. Another cell was designed to sit immersed in
a liquid nitrogen slurry (o-xylene 249 K and 1,2-dichloroethane 257 K)
held in a Dewer flask which incorporated a glass skirt to act as a thermal
insulator, thus minimizing any temperature fluctuations. The cells were
maintained under a positive pressure of Ar to ensure the exclusion of
H2O condensation. The working electrode was cleaned with an alumina
slurry (0.05 mm) on a felt pad and rinsed thoroughly between each CV to
remove any absorbed material. Samples (1mm) were prepared fresh from
0.1m TBAPF6 MeCN solutions (dried by passage through steel columns
containing activated alumina under Ar using a solvent purification
system (Anhydrous Engineering)) and thoroughly purged of O2 vapor
prior to experimentation. The CV experiments were conducted with the
EG&G PAR263 A potentiostat under computer control across a range of
scan rates 10–2200 mVs�1.


Data analysis: Exponential decay curves were obtained for each temper-
ature by recording CVs over a range of different scan rates utilizing a
modification of previously used methods.[11b,17,20] The time interval, Dt,
was determined as the time between formation of the MSCC reduction
to the TTF neutral redox state and its oxidation to the monocationic
state, equivalent to the point of measurement of the proportion of MSCC
remaining. The proportion of MSCC remaining NMSCC/NTot was obtained
by integrating the area under the peak of the MSCC in the second
anodic scan, NMSCC, and then normalized to a single electron (NTot, 1e


�)
by halving the total area (2e�) of the first or second anodic scan. The in-
tegrated areas were determined from baselined data. The accuracy of the
baselining procedure was checked by comparing the integrated area from
each of the anodic and cathodic scans and was found to vary by no more
than �5%. The integration regions were selected to include the contri-
butions to the CV from the diffusional tail that follows the main peak.
Two additional points were added to the decay curve that correspond to
time zero, Dt=0 s, NMSCC/NTot=1.0 and, at long relaxation times, Dt=
300 s, at which the value of NMSCC/NTot was set equal to the steady-state
value determined by the first anodic scan. The resulting decay curve was
fitted to a single exponential curve in order to obtain the time constant,
t, and hence the rate constant, kD!T at T.
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First Detection of a Selenenyl Fluoride ArSe�F by NMR Spectroscopy:
The Nature of Ar2Se2/XeF2 and ArSe�SiMe3/XeF2 Reagents


Helmut Poleschner* and Konrad Seppelt[a]


Introduction


Selenenyl chlorides and bromides RSe�Cl and RSe�Br are
stable compounds, PhSe�Cl and PhSe�Br are even commer-
cial products. However, selenenyl iodides can only be ob-
tained if an organic group, such as 2,4,6-tri-tert-butyl-phen-
yl-[1] or (Me3Si)3C-,


[2] provides substantial steric protection.
Without steric protection no organoselenenyl iodides are
formed, for example, the Ph2Se2/I2 reagent[3] is a charge-
transfer complex with intact Se�Se and I�I bonds.[4] No sele-
nenyl fluoride has been obtained so far. SeF,[5] SeF2, and
Se2F2


[6] have only been detected in low-temperature matri-
ces. But the Ph2Se2/XeF2 reagent acts as an PhSe�F equiva-
lent in addition reactions with alkenes and acetylenes.[7–12]


PhSe�F equivalents are also generated from PhSe�EMe3
(E = Si, Ge, Sn, Pb) and XeF2


[13] or from PhSeOTf/
Et3N·3HF.[14] Also the combinations PhSe�Br/AgF/ultra-
sound,[15] PhSe�Cl/AgF/CH3CN,


[16] N-phenylselenophthali-
mide (NPSP)/Py·9HF,[17] or NPSP/Et3N·3HF[18] and electro
oxidation of Ph2Se2 in Et3N·3HF[19] act as PhSe�F equiva-
lents. None of these procedures offer more detailed infor-
mation about the nature of the reacting species.


The aim of this study was to achieve a detailed characteri-
zation of the intermediates generated from Ar2Se2 or ArSe�
SiMe3 and XeF2 in the molar ratio 1:1.


Results and Discussion


The 19F and 77Se NMR chemical shifts of the unknown
ArSe�F compounds can be estimated with a certain accura-
cy. Sulfenyl fluorides exhibit extreme 19F chemical shifts of
d = �250 to �360 ppm,[20] and sulfur and selenium fluorides
have surprisingly similar chemical shifts. A linear correlation
between d(77Se) and the electronegativity c of X for
CF3Se�X compounds results in an extrapolated 77Se chemi-
cal shift of d = 1687 ppm for unknown CF3Se�F.[21] A simi-
lar extrapolation for PhSe�X[21,22] (X = Cl, Br, CN, H,
d(77Se) = 981.7c–2053.5, c values[23]) results in d(77Se) =


1775 ppm for PhSe�F.
As is shown herein, 19F and 77Se NMR chemical shifts of


ArSeF can be predicted by ab initio and DFT calculations,
and the values obtained confirm the expected extreme
chemical shift values.


The diselenides 1–9 and the aryl selenotrimethylsilanes 10
and 11 were treated with XeF2 in PFA (perfluoroethylene–
perfluorovinylether copolymer) NMR tubes at low tempera-
tures. The resulting NMR data are collected in Table 1.


Reaction of 1 + XeF2 : Besides unreacted Ph2Se2 at d =


465 ppm in the 77Se spectrum a new signal appears at d =


1162 ppm, but there is no signal in the expected range of d
= 1800 ppm for ArSe�F. Use of excess XeF2 leads to an in-


[a] Dr. H. Poleschner, Prof. Dr. K. Seppelt
Freie UniversitCt Berlin
Institut fDr Chemie, Anorganische und Analytische Chemie
Fabeckstrasse 34–36, 14195 Berlin (Germany)
Fax: (+49)30-838-53310
E-mail : hpol@chemie.fu-berlin.de


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


Abstract: Arylselenenyl fluorides
ArSeF are obtained from diselenides
Ar2Se2 or arylselenotrimethylsilanes
ArSe�SiMe3, and XeF2. They are de-
tected by low-temperature 19F and 77Se
NMR spectroscopy. Substitution in the
ortho position of the aromatic ring to
provide electronic or steric protection
is a requirement for their formation.
ArSe�F compounds decompose ac-


cording to 3ArSe�F![ArSe�
SeF2Ar]+ArSe�F!ArSeF3+Ar2Se2.
Reaction energies for this disproportio-
nation as well as that of the sulfur and


tellurium homologues have been calcu-
lated with MP2, CCSD(T,) and B3LYP
methods. They were found to be in-
creasingly exothermic in the sequence
S<Se<Te. For selected Se�C and Se�
F compounds the 77Se and 19F chemical
shifts have been calculated by GIAO-
MP2 and GIAO-B3LYP methods and
are in good agreement with experimen-
tal values.


Keywords: ab initio calculations ·
density functional calculations ·
fluorine · NMR spectroscopy ·
selenium


Chem. Eur. J. 2004, 10, 6565 – 6574 DOI: 10.1002/chem.200400596 I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6565


FULL PAPER







crease in the signal at d = 1162 ppm (Scheme 1), which is
clearly attributed to PhSeF3.


[24] No 77Se–19F coupling is ob-
served, or even an 19F NMR signal, probably as a result of
rapid intramolecular fluorine exchange.


Reaction of 2–5 + XeF2 : In spite of the hope that ortho-me-
thoxyalkyl groups[25,26] might stabilize selenenyl fluorides,
ArSeF3 and Ar2Se2 compounds were again the only prod-
ucts. However, in this case the complete 77Se and 19F cou-
plings were observed, including the two chemical shifts for
the nonequivalent fluorine atoms in the pseudo-trigonal-bi-
pyramidal SeF3 groups (Table 1, Scheme 1).


Reaction of 6–8 + XeF2 : The dialkylamino-substituted dise-
lenides 6 and 7 were fluorinated by XeF2 to give mixtures of
products that for the first time contained aryl selenenyl fluo-
rides, as was immediately obvious from the low-frequency
19F NMR resonances. 77Se satellite lines indicate direct
bonding of the fluorine atom to selenium, and the 77Se
NMR spectrum shows the corresponding doublet (Table 1,


Scheme 1). ArSeF3 6b and 7b
are always also present. The
ArSe�F/ArSeF3 ratio was mea-
sured by integration of the
NMR signals, and found to
be 6a/6b �1.25:1 and 7a/7b
�2.5:1.
The stabilization of the orga-


noselenenyl fluoride by one
ortho-dialkylaminoalkyl group
led to the idea that two ortho-
dialkylaminoalkyl groups might
lead to even stronger stabiliza-
tion. This is only indirectly the
case. The fluorination product
of 8 is the selenenium salt 12
with the anion HF2


� . This com-
pound can be converted by
KPF6 in MeOH into the known
PF6


� salt (Scheme 2), and the
77Se, 13C, and 19F data are iden-
tical with literature data.[27] It
can be assumed that the sele-


nenyl fluoride 8a is formed as an intermediate, but owing to
the electron donation by two dialkylamino groups, the basic-
ity of the fluorine atom has increased so that spontaneous
F� elimination takes place under formation of the seleneni-
um cation.


Reaction of 9 + XeF2 : The 2,4,6-tri-tert-butylphenyl disele-
nide 9 was chosen to test the stabilization of a selenenyl
fluoride merely by steric protection: indeed 9a was ob-
tained, and if handled in CHCl3, the selenium trifluoride 9b
was also formed, similarly to 6a and 7a. In CFCl3 solution
almost no 9b was present in the 77Se spectrum, but some
starting material 9 remained. This reaction is the one in
which we came closest to the isolation of a pure organosele-
nenyl fluoride. The 77Se NMR spectrum (doublet at d =


1804.7 ppm, 1J(Se,F) = 816.3 Hz) and the 19F NMR spec-


Scheme 1.


Scheme 2.
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Table 1. 77Se and 19F NMR chemical shifts [d] and coupling constants [Hz] of reaction products of diselenides 1–7 and 9 and silyl selenides 10 and 11
with XeF2 in CH2Cl2; in brackets are the 77Se,19F coupling constants from the 77Se satellites.


Starting T Ar2Se2 ArSe�F ArSeF3


material [8C] d(77Se) d(77Se) (1JSe,F) d(19F)[1JSe,F] d(77Se) (1JSe,F) d(19F)(2JF,F)[
1JSe,F]


Ph2Se2 1 �40 465.3(s) 1161.8(s) not observed
Ph2Se2 1[a] �40 1163.8(s) not observed


5 �80 410(broad) 1176.1(d, t)(812.2, Fe; 89.9, Fa) Fe:�73.52(t,
1F)(89.9)[812.5]
Fa: 2.48 (d, 2F) (89.7)


2 �80 394.4(s) 1144.7(d, t)(649.7, Fe; 306.2, Fa) Fe: �74.26(t,
1F)(116.5)[651.0]
Fa: �14.83 (d, 2F)
(116.5)[305.2]


3 �80 390.1(s)(broad) 1141.5(d, d, d)(626.4, Fe; 330.8,
Fa’; 341.5, Fa)


Fe:�74.17(d, d)(107.4,
121.0)[626.4]
Fa: �5.89(d, d)(121.8,
206.9)[343.7]
Fa’: �17.45 (d, d) (106.9,
207.2)[331.3]


3[b] �80 1141.8(d, d, d)(625.5, Fe; 331.6,
Fa’; 343.5, Fa)


Fe:�74.15(d, d)(107.1,
121.1)[625.0]
Fa: �6.05(d, d)(121.1,
207.2)[345.4]
Fa’: �17.59 (d, d) (106.7,
207.5)[329.7]


4 �80 340.1(s) 1194.6(d, t)(600.0, Fe; 328.8, Fa) Fe:�72.06(t,
1F)(122.5)[597.8]
Fa:�19.94 (d, 2F)
(123.2)[327.6]


6 �80 420.4(s) 1210.3(d)(935.8) �162.77(s)[937.6] 1079.1(d, t)(201.5, Fe; 519.2, Fa) Fe:�43.91(t,
1F)(127.9)[200.9]
Fa:�30.76(d,
2F)(127.6)[519.5]


10[c] �80 420.2(s) 1210.8(d)(933.4) �163.01(s)[935.1] 1079.1(d, t)(203.8, Fe; 518.6, Fa) Fe:�44.01(t,
1F)(128.1)[201.6]


Fa:�30.72(d,
2F)(128.8)[519.0]


7 �80 not observed 1145.5(d)(966.8) �153.04(s)[957.3] 1062.9(d, d, d)(200.3, Fe; 478.0,
Fa’; 557.3, Fa)


Fe:�38.55(d, d)(103.7,
140.2)[196.3]
Fa:�14.42(d, d)(140.9,
256.9)[560.8]
Fa’:�44.63(d, d)(102.4,
256.3)[473.4]


9[d] �40 512.6(s) 1804.7(d)(816.3) �312.5(s)[817.9] not observed Fe:�58.05(t, 1F)(39.7)


Fa: 7.73 (d, 2F) (42.7)


9[e] �40 511.3(s) 1873.4(d)(851.5) �311.0(s)[846.9] 1199.2(d, t)(813.3, Fe; 73.6, Fa) Fe:�59.82(t,
1F)(41.2)[813.3]
Fa:1.88(d, 2F)(41.2)[73.2]


11[d,f] �40 512.4(s) 1805.1(d)(820.9) �312.4(s)[819.4] not observed Fe:�57.88(t, 1F)(39.7)
Fa:8.13(d, 2F)(39.7)


[a] 1+3XeF2. [b] 3+3XeF2. [c]
19F NMR Me3SiF: �159.4. [d] In CFCl3. [e] In CHCl3. [f]


19F NMR Me3SiF: �158.9.
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trum (d = �312.5 ppm) are very close to the expected
values (Scheme 3, Figure 1).


Reaction of silylselenides 10 and 11 with XeF2 : We have
previously shown that organylselenotrimethylsilanes react
with XeF2 under cleavage of the Se�Si bond like an RSe�F
equivalent.[11,13] The reaction of 10 yielded the selenenyl
fluoride 6a, but also the selenium trifluoride 6b and the dis-
elenide 6 in a 3:2:2 ratio (Scheme 4, Figure 2). The reaction
of 2,4,6-tri-tert-butylphenylseleno trimethylsilane 11 with
XeF2 in CFCl3 also gave 9a, but again large amounts of dise-
lenide 9 in addition to traces of selenium trifluoride 9b were
also obtained. Here also attempts to isolate pure 9a by crys-
tallization failed. Diselenide 9 always crystallizes first,
whereas 9a decomposes over the long time span required
for crystallization. Replacing XeF2 with dilute F2 in Ar
(1:10) did not improve the situation.


77Se and 19F NMR data : ArSe�F : The 77Se and 19F NMR
data prove the compound 9a exists in solution; the spectra
show low-shielded 77Se atoms and the extremely highly
shielded 19F atoms. R2N-alkyl substitution such as in 6a and
7a shifts the 77Se resonances to lower and the 19F resonances
to higher frequencies. The 1J(Se,F) coupling constants
remain between 820 and 970 Hz. There are no SeII�F com-
pounds and thus a comparison of the values is not possible.
Typical 1J(Se,F) values for SeIV�F compounds are 634 Hz
(Me2SeF2),


[28] 581 Hz (PhMeSeF2), 525 Hz (Ph2SeF2),
[29] and


503 Hz (bis(2,2’-biphenylylene)selenium difluoride).[30]


Scheme 3.


Scheme 4.


Figure 1. 19F and 77Se NMR spectra of the reaction solution from 9 and
XeF2.


Figure 2. 19F and 77Se NMR spectra of the reaction solution from 10 and
XeF2.
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ArSeF3 : The complete 77Se and 19F NMR spectra of arylsele-
nium trifluorides are described here for the first time; for
earlier syntheses of RSeF3 see references [9,24,31–35]. The
NMR data of 5b, 2b, 4b, 6b, and 9b are in agreement with
a pseudo-trigonal-bipyramidal structure for the selenium
center, similar to that in SeF4.


[36] It can be assumed that the
organic ligand occupies an equatorial position since the 19F
NMR spectra show one doublet and one triplet resonance,
whereas the 77Se NMR spectra show one resonance, split
into a doublet of triplets (AB2X spin system, numerical
values see Table 1). For chiral ArSeF3 3b (Figure 3) and 7b
the two axial fluorine atoms are no longer equivalent, result-
ing in an ABCX spin system, namely three doublets of dou-
blets in the 19F NMR spectrum, and a doublet of doublets of
doublets in the 77Se NMR spectrum.


The observable coupling between both axial fluorine
atoms 2J(Fa,Fa’) = 207 (3b), 257 Hz (7b) is about twice as
large as the 2J(Fa,Fe) coupling.


The increasing donor ability of substituents in the series
5b, 9b!2b–4b!6b, 7b decreases the 1J(Se,F) coupling of
the equatorial F atoms Fe (812 Hz!600–650 Hz!200 Hz),
whereas the 1J(Se,F) coupling of the axial F atoms Fa in-
creases (74–90 Hz!306–344 Hz!478–557 Hz). All 77Se–19F


coupling can be assigned to individual fluorine atoms with
the help of the 77Se satellites in the 19F spectra. In contrast
to the 77Se chemical shift of ArSe�F, that of ArSeF3 is only
slightly dependent of the nature of the substituents.


The nature of the Ar2Se2/XeF2 and ArSe�SiMe3/XeF2 re-
agents : Although selenenyl fluorides ArSe�F are only ob-
servable in cases with steric protection or stabilization by
one ortho-R2N alkyl group, all Ar2Se2/XeF2 reagents act as
ArSe�F equivalents. No reaction takes place between an
acetylene and PhSeF3 at �20 8C. If Ph2Se2 is added to
PhSeF3 (1b), then [PhSe�F] addition occurs completely at
this temperature (Scheme 5). This is indicative of the equili-
brium in Equation (1).


ArSeF3 þAr2Se2 Ð 3ArSe�F ð1Þ


In the reaction of ArSe�SiMe3 and XeF2 the intermediate
formation of the selenenyl fluoride is likely followed by re-
action with ArSe�SiMe3 to give Ar2Se2 (Scheme 4).[37] There
is an analogy with the sulfur series.[38–40] Marginally stable
CF3S�F dimerizes to CF3SSF2CF3. This reacts further to give
CF3SF3 and CF3SSCF3 with an excess of CF3S�F. The equili-
brium mixture CF3S�F/CF3SSF2CF3 adds to alkenes such as
pure monomeric CF3S�F.[41] For the overall disproportiona-
tion of ArSe�F we can therefore assume Equation (2).


3ArSe�F Ð ½ArSeSeF2Ar	 þArSe�F Ð ArSeF3 þAr2Se2
ð2Þ


Ab initio and DFT calculations : Since the organoselenenyl
fluorides and organoselenium trifluorides have only been
characterized by NMR methods so far, we calculated their
structures and energies by ab initio and DFT methods to an-
alyze the disproportionation reaction (Scheme 6).


The model compounds RSe�F, RSeF3, RSeSeF2R, and
R2Se2 (R = Me, Ph) were calculated as were the sulfur (R
= Me, CF3, Ph) and tellurium homologues (R = Me, Ph).
Calculations were performed at the MP2[42] and CCSD(T)[43]


levels of theory, DFT calculations with the Becke3LYP
method,[44,45] both as implemented in the GAUSSIAN 98[46]


and GAUSSIAN 03 programs.[47] 6–311+G(d,p) and 6–
311+G(3df,3pd) basis sets were used for all elements
except Te. For Te, the relativistic large core basis set was
SDB-cc-pVTZ,[48] the relativistic electron core potential was


Figure 3. 19F and 77Se NMR spectra of the reaction solution from 3 and
3XeF2.


Scheme 5.
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taken from reference [49]
(EMSL basis set library, inter-
net: http://www.emsl.pnl.gov/
forms/basisform.html). The ge-
ometries of all molecules were
optimized and characterized by
frequency calculations, giving
energy values including zero-
point energy. At the beginning
of the calculations, the highest
reasonable symmetry of each
molecule was assumed (Cs for
RXF and RXF3, C2 for R2X2


compounds). In some cases the
symmetry had to be lowered to
C1. The resulting total and
zero-point energies are shown
in Table 2.


The zero-point corrected en-
ergies for the disproportiona-
tion as well as for steps a and b
of Scheme 6 are collected in
Table 3. The results show that
fluorides RS�F, RSe�F, and
RTe�F are all unstable with re-
spect to disproportionation, re-
gardless of the nature of R and
the computation method ap-
plied. The disproportionation
becomes more favorable in the
series S<Se <Te, which agrees
with the fact that RS�F com-
pounds can be isolated, RSe�F
compounds are at least proven
to exist (this work), and RTe�F
compounds remain unknown.


Particularly interesting are
the energetics of steps a (dime-
rization) and b (trifluoride/di-
chalcogenide formation). The
energetics of step b are fairly
independent of the method, but
the energetics of the dimeriza-
tion (step a) vary substantially
(see Scheme 6).


The importance of f-type po-
larization functions for correct
ab initio and DFT calculations
of sulfur compunds has been


established.[50–52] Therefore calculations with the large basis
set 6–311+G(3df,3pd) are included here. This results in a
more strongly exothermic disproportionation energy, mainly
for CF3S�F, less so for MeSe�F; in the case of MeTe�F the
energies remain largely unchanged. Step a in the dispropor-
tionation reaction is affected up to 15 kcalmol�1 for CF3S�
F. We have then also added CCSD(T) calculations with this
large basis set for MeS�F and MeSe�F, and consider the ob-
tained reaction energies as those closest to reality.


Scheme 6.


Table 2. Total energies Etot [a.u.] and zero-point energies ZPE of the S, Se, and Te compounds, as calculated
with the MP2, CCSD(T), and B3LYP methods.


Compound Symmetry Etot ZPE Symmetry Etot ZPE


MP2/6–311+G(d,p) B3LYP/6–311+G(d,p)
MeSF Cs �537.0834665 0.040489 Cs �537.9844295 0.039607
MeSSF2Me C1 �1074.1568464 0.084155 C1 �1075.9578217 0.081955
MeSF3 Cs �736.3976444 0.046713 Cs �737.7018910 0.045613
Me2S2 C2 �874.8933968 0.078831 C2 �876.2868836 0.076992
CF3SF Cs �834.3251956 0.017465 Cs �835.7881544 0.016785
CF3SSF2CF3 C1 �1668.6256027 0.037284 C1 �1671.5519165 0.035754
CF3SF3 C1 �1033.6195274 0.023612 C1 �1035.4870442 0.022628
CF3SSCF3 C2 �1469.390299 0.032288 C2 �1471.9068062 0.030923
PhSF C1 �728.2980012 0.091896 Cs �729.7662713 0.092746
PhSF3 C1 �927.6061165 0.098615 C1 �929.4777597 0.098839
Ph2S2 C2 �1257.3358435 0.181983 C2 �1259.8492423 0.182814
MeSeF Cs �2539.3479811 0.039324 Cs �2541.3297112 0.038597
MeSeSeF2Me C1 �5078.7078012 0.081031 C1 �5082.6669581 0.079173
MeSeF3 Cs �2738.6859084 0.044526 Cs �2741.0689865 0.043655
Me2Se2 C2 �4879.4184521 0.076248 C2 �4882.9714466 0.074862
PhSeF Cs �2730.5611825 0.090916 Cs �2733.1103336 0.091968
PhSeF3 C1 �2929.8948176 0.096676 Cs �2932.8463515 0.097166
Ph2Se2 C2 �5261.8573523 0.180190 C2 �5266.5306337 0.181145
MeTeF Cs �147.4617904 0.038588 Cs �147.8872248 0.037928
MeTeTeF2Me C1 �294.9583104 0.079238 C1 �295.7991228 0.077753
MeTeF3 C1 �346.8612238 0.043587 Cs �347.6827634 0.042505
Me2Te2 C2 �95.6132477 0.074731 C2 �96.0515549 0.073522
PhTeF Cs �338.674313 0.090412 Cs �339.6661497 0.091553
PhTeF3 Cs �538.0716029 0.096103 Cs �539.4609596 0.096629
Ph2Te2 C2 �478.048684 0.179116 C2 �479.6075891 0.180336


MP2/6–311+G(3df,3pd) B3LYP/6–311+G(3df,3pd)
MeSF Cs �537.2193455 0.040495 Cs �538.0060673 0.039693
MeSSF2Me C1 �1074.4504208 0.084175 C1 �1076.0095774 0.082246
MeSF3 C1 �736.6712995 0.047231 Cs �737.755684 0.045961
Me2S2 C2 �875.0550374 0.078471 C2 �876.311377 0.076958
CF3SF Cs �834.6155204 0.017597
CF3SSF2CF3 C1 �1669.2300923 0.037904
CF3SF3 C1 �1034.0510852 0.024253
CF3SSCF3 C2 �1469.8578394 0.032287
MeSeF Cs �2539.4756706 0.039375 Cs �2541.3460802 0.038698
MeSeSeF2Me C1 �5078.9705312 0.081172 C1 �5082.6993651 0.079402
MeSeF3 C1 �2738.940191 0.045032 C1 �2741.1056614 0.043817
Me2Se2 C2 �4879.5579394 0.076226 C2 �4882.9866851 0.074931
MeTeF Cs �147.5473756 0.038523
MeTeTeF2Me C1 �295.1324012 0.079139
MeTeF3 C1 �347.058064 0.043363
Me2Te2 C2 �95.6760387 0.074605


CCSD(T)/6–311+G(3df,3pd)//MP2/6–311+G(3df,3pd)
MeSF Cs �537.2720623
MeSSF2Me C1 �1074.5467646
MeSF3 C1 �736.7306023
Me2S2 C2 �875.1424247
MeSeF Cs �2539.5240606
MeSeSeF2Me C1 �5079.0602566
MeSeF3 C1 �2738.9950544
Me2Se2 C2 �4879.6391821
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The calculated trend in terms of energy helps to explain
why an addition of [PhTe�F] to unsaturated hydrocarbons is
not observed.[11] On the other hand it can be expected that
R2S2/XeF2 acts as sulfenyl fluoride equivalents, but little is
known about this. Fluorosulfenylations have so far been
done with CF3S�F/CF3SSF2CF3,


[41] Me2S
+�SMe BF4


�/
Et3N·3HF,[53] and N-phenylthiophthalimide/Py·9HF.[18c]


GIAO-MP2 and GIAO-B3LYP calculations : GIAO calcula-
tions of the magnetic shielding constants are helpful for the
prediction and interpretation of NMR chemical shifts, also
for 19F and 77Se NMR data.[54–60] We have calculated the 77Se
and 19F chemical shifts of the species discussed to secure the
chosen assignments of the experimental spectra. Included
are calculations for SeF2, SeF4, and SeF6, as well as CF3S�F
and CF3SF3. The optimized geometries have been used. Re-
sults are collected in Table 4.


77Se chemical shifts : The chemical shift regions for RSe�F
(d = 2100–2500 ppm), RSeF3 (d = 1180–1320 ppm) and
R2Se2 (d = 270–700 ppm) are clearly distinguishable. The
fairly broad ranges should be considered in relation to the
known 77Se chemical shift range of about 3000 ppm.[22]


In many cases the MP2 calculations offer values closer to
the experimental ones than the DFT calculations. GIAO-
MP2 calculations with the basis set 6–311+G(3df,3pd) give
better 77Se values than with the 6–311+G(d,p) basis set.
Unstable SeF2 is predicted to have an extreme 77Se chemical
shift of d = 3724 and 3458 (MP2), or 4368 ppm (DFT). If
the 77Se chemical shift/electronegativity dependence is as-
sumed to be linear for SeX2 (d(


77Se) = 1881.1c–4137.7 ppm,
X = Cl, Br, I),[22,23] then for SeF2 a 77Se shift of d =


3199 ppm is predicted.


19F chemical shifts : MP2 and DFT methods predict extreme
shielding values for selenenyl fluorides RSe�F that range
from d = �372 to �473 ppm. The calculated 19F chemical
shifts for CF3S�F, CF3SF3, PhSeF3, SeF4, and SeF6 are in
good agreement with the experimental values. Again the
MP2 calculations offer slightly better values than the DFT
calculations. SeF2 should have a 19F chemical shift of about
d = �210 ppm. The larger basis set 6–311+G(3df,3pd)
does not change the GIAO-MP2-calculated 19F chemical
shifts considerably.


Experimental Section


Mass spectra were obtained with a Finnigan MAT 711 spectrometer with
80 eV electron excitation. NMR spectra were obtained on a JEOL JNM-
LA 400 spectrometer: 13C 100.40 MHz (internal reference TMS), 77Se
76.2 MHz (external reference Me2Se 60 vol% in CDCl3),


[62] 19F
376.00 MHz (external reference CFCl3). NMR spectra were recorded at
room temperature, if not noted otherwise. Low-temperature spectra were
referenced to an external standard at room temperature.


Calculations: Origine 3400 computer, Silicon Graphics Inc., internet:
http://www.zedat.fu-berlin.de/services/compute/.


Chemicals : Compound 1 was obtained from Fluka, 77Se NMR (CDCl3): d
= 465.2 ppm. Compound 9 was prepared by a route analogous to that in
reference [63] by lithiation of 2,4,6-tri-tert-butylbromobenzene (Aldrich)
with tBuLi at �78 8C in THF according to reference [64]. 13C NMR
(CDCl3): d = 155.84 (o-C), 150.03 (p-C) 127.76 (i-C), 123.37 (m-C),
38.94 (o-tBu), 33.16 (CH3, o-tBu), 34.92 (p-tBu), 31.28 ppm (CH3, p-tBu);
77Se NMR (CDCl3): d = 517.6 ppm. Compound 11 was prepared accord-
ing to reference [63]. 13C NMR (CDCl3): d = 154.64 (o-C), 148.12 (p-C),
122.52 (i-C), 121.60 (m-C), 38.73 (o-tBu), 32.77 (CH3, o-tBu), 34.71 (p-
tBu), 31.35 (CH3, p-tBu), 1.61 ppm (SiCH3);


77Se NMR (CDCl3): d =


42.5 ppm (1JSe,Si = 111.5 Hz).


Precursors of diselenides


For compound 2 : Methylation of o-bromobenzyl alcohol (ACROS) in
THF with MeI/NaH[65] yielded o-methoxymethyl bromobenzene. B.p.
102 8C/13 mbar; 13C NMR (CDCl3): d = 137.56, 132.37, 128.80, 128.76,
127.29, 122.53 (Carom), 73.76 (OCH2), 58.45 ppm (OCH3).


For compound 3 : Reaction of o-bromobenzaldehyde (Fluka) with Et2Zn
in toluene and 7 as chiral catalyst yielded (S)-o-(1-hydroxy-1-propyl)bro-
mobenzene.[66] 13C NMR (CDCl3): d = 143.59, 132.43, 128.50, 127.50,
127.39, 122.01 (Carom), 73.89 (OCH), 30.52 (CH2), 10.02 ppm (CH3).
Etherification of (S)-o-(1-hydroxy-1-propyl)bromobenzene with MeI/
NaH[65] in THF led to (S)-o-(1-methoxy-1-propyl)bromobenzene. B.p.
52 8C/0.1 mbar; 13C NMR (CDCl3): d = 141.48, 132.61, 128.60, 127.60,
127.52, 123.35 (Carom), 83.35 (OCH), 56.94 (OCH3), 29.92 (CH2),
10.02 ppm (CH3).


For compound 4 : Reaction of 2,6-dimethylbromobenzene (Fluka) with
N-bromosuccinimide (NBS) in CCl4 yielded 2,6-bis(bromomethyl)bromo-
benzene,[67] .13C NMR (CDCl3): d = 138.23 (o-C), 131.29 (m-C), 127.93
(p-C), 126.50 (i-C), 33.89 ppm (CH2). Reaction with NaOMe yielded 2,6-
bis(methoxymethyl)bromobenzene.[68] B.p. 86 8C/0.016 mbar; 13C NMR
(CDCl3): d = 137.89 (o-C), 127.72 (m-C), 127.12 (p-C), 122.63 (i-C),
74.07 (OCH2), 58.53 ppm (OCH3).


For compound 5 : Reaction of o-bromobenzaldehyde with EtMgBr yield-
ed o-(1-hydroxy-1-propyl)bromobenzene. B.p. 71 8C/0.02 mbar; 13C NMR
(CDCl3): d = 143.59, 132.39, 128.48, 127.50, 127.39, 122.00 (Carom), 73.83
(OCH), 30.51 (CH2), 10.00 ppm (CH3). Deoxygenation analogous to ref-
erence [69] with Me3SiCl/NaI/CH3CN/Zn/AcOH yielded o-propylbromo-
benzene. B.p. 97 8C/17 mbar; 13C NMR (CDCl3): d = 141.78, 132.69,
130.30, 127.32, 127.20, 124.51 (Carom), 38.16 (1-CH2), 23.07 (2-CH2),
13.83 ppm (CH3).


Table 3. Reaction energies [kcalmol�1], including ZPE of the total disproportionation reaction 3RX�F!RXF3+R2X2 (X = S, Se, Te) and the partial
reactions, a: 2RX�F!RXXF2R, b: RXXF2R+RX�F!RXF3+R2X2. CCSD(T) energies are corrected with ZPEs of the MP2/6–311+G(3df,3pd) calcu-
lations.


R\X S Se Te
a b a b a b


MP2/6-311+G(d,p) CF3 �19.29 17.03 �36.32
MP2/6-311+G(3df,3pd) CF3 �36.78 2.30 �39.08
MP2/6-311+G(d,p) Me �22.94 8.32 �31.27 �36.15 �5.93 �30.22 �54.31 �20.50 �33.81
MP2/6-311+G(3df,3pd) Me �40.21 �5.36 �34.85 �42.66 �10.52 �32.14 �56.21 �22.31 �33.90
CCSD(T)/6-311+G(3df,3pd) Me �33.02 0.34 �33.36 �36.97 �6.09 �30.88
MP2/6-311+G(d,p) Ph �27.01 �40.48 �58.59
B3LYP/6-311+G(d,p) CF3 �16.43 16.68 �33.11
B3LYP/6-311+G(d,p) Me �19.89 8.65 �28.54 �30.48 �3.49 �26.99 �44.17 �14.29 �29.88
B3LYP/6-311+G(3df,3pd) Me �28.25 3.40 �31.65 �32.28 �3.26 �29.02
B3LYP/6-311+G(d,p) Ph �15.55 �27.35 �42.54
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For compound 7: Alkylation of (R)-1-phenyl-ethylamine (Aldrich) with
1,4-dibromobutane in EtOH/K2CO3 yielded (R)-1-phenyl-ethylpyrroli-
dine.[70] B.p. 107–109 8C/9 mbar; 13C NMR (CDCl3): d = 145.79, 128.18,
127.08, 126.73 (Carom), 65.95 (NCH), 52.91 (NCH2), 23.41 (CH2),
32.30 ppm (CH3).


General procedure for the synthesis of diselenides 2–5 : tBuLi (50 mmol,
29 mL 1.7m in pentane, Aldrich) was added dropwise over 20 min to a
stirred solution of ortho-substituted bromobenzene (25 mmol) in hexane
(100 mL) �78 8C under argon. The mixture was stirred at this tempera-
ture for 1 h. After warming to room temperature, addition of THF
(100 mL), and cooling to �78 8C, gray selenium powder (25 mmol, 1.79 g)
was added. After slow warming to room temperature and stirring for 1 h,
H2O (200 mL) was added, and air blown through the solution. The prod-
uct was extracted with diethyl ether (3Q300 mL), the organic phase was
washed with H2O (2Q100 mL), saturated aqueous NaCl solution
(100 mL), and H2O (100 mL), and was finally dried over MgSO4.


Diselenide 2 : Column chromatography over silica gel, hexane/ether 10:1,
yield 3.65 g (73%), orange oil. 13C NMR (CDCl3): d = 138.23, 132.70,
131.62, 128.73, 128.29, 127.37 (Carom), 74.60 (OCH2), 57.87 ppm (OCH3);
77Se NMR (CDCl3): d = 417.3 ppm; MS: m/z (%): 402 (36) [M+, 80Se],
200 (100).


Diselenide 3 : Column chromatography over silica gel, hexane/ether 5:1,
yield 4.91 g (86%), orange oil. 13C NMR (CDCl3): d = 142.45, 133.05,
129.73, 128.10, 127.71, 126.78 (Carom), 84.51 (OCH), 56.65 (OCH3), 29.88
(CH2), 10.32 ppm (CH3);


77Se NMR (CDCl3): d = 418.2 ppm; MS: m/z
(%): 458 (54) [M+ , 80Se], 228 (42), 197 (100), 183 (27), 116 (62).


Diselenide 4 : Recrystallized from EtOH, yield 3.10 g (51%), orange nee-
dles. M.p. 115–117.5 8C; 13C NMR (CDCl3): d = 143.01 (o-C), 129.85 (p-
C), 128.67 (i-C), 126.88 (m-C), 74.36 (OCH2), 58.27 ppm (OCH3);


77Se
NMR (CDCl3): d = 362.2 ppm; MS: m/z (%): 490 (57) [M+ , 80Se], 244
(33) [ArSe+], 213 (100) [ArSe+�MeO].


Diselenide 5 : Column chromatography over silica gel, hexane, yield
3.10 g (63%), orange oil. 13C NMR (CDCl3): d = 143.12, 133.22, 130.94,
129.05, 127.89, 126.87 (Carom), 37.98, 24.14, 13.93 ppm (Pr); 77Se NMR
(CDCl3): d = 415.0 ppm; MS: m/z (%): 398 (60) [M+ , 80Se], 318 (25)
[M+�Se], 198 (85), 117 (46), 91 (100).


General procedure for the synthesis of diselenides 6–8 :[66,71] tBuLi
(25 mmol, 17.7 mL 1.7m, Aldrich) was added dropwise over 15 min to a
stirred solution of amine (N,N-dimethylbenzylamine, (R)-1-phenylethyl-
pyrrolidine, m-bis(N,N-dimethylaminomethyl)benzene,[72] (25 mmol) in
hexane (60 mL) at room temperature under argon. The mixture was stir-
red for 40 h at room temperature then THF (25 mL) was added. After
the mixture was cooled to �78 8C, gray selenium powder (25 mmol,
1.97 g) was added and the mixture was allowed to slowly warm up to
room temperature and stirred for 2 h. Addition of H2O (200 mL) and
pumping of air through the solution were followed by the work up descri-
bed for diselenides 2–5.


Diselenide 6 :[26] Column chromatography over silica gel, acetone/pentane
1:3, yield 4.16 g (78%), red-orange oil. 13C NMR (CDCl3): d = 139.0,
134.13, 131.24, 128.32, 128.00, 125.69 (Carom), 64.49 (NCH2), 44.23 ppm
(NCH3);


77Se NMR (CDCl3): d = 430.9 ppm; MS: m/z (%): 428 (4) [M+ ,
80Se], 214 (100) [ArSe+].


Table 4. GIAO-MP2 and GIAO-B3LYP-calculated 77Se and 19F shielding constants sSe, sF,
77Se and 19F chemical shifts dSe and dF (ppm) of selected sele-


nium compounds, including experimental values.


Compound Sym sSe dSe sF dF Sym sSe dSe sF dF dSe dF


GIAO-MP2/6–311+G(d,p)//MP2/6–311+G(d,p) GIAO-B3LYP/6–311+G(d,p)//B3LYP/6–311+G(d,p) experimental
Me2Se Cs 1908.5 0 Cs 1621.8 0 0
CFCl3 C3v 204.2 0 C3v 153.7 0 0
CF3SF Cs 576.8 �372.6 Cs 539.8 �386.1 �351.5[d]


CF3SF3 C1 257.3 �53.1, Fe C1 186.5 �32.8, Fe �48, [e] Fe


157.2 47.0, Fa 80.1 73.6, Fa 52, Fa


168.0 36.2, Fa 92.2 61.5, Fa


MeSeF Cs �218.1 2126.6 640.6 �436.4 Cs �882.9 2504.7 626.9 �473.2
MeSeF3 Cs 649.1 1259.4 281.1 �76.9, Fe Cs 297.9 1323.9 211.1 �57.4, Fe


173.7 30.5, Fa 96.5 57.2, Fa


Me2Se2 C2 1634.6 273.9 C2 1248.8 373.0 275[a]


PhSeF Cs �188.8 2097.3 578.7 �374.5 Cs �776.3 2398.1 548.9 �395.2
PhSeF3 C1 731.8 1176.7 243.1 �38.9, Fe Cs 428.1 1193.7 163.8 �10.1, Fe 1161.8 [b]


207.4 �3.2, Fa 137.1 16.6, Fa


178.1 26.1, Fa


Ph2Se2 C2 1325.3 583.2 C2 926.0 695.8 465.2[b]


SeF2 C2v �1815.0 3723.5 413.1 �208.9 C2v �2746.2 4368.0 357.9 �204.2
SeF4 C2v 683.9 1224.6 166.4 37.8, Fe C2v 380.8 1241.0 68.5 85.2, Fe 1083[c] 12.1,[c] Fe


125.9 78.3, Fa 37.8 115.9, Fa 37.7, Fa


SeF6 Oh 1146.2 762.3 130.5 73.7 Oh 902.0 719.8 �12.3 166.0 600[c] 49.6[c]


GIAO-MP2/6–311+G(3df,3pd)//MP2/6–311+G(3df,3pd)
Me2Se Cs 1935.2 0
CFCl3 C3v 206.8 0
CF3SF Cs 578.8 �372.0
CF3SF3 C1 263.9 �57.1, Fe


148.6 58.2, Fa


162.6 44.2, Fa


MeSeF Cs �68.9 2004.1 638.4 �431.6
MeSeF3 C1 753.6 1181.6 284.4 �77.6, Fe


200.4 6.4, Fa


185.7 21.1, Fa


Me2Se2 C2 1693.9 241.3
PhSeF Cs �66.7 2001.9 582.2 �375.4
SeF2 C2v �1523.0 3458.2 417.0 �210.2
SeF4 C2v 835.5 1099.7 191.3 15.5, Fe


151.8 55.0, Fa


SeF6 Oh 1254.3 680.9 178.5 28.3


[a] Ref. [22]. [b] This paper. [c] Ref. [36]. [d] Ref. [38,39]. [e] Ref [61].
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Diselenide 7:[66] Column chromatography on silica gel, acetone/pentane
1:3, yield 5.10 g (81%), red-orange oil. 13C NMR (CDCl3): d = 144.83,
132.91, 131.26, 127.38, 126.48, 126.04 (Carom), 63.65 (NCH), 51.10 (NCH2),
23.72 (CH2), 18.99 (CH3) ppm; 77Se NMR (CDCl3): d = 429.8 ppm; MS:
m/z (%): 508 (1) [M+ , 80Se], 359 (1), 254 (100) [ArSe+], 183 (24), 174
(19), 104 (18), 70 (41).


Diselenide 8 : Column chromatography on silica gel, ethyl acetate with
2.5% Et3N, yield 3.35 g (50%), red-orange oil. 13C NMR (CDCl3): d =


143.62 (o-C), 134.59 (i-C), 128.21 (p-C), 127.95 (m-C), 64.55 (NCH2),
45.18 ppm (NCH3);


77Se NMR (CDCl3): d = 397.2 ppm; MS: m/z (%):
462 (1) [M+�Se, 80Se], 271 (99) [ArSe+], 226 (100), 184 (47); FAB MS
(m-nitrobenzyl alcohol/CH2Cl2 matrix): m/z (%): 542 (0.4) [M+�Se,
80Se], 271 (100) [ArSe+], 226 (59).


Synthesis of silylselenide 10 :[13]) Liquid NH3 (70 mL) was condensed into
a solution of diselenide 6 (3 mmol, 1.28 g) in THF (30 mL). Na (7 mmol,
161 mg) was added in small portions until the solution remained blue. All
solvents were removed under vacuum. THF (30 mL) and Me3SiCl
(9 mmol, 1 g) were added over 5 min. After the mixture had been stirred
for 20 h, the solvent was removed and the remaining solid was extracted
with pentane (100 mL). The solution was filtered and the pentane re-
moved under exclusion of moisture to yield a light yellow oil (1.27 g;
70%). 13C NMR (CDCl3): d = 142.63, 137.94, 129.73, 127.24, 126.87,
126.74 (Carom), 64.33 (NCH2), 45.43 (NCH3), 1.65 ppm (SiCH3);


77Se
NMR (CDCl3): d = 25.8 ppm (1JSe,Si = 106.9 Hz); MS: m/z (%): 227 (8)
[M+�Me�Me2NH, 80Se], 212 (14) [227�MeC], 148 (95), 75 (56), 73 (100)
[Me3Si


+].


Reaction of diselenides 1–9 and the silyl selenides 10, 11 with XeF2,
NMR experiments : The selenium starting materials (1 mmol) were
placed into a previously dried 12-mm PFA[73] tube. Under vacuum, dry
CH2Cl2 (4 mL), in the case of 9 and 11 dry CHCl3 or CFCl3, were con-
densed in at �196 8C. At �20 8C (1–5), �30 8C (9–11), or �40 8C (6–8)
XeF2 (1 mmol, 169 mg) was added under argon and stirring for 30 min.
For the preparation of ArSeF3, XeF2 (3 mmol, 507 mg) was added. Some
of the solution was then transferred into a 4-mm PFA tube with help of a
1-mm Teflon tube and argon pressure. The 4-mm PFA tube was sealed
and placed into a standard 5-mm NMR glass tube that also contained
some [D6]acetone for internal locking. After cooling to �78 8C these sam-
ples were inserted into the precooled spectrometer and measured as sum-
marized in Table 1.


Reaction of diselenide 8 with XeF2 to yielding selenenium salt 12 : 19F
NMR (CH2Cl2, �80 8C): d = �151.39 (1JF,H = 121.0 Hz; HF2


�); 77Se
NMR (CH2Cl2, �80 8C): d = 1168.5 (12).


Reaction of diselenide 8 with 2XeF2 and KPF6 to yield selenenium salt
13 : Diselenide 8 (1 mmol, 540 mg) and XeF2 (2 mmol, 339 mg) in CH2Cl2
(8 mL) reacted over 30 min at �40 8C in a PFA tube. After removal of
the solvent under vacuum, MeOH (20 mL) and then KPF6 (2 mmol,
370 mg) were added and the mixture was stirred for 1 h. Crystallization
was completed by cooling to �20 8C. After filtration, washing with Et2O
(2Q20 mL), and drying in vacuum, traces of red selenium were removed
by washing with CH2Cl2 (10 mL), followed by filtration, and removal of
the solvent. This yielded 13 (0.67 g; 81% yield). M.p. 174–176 8C
(decomp), (176–180 8C (decomp);[27] 13C NMR (CD3CN): d = 134.02 (o-
C), 133.98 (i-C), 129.16 (p-C), 126.16 (m-C), 64.57 (NCH2), 49.10 ppm
(NCH3);


77Se NMR (CD3CN): d = 1213.1 ppm (1208.3).[27]


(E)-4-Fluoro-5-phenylseleno-oct-4-ene (14): PhSeF3 (2 mmol) in CH2Cl2
(10 mL) was combined with Ph2Se2 (2 mmol, 624 mg) at �20 8C and stir-
red for 10 min. Oct-4-yne (6 mmol, 660 mg) was added followed by stir-
ring for 1 h at �20 8C and 2 h at room temperature. Purification by
column chromatography on silica gel in hexane afforded 14 as a colorless
oil (1.33 g; 78%). Mass and NMR spectra agree with our previous
data.[11,74]
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Is There a “Most Chiral Tetrahedron”?


Andr� Rassat*[a] and Patrick W. Fowler[b]


Introduction


It would be difficult to overestimate the importance of
chiral structures in chemistry and biology.[1–4] The original
statement by Lord Kelvin[5] allows no degrees of chirality, as
an object is either exactly superimposable on its mirror
image (enantiomorph), or it is not. However, the continuous
nature of properties such as rotational strength[6] or helical
twisting power[7] has encouraged many to think that one
molecule may be “more chiral” than another.[8,9]


For molecules, any one of the measurable pseudoscalar
spectroscopic properties gives a ready-made scale of chirali-
ty. Such a scale may suffer from false zeroes,[6b,8b] depend-
ence on the choice of property and lack of obvious exten-
sion to general geometric objects. The tetrahedron, a model
for the asymmetric carbon atom, is the simplest motif capa-
ble of exhibiting chirality in three dimensions, and there has
been discussion in the theoretical literature of the identity
of the “most chiral tetrahedron”.[8b,e,f] Herein we point out
that no absolute meaning can be attached to this term: it
has long been recognised that different criteria yield differ-
ent results,[8b] here we demonstrate that criteria can be
found that make any chiral tetrahedron the most chiral one.


This result is an extension of a conjecture made by
Dunitz[10] for the two-dimensional (2D) chirality of the sca-
lene triangle.


Functions proposed for the quantification of chirality fall
into two main types. A degree of chirality[8c] (c) is a quantity
that purports to measure the “amount of chirality” of a
given object, without regard to its absolute configuration;
thus the two mirror images of an object have the same value
of c. A chirality index[6a, 11] (y) is a quantity that takes into
account both “amount of chirality” and absolute configura-
tion, so that a chiral object and its mirror image have equal
and opposite values of y. Whereas c is a scalar quantity, y is
a pseudoscalar quantity, preserved under all proper and re-
versed under all improper transformations of the object.


In general, the definition of a chirality index as a continu-
ous function presents difficulties caused by the chiral con-
nectness of three-dimensional objects. Consider the formal
interconversion of the two enantiomers of a chiral object by
some continuous deformation: if it is possible to find a de-
formation pathway that consists entirely of chiral configura-
tions, then the object is said to be chirally connected.[12] Fa-
mously, potatoes are chirally connected,[12] as are chiral tet-
rahedra considered as sets of unlabelled vertices.[8b,13] If
labels are attached to the vertices, chiral tetrahedra lose this
property, since a set of labelled vertices must contain at
least five points if it is to be chirally connected.[14] In partic-
ular, a centred tetrahedral molecule such as the pentaatomic
substituted methane C(XYZW) is chirally connected,
whereas the empty tetrahedral cage XYZW is not. Our sub-
ject here is the chiral tetrahedron, free of labels.


Some pathways from a tetrahedron to its enantiomer may
happen to pass, en route, through achiral configurations,
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Abstract: A degree of chirality is a
function that purports to measure the
amount of chirality of an object: it is
equal for enantiomers, vanishes only
for achiral or degenerate objects and is
similarity invariant, dimensionless and
normalisable to the interval [0,1]. For a
tetrahedron of non-zero three-dimen-
sional volume, achirality is synonymous
with the presence of a mirror plane


containing one edge and bisecting its
opposite, and hence it is easy to design
degree-of-chirality functions based on
edge length that incorporate all con-
straints. It is shown that such functions


can have largest maxima at widely dif-
ferent points in the tetrahedral shape
space, and by incorporation of appro-
priate factors, the maxima can be
pushed to any point in the space. Thus
the phrase “most chiral tetrahedron”
has no general meaning: any chiral tet-
rahedron is the most chiral for some le-
gitimate choice of degree of chirality.


Keywords: chirality · degree of
chirality · quantitative chirality ·
symmetry · tetrahedron
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but, crucially, it will always be possible to devise pathways
that consist entirely of chiral configurations (see Figure 1
for an example). As a consequence, a smooth connection
between the enantiomer with positive y and the partner
with negative y then demands the existence of a “false
zero”, that is, a value of y=0 at a chiral configuration.[6b,8b]


This problem with y does not arise with the degree of chir-
ality, c which can be constructed to have no chiral zero.


It is useful to compare features of the chirality of simplex-
es in two and three dimensions. In two dimensions, the sca-
lene triangle exhibits (2D) chirality. Unlike tetrahedra, tri-
angles are not chirally connected:[8b,13,14] interconversion of a
chiral triangle and its enantiomer necessarily involves pas-
sage through an achiral intermediate structure. Degrees c


and indices y of 2D chirality can therefore both be defined
consistently for triangles. However, this does not lead to a
unique definition of the most chiral triangle. We have re-
cently confirmed the conjecture of Dunitz that it is possible
for any chiral triangle to appear as the most chiral for some
legitimate function c.[15] Hence the term “most chiral trian-
gle” has no meaning independent of a definition of the crite-
rion for quantification.


Our purpose here is to consider the equivalent problem in
3D chirality. We first review the requirements for a function
to be a candidate for a degree of chirality. The search for
the “most chiral tetrahedron” is the problem of maximising
a suitable scalar function c over the space of possible tetra-
hedra. It is shown that an infinity of purely geometrically
defined functions, all equally legitimate, have the properties
demanded of c. By exploiting the available flexibility it is
possible to design c in such a way as to push its extrema to
any chiral configuration. In other words, an extension of the
2D result holds: for some acceptable definition of degree of
chirality, any chiral tetrahedron is the most chiral tetrahe-
dron.


Degree of chirality : The objects whose chirality we wish to
investigate are all possible tetrahedra, considered as arrays
of four points linked by six edges. If a function is to serve as
a degree of chirality for a set of 3D geometric objects, it
should have the following basic properties:[8b]


1. It should be a real, continuous function of geometrical
parameters (internal coordinates) and hence indepen-
dent of any labelling scheme.


2. It should take equal values
for an object and its enan-
tiomorph.


3. It should vanish for all 3D
achiral objects in the set,
and only for the 3D achiral
objects. (A necessary conse-
quence,[15] sometimes for-
gotten,[8b] is that it should
vanish for all degenerate
(i.e. 2D and 1D) objects in
the set.)


4. It should be similarity invar-
iant, dimensionless and nor-
malisable to the interval [0,1].


As the function is intended for comparison and assign-
ment of extremal tetrahedra, another desirable property is
that it should have a highest maximum that is unique up to
isomorphism within the set of all tetrahedra. It is evident
that many, indeed infinitely many,[16] functions could satisfy
these basic requirements. In order to construct one of them,
it is necessary to define the “shape space” of tetrahedra,
within which we will work.


Representation of tetrahedral shape space : The four vertices
of a tetrahedron in 3D space have 12 degrees of freedom, of
which six represent rigid-body translations and rotations,
and one accounts for the breathing mode that interconverts
similarity-equivalent tetrahedra. There are many ways to de-
scribe the remaining five-dimensional space.[8b,e,f] One that
has some advantages, in particular for visualisation, is to re-
alise each tetrahedron on the circumsphere. This can be
done as follows: the radius R and origin of the circumsphere
are computed from a set of vertex coordinates (xi, yi, zi) by
solution of a set of linear equations; the coordinates are
shifted and scaled onto the unit sphere centred at the origin;
the tetrahedron is then rotated on that sphere so that one
edge AB is symmetrically placed on the “Greenwich meridi-
an”: that is, with polar coordinates qA=p�qB, fA=fB=0
for this edge and (qC, fC) and (qD, fD) for the vertices of the
opposite edge CD. Other conventions are possible. Mor-
eau[8f] uses a related five-angle description of tetrahedral
vertices on the circumsphere, in which two vertices are con-
strained to lie on the equator.


The set of five angles {qA, qC, fC, qD, fD} together span
(redundantly) the five-dimensional space of freedoms of the
tetrahedron: as the labels ABCD are disposable, any one of
the six edges can be chosen as AB, and either end chosen as
vertex A; thus, each enantiomer of a chiral tetrahedron
ABCD has up to 12 distinct presentations on the sphere, up
to 24 when the pair of enantiomers is taken together. It
would also be possible to define a single canonical setting
for each pair, perhaps based on a hierarchical choice of AB
by length, positioning C in a preferred octant, and so on.


A natural way to display the tetrahedra on the unit
sphere is with the second projection of Apianus.[17] The
spherical surface is transformed into an ellipse with linear
scaling of q on the vertical axis, from q=0 at the North Pole


Figure 1. Snapshots of a continuous chiral connection between the two enantiomers an unlabelled D2-symmet-
ric tetrahedron. At no stage on the path 1!2!3!4!5 does the object become achiral. Note that if the tetra-
hedron were labelled, 1 and 5 would no longer be an enantiomeric pair.
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to q=p at the South, and linear scaling of the chord of the
ellipse from f=�p to +p. A shortcoming of such a projec-
tion, inherent to the use of spherical polar co-ordinates, is
that the values of the f coordinates of C and D may suffer a
discontinuity when the route of a distortion takes a vertex
over a pole.


Whatever the internal coordinates used to define the
degree of chirality, its maximisation can be performed by
making a search in the space of qA, qC, fC, qD, fD, computing
the relevant internal coordinates of the implied tetrahedron
and using them to calculate the given objective function c.
All distinct presentations of the solution tetrahedron de-
fined by this process are calculated and can be visualised on
a single map, which represents the solutions of this five-di-
mensional problem in two dimensions.


Symmetry considerations : We are looking for functions that
vanish for all achiral tetrahedra and that are functions of in-
ternal coordinates only. To retain similarity invariance, all
tetrahedra are taken to have
unit circumradius. We use func-
tions of side lengths and incor-
porate the constraints imposed
by the symmetries of achiral
tetrahedra as conditions for
vanishing of these functions.


The tetrahedron has maxi-
mum point group symmetry Td,
attained when all edge lengths
are equal. Distorted 3D config-
urations with at least one
mirror plane belong to one of
the achiral C3v, D2d, C2v or Cs


groups. In degenerate planar,
linear or point configurations,
all 3D achiral, various other
symmetry groups are possible,
but are not relevant here. Dis-
torted 3D configurations with-
out a mirror plane belong to
one of the chiral D2, C2 or C1


groups. The other subgroups of
Td, that is, T and C3 (chiral) and
S4 (achiral), are not available to
systems of only four points.
Since S4 is not available, achir-
ality in a tetrahedron arises
only from the presence of at
least one mirror plane: there
are six such in Td, three in C3v,
two in C2v and one in Cs.


Each point group limits the number of degrees of freedom
within the set of edge lengths. As for any deltahedron,[18] the
reducible representation of the vibrations is identical with
that of the edge lengths, and the number of totally symmet-
ric components in this representation is the maximum
number of distinct edge lengths, that is, in the available
groups: 1 (Td), 2 (D2d, C3v), 3 (D2, C2v), 4 (C2, Cs), 6 (C1).
Additional equalities between non-equivalent edges can


occur, giving rise to the 25 cases shown in Figure 2, one for
Td, D2d, C3v, D2, two for C2v, three for C2, five for Cs, and
eleven for C1.


For each edge, there is a group of symmetry operations
that leave this edge unshifted. These site symmetries of the
edges determine the numbers of distinct settings in our car-
tographic representation of a given achiral tetrahedron or
enantiomeric pair of chiral tetrahedra. From the partition of
the set of edges of a tetrahedron of symmetry G into orbits,
and the contributions of edges in the different site symme-
tries, the numbers of distinct settings are found as in
Table 1. The edge orbits are indicated in Figure 2, in the
first entry for each point group G, by the use of different
line styles.


Design of a degree of chirality : Inspection of the different
cases in Figure 2 immediately suggests plausible forms of c.
As shown above, if the tetrahedron is achiral, it has a mirror
plane. Hence, in an achiral tetrahedron, there is a pair of op-


posite edges such that one edge lies in that plane and the
other is normal to and bisected by the plane. Suppose the
pair is AB, CD, with CD lying in the mirror plane. Then,
both AC=BC and AD=BD (AB is the length of edge AB)
and a function such as fCD is zero.


f CD ¼ ðAC�BCÞ2 þ ðAD�BDÞ2


Figure 2. The twenty-five classes of tetrahedra, arranged by maximum point group symmetry and side-length
pattern. Bold, feint, dashed, hatched, wavy and circle-decorated lines indicate distinct side lengths. The first
entry for each point group corresponds to the maximally disparate set of side lengths, thus illustrating the dis-
tribution and sizes of the different orbits of edges. For instance, C2v has one orbit of size 4 and two of size 1.
Second and following entries then correspond to the cases of side-length degeneracy compatible with the
given point group.


Chem. Eur. J. 2004, 10, 6575 – 6580 www.chemeurj.org J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6577


Degrees of Chirality 6575 – 6580



www.chemeurj.org





If alternatively, the edge in the mirror plane is AB, the
function fAB vanishes.


f AB ¼ ðAC�ADÞ2 þ ðBC�BDÞ2


As there are three pairs of opposite edges, and two differ-
ent choices of in-plane edge, a function that vanishes for
any setting if and only if there is at least one mirror plane in
the tetrahedron is the symmetrised product F.


F ¼ f AB f AC f AD f BC f BD f CD


As all degenerate tetrahedra have zero volume, V, multi-
plication of F by V ensures that all conditions 1 to 4 are
met. V is itself a function of edge lengths, through 6 VR=D,
where R is the circumradius (here equal to 1) and D=ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðS�S1ÞðS�S2ÞðS�S3Þ


p
, with S1=AB·CD ; S2=AB·BD ;


S3=AD·BC and 2S=S1+S2+S3.
[19] Thus, c1 is a legitimate


candidate for a degree-of-chirality function, whereas V and
F by themselves are not.


c1 ¼ VfAB fAC f AD f BC f BD f CD


The most chiral tetrahedron, as obtained by maximising
the function c1, has C2 symmetry, with relative side-lengths
given in entry T(1) of Table 2. One setting of this tetrahe-
dron is represented in Figure 3a on the cartographic projec-
tion, and Figure 3b shows the 12 distinct settings of the
enantiomeric pair defined by this set of side lengths.


However, it would be equally valid to take any one of
many other functions related to c1, such as cm with any posi-
tive real number m, which also possess all the attributes of a
degree of chirality. This simple modification, allowing varia-


cm ¼ VmfAB f AC f AD f BC f BD f CD


tion of the balance between 3D achirality and geometric de-
generacy conditions, leads to a continuum of “most chiral
tetrahedra”, T(m). Figure 4 shows (in the setting of Fig-
ure 3a) the trajectories of vertices under the variation of m.


As can be seen from the side lengths (Table 2), the tetrahe-
dra T(m) span a range of different shapes, from extremely
flattened to near isotropic, and all different from the various


Table 1. Number of different settings in the cartographic representation
as a function of the orbit structure of the set of edges. An orbit is denot-
ed On(H), where n is the number of equivalent edges in the set (see
Figure 2) and H is the site symmetry of an individual edge (i.e., the
group of symmetry operations that leave this edge unshifted). Orbit sig-
natures �mOn(H) list the numbers of copies (m) of the orbits of each
type. Edges in sites of C2v, C2, Cs and C1 symmetries contribute respec-
tively 1, 2, 2, 4 settings per group of equivalent edges to the total count.
For chiral tetrahedra, the count of settings includes an equal number for
each enantiomer.


G Edge orbits Settings


Td O6(C2v) 1
D2d O2(C2v) + O4(C2) 3
C3v 2O3(Cs) 4
C2v 2O1(C2v) + O4(C1) 6
D2 3O2(C2) 6
Cs 2O1(Cs) + 2O2(C1) 12
C2 2O1(C2) + 2O2(C1) 12
C1 6O1(C1) 24


Table 2. Predictions of the most chiral tetrahedron for different volume
exponent m in the family of degree-of-chirality functions cm. Entries
denote, for selected values of m, solutions T(m), given as sets of side
lengths AB···CD, here normalised to unity on the shortest side. All chiral
T(m) have C2 symmetry, with the C2 axis passing through opposite edges
AB and CD. The limiting achiral solutions [T(0)] (degenerate, trapezoi-
dal) and [T(8)] (regular tetrahedron) are also listed. For comparison,
data for the predictions from three functions taken from the literature
are also listed: side lengths for T(a)[8e] and T(b)[8f] are given by Moreau[8f]


and those for T(c) were calculated from the five independent internal an-
gles.[8b]


Tetrahedron AB AC AD BC BD CD


[T(0)] 2.366 1 2.996 2.996 1 3.362
T(1/16) 2.324 1 2.936 2.946 1 3.314
T(1/8) 2.284 1 2.899 2.899 1 3.261
T(1/4) 2.210 1 2.813 2.813 1 3.165
T(1/2) 2.086 1 2.665 2.665 1 3.010
T(1) 1.899 1 2.441 2.441 1 2.743
T(2) 1.667 1 2.153 2.153 1 2.412
T(5) 1.371 1 1.765 1.765 1 1.950
T(10) 1.226 1 1.529 1.529 1 1.659
T(20) 1.109 1 1.360 1.360 1 1.442
T(80) 1.027 1 1.169 1.169 1 1.194
T(320) 1.006 1 1.082 1.082 1 1.089
[T(¥)] 1 1 1 1 1 1
T(a) 1 1 1.6 1.6 1 2.3
T(b) 1.504 1 1.361 1.361 1 1.504
T(c) 1.396 1 1.385 1.385 1 1.614


Figure 3. Cartographic representation of the C2-symmetric most chiral
tetrahedron as predicted by c1, the simplest product function that satisfies
all conditions for a degree of chirality. a) A single setting of one enan-
tiomer of this tetrahedron, and b) the 12 different settings of the enantio-
meric pair. Labels ABCD in (a) are not attached to the tetrahedron, but
denote the vertices with polar coordinates (qA, fA)… as defined in the
text.
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published “most chiral tetrahedra” found with other criter-
ia.[8b,e,f] As m increases from 1 towards large positive values,
the C2-symmetric solution tetrahedron T(m) tends to Td


symmetry, all six side lengths equalising, and the vertices A,
B, C, D tending to the Td special positions on the projection,
that is, qA= (p�a)/2, qB= (p+a)/2, fA=fB=0, qC=qD=


p/2, fC=p�(a/2), fD=p+ (a/2), where a is the tetrahedral
angle, cos�1(�1/3)�109.478. As m decreases from 1 towards
zero, T(m) degenerates to a trapezium on the great circle at
f=0. Both limiting forms are understandable, as the func-
tion in the first case increasingly emphasises the volume
factor (maximised by the regular tetrahedron), and in the
second case progressively de-emphasises this factor, reduc-
ing its ability to protect against geometric degeneracy. At all
points on the path that fall short of the limits m=0 and m=¥,
the solution is an acceptable “most chiral tetrahedron” for
some well defined choice of functional form for degree of
chirality. All these chiral intermediate tetrahedra have C2


symmetry. It may at first seem paradoxical that chirality is
lost at both limits, but this is a straightforward consequence
of the fact that at each limit the function is no longer con-
strained to obey both parts of condition 3, as one factor or
the other becomes overwhelmingly dominant. A related
“paradox” is encountered when incomplete functions that
do not exclude degeneracy are used for 2D-chirality of tri-
angles.[8b,15] Had we not included the “safety” factor V to
protect from degenerate cases, we would have obtained the
paradoxical result that the most chiral tetrahedron is infini-
tesimally separated from a planar and degenerate trapezoid.


Further freedom can be introduced by generalising the
factors fAB, fAC,··· that were included in c to detect mirror
planes, for example, to the multi-parameter form fAB,npq (n,
p, q real and positive), to create degrees of chirality:


f AB,npq ¼ ½jACn�ADnjp þ jBCn�BDnjp
q


cmnpq ¼ VmfAB,npqf AC,npqf AD,npqf BC,npqf BD,npqf CD,npq


Functions of this form produce different solution tetrahe-
dra. Multiplication of any one cmnpq by a well behaved func-
tion that is symmetric in side lengths and positive for all
physical tetrahedra will also yield a new and legitimate
degree of chirality.


Combination of any legitimate degree-of-chirality func-
tion with a “pushing function”[15] P also yields a legitimate
candidate, and hence it should be possible to reproduce any
target chiral tetrahedron as the “most chiral” by suitable
choice of P. For instance, multiplication of c1 by a function
such as PT* with e set to a sufficiently small tolerance, will
send the maximum of the product PT*c1 to a point arbitrarily
close, to a precision determined by e, to the tetrahedron T*


defined by the target side lengths AB*, AC*, AD*, BC*, BD*


and CD*.


PT* ¼ 1
ðAB�AB*Þ2 þ ðAC�AC*Þ2 þ ðAD�AD*Þ2 þ ðBC�BC*Þ2 þ ðBD�BD*Þ2 þ ðCD�CD*Þ2 þ e


In particular, this functional form allows the target and
thus the “most chiral tetrahedron” to have any of the chiral
symmetries, D2, C2, C1, allowed for a tetrahedron. Moreover,
we may take the target to be an achiral or even a degener-
ate tetrahedron, such as a planar quadrangle, a triangle or a
“flat triangle”. A convenient choice of e can then make a
most chiral tetrahedron that is arbitrarily close to the non-
chiral target. The product PT*cmnpq can be renormalised to
bring it into the desired range [0,1]. Trial calculations indi-
cate that e�10�9 is generally sufficient to send the maxi-
mum to the target, whereas e�10+9 leaves the maximum
unchanged at the starting position T(1); variation of e be-
tween the two limits produces a variety of intermediate
“most chiral tetrahedra”. The infinity of choices of T*, m, n,
p and q give infinities of starting, intermediate and target
positions.


Conclusion


It is not unexpected that the “most chiral tetrahedra”
depend on the measure of chirality, but we see here that
they do not even cluster in any particular region of the
shape space. The present results demonstrate the correctness
of the extension of DunitzUs conjecture to the tetrahedron:
it is the case that, with an appropriate choice of degree of
chirality, any chiral tetrahedron, no matter how close to an
achiral limit, can be found to be the “most chiral tetrahe-
dron”, thus robbing the term of absolute significance.
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Figure 4. Trajectory of the most chiral tetrahedron under variation of the
volume exponent m in the family of degree-of-chirality functions cm. The
white-filled circles denote the C2-symmetric solution tetrahedron T(1) in
the setting of Figure 3a, and black-filled circles correspond to successive
solutions T(m), for different values of m. Moving from T(1) towards the
vertical axis, the points correspond to T(1/2), T(1/4), T(1/8), T(1/16);
moving from T(1) towards the horizontal axis, the points correspond to
T(2), T(2.5), T(3), T(4), T(5), T(10), T(20), T(40), T(80), T(160), T(320).
The limiting solutions T(0) (degenerate, trapezoidal) and T(8) (regular
tetrahedron) are denoted by stars. The side lengths of the different result-
ing tetrahedra are given in Table 2.
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Low-Melting, Low-Viscous, Hydrophobic Ionic Liquids: 1-Alkyl(Alkyl
Ether)-3-methylimidazolium Perfluoroalkyltrifluoroborate


Zhi-Bin Zhou, Hajime Matsumoto,* and Kuniaki Tatsumi[a]


Introduction


Room temperature ionic liquids are salts composed entirely
of large organic cations, in particular 1,3-dialkylimidazolium
cations, and a wide variety of anions, and usually having a
melting point at or below room temperature (25 8C). In
recent years, ionic liquids (ILs) have attracted an increasing
interest for application as new media in organic reactions,[1]


biocatalytic transformations,[2] and separation technologies,[3]


and as potential electrolytes in various electrochemical devi-
ces and electroplating,[4] and so on, which have been inten-
sively reviewed. The obvious advantages of ILs over conven-
tional organic solvents and electrolytes are their nonflamma-
bility, nonvolatility, high thermal stability and a wide stable
liquid range (usually over 200 8C).[1–5] The most attractive
features of ILs is that their physical and chemical properties,
such as melting point, density, viscosity, hydrophobicity and
coordinating ability, can be finely tuned by alteration of the
cation or anion to specific applications; hence ILs have been
referred to as “designer solvents” or “tailored solvents”.[1c,d]


In spite of all the aforementioned advantages, ILs still
have many barriers to overcome before they can be widely


used in industry to replace the conventional organic solvents
or electrolytes. One of the severe barriers associated with
the application of ILs is the inherently high viscosity of ILs,
usually being two or three orders of magnitude greater than
those of water and conventional organic solvents (e.g. 1 cP
for water and 0.59 cP toluene at 20 8C).[1c,d,4b] The high vis-
cosity not only negatively affects power requirements and
handling (dissolution, decantation, filtration, etc.) but also
leads to the reduction of the reaction rate.[6] So far, a large
number of new ionic liquids have been reported;[4c] however,
most of them are high-viscous and/or high-melting while the
low-viscous ones are rather rare. Among the ILs reported,
the most fluid ILs (<45 cP at 25 8C) have been usually ob-
tained by combining 1-ethyl-3-methylimidazolium
([C2mim]+) cation with some specific anions, such as fluoro-
hydrogenate ([F(HF)2.3]


� , 4.8 cP),[7] chloroaluminates (18 cP
for [AlCl4]


� and 14 cP for [Al2Cl7]
�),[8] dicyanamide


([N(CN)2]
� , 17–21 cP),[9,10] tricyanomethanide ([C(CN)3]


� ,
18 cP at 22 8C),[10,11] 2,2,2-trifluoro-N-(trifluoromethylsulfo-
nyl)acetamide ([(CF3SO2)(CF3CO)N]� , 25 cP),[12] bis(tri-
fluoromethylsulfonyl)imide ([(CF3SO2)2N]� , 28 cP),[13, 14] tet-
rafluoroborate ([BF4]


� , 37–43 cP),[13,15] and so on. However,
most of these low-viscous ILs are still of limited application
because of the less suitability of the anion counterparts:
[AlCl4]


� and [Al2Cl7]
� are well-known for their moisture


sensitivity and high reactivity, [F(HF)2.3]
� are reactive and


less thermally stable (ca. 80 8C),[8b,16] [N(CN)2]
� and


[C(CN)3]
� exhibit somewhat coordinating ability that might


inactivate the catalysts in organic reactions,[9a] and
[(CF3SO2)(CF3CO)N]� and [(CF3SO2)2N]� for ILs may be


[a] Dr. Z.-B. Zhou, Dr. H. Matsumoto, Dr. K. Tatsumi
Research Institute for Ubiquitous Energy Devices
National Institute of Advanced Industrial Science
and Technology (AIST)
1-8-31 Midorigaoka, Ikeda, Osaka 563-8577 (Japan)
Fax: (+81)72-727-9622
E-mail : h-matsumoto@aist.go.jp


Abstract: A series of twenty two hy-
drophobic ionic liquids, 1-alkyl(alkyl
ether)-3-methylimidazolium ([Cmmim]+


or [CmOnmim]+ ; where Cm is 1-alkyl,
Cm=nCmH2m+1, m=1–4 and 6; CmOn is
1-alkyl ether, C2O1=CH3OCH2,
C3O1=CH3OCH2CH2, and C5O2=


CH3(OCH2CH2)2) perfluoroalkyltri-
fluoroborate ([RFBF3]


� , RF=CF3, C2F5,
nC3F7, nC4F9), have been prepared and
characterized. Some of the important


physicochemical properties of these
salts including melting point, glass tran-
sition, viscosity, density, ionic conduc-
tivity, thermal and electrochemical sta-
bility, have been determined and were
compared with those of the reported


[BF4]
�-based ones. The influence of the


structure variation in the imidazolium
cation and the perfluoroalkyltrifluoro-
borate ([RFBF3]


�) anion on the above
physicochemical properties was dis-
cussed. The key features of these new
salts are their low melting points (�42
to 35 8C) or extremely low glass transi-
tion (between �87 and �117 8C) with-
out melting, and considerably low vis-
cosities (26–77 cP at 25 8C).


Keywords: electrolytes · ionic
liquids · perfluoroalkyltrifluoro-
borate · phase transitions · viscosity
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too expensive. Thus, the easily available but relatively high-
viscous [BF4]


�-based ILs still remain in an unchallenged po-
sition in the field of ILs because of their good chemical,
electrochemical, and thermal stabilities, and the well-estab-
lished preparation processes.[13,15, 17–20] However, the low-vis-
cous [C2mim][BF4] is usually contaminated by halide impuri-
ties arising from the preparation process (i.e. , metathesis re-
action between [C2mim]X (X=Cl� , Br�) and silver or am-
monium salts of the [BF4]


�),[15,17, 21] which are very difficult
to be removed by conventional purification process and
have severely deleterious effects if used as a solvent in cata-
lytic and biocatalytic reactions.[21,22] Consequently, a remark-
ably high-viscous salt, 1-butyl-3-methylimidazolium tetra-
fluoroborate ([C4mim] [BF4], about 180 cP at 25 8C[15c]), is
most commonly preferred to the [C2mim][BF4] in recent
studies,[1d] because the former is more hydrophobic than the
latter, and this allowing to remove water-soluble impurities
such as halide ions from the former by washing with
water.[17,18] With the rapidly expanding applications of ILs in
various fields, there obviously exists a significant need for
the preparation of new hydrophobic, low-melting, and low-
viscous ionic liquids.


Recently a new class of weakly coordinating fluoroanions,
namely perfluoroalkyltrifluoroborates ([RFBF3]


�), have
been successfully synthesized via various convenient meth-
ods,[23–27] whose chemistry and application in high-energy de-
vices, such as Li-ion batteries and electrochemical double-
layer capacitors, are currently of great interest because of
their good chemical and electrochemical stability.[27, 28] More
recently, several ILs based on the [RFBF3]


� have also been
reported in two limited studies.[29] As part of our interest to
find new ILs, we herein systematically report the synthesis
and characterization of a series of twenty two low-melting,
low-viscous, and hydrophobic ILs based on the 1-alkyl(alkyl
ether)-3-methylimidazolium ([Cmmim]+ or [CmOnmim]+ ;
wherein Cm is 1-alkyl, Cm=nCmH2m+1, m=1–4 and 6; CmOn


is 1-alkyl ether, C2O1=CH3OCH2, C3O1=CH3OCH2CH2,
and C5O2=CH3(OCH2CH2)2) and perfluoroalkyltrifluorobo-
rate ([RFBF3]


� , RF=CF3, C2F5, nC3F7, nC4F9), as well as
their electrochemical properties including ionic conductivity
and electrochemical stability.


Results and Discussion


The structures and abbreviations of the cation and anion
employed in the present study are displayed in Table 1, and
the ILs based on these cations and anions are shown in
Table 2 (entries 1–22). All the [RFBF3]


�-based salts in
Table 2 were prepared by metathesis reactions of the corre-
sponding imidazolium halide with a little excess of
K[RFBF3] (1.05 equiv) in water at room temperature, fol-
lowed by simply washing with water to remove water-solu-
ble impurities, because they are immiscible with water to
some extent. All the salts prepared were characterized by
1H, 19F, and 11B NMR, FAB-MS, and elemental analysis. The
characterization data are in agreement well with the expect-
ed structures and compositions. The final yields of these
salts were over a range from moderate to high (60–95%).


Generally, increasing the length of the 1-alkyl (Cm) chain in
the cation or perfluoroalkyl (RF) chain in the [RFBF3]


� re-
sulted in an increase in yield; however, replacing the 1-alkyl
(Cm) group with the hydrophilic alkyl ether (CmOn) group
decreased the yields (60–68%).


It has been identified that the chemical and physical prop-
erties of ILs can be drastically altered by the presence of
small amounts of impurities, notably residual halide and
water, arising from the preparation process.[20,21] Therefore,
the contents of water and halide ions in the resulting salts
were determined. The water content in the [RFBF3]


�-based
salts was revealed to be less than 50 ppm after vacuum
drying at 70 8C for 24 h because of their hydrophobicity,
whereas the hydrophilic [C2mim][BF4] still contained about
200 ppm of water after drying under the same conditions.
The amount of residual halide and potassium ions in the
[RFBF3]


�-based salts, determined by fluorescence X-ray
spectrometry, was less than 50 ppm. More importantly, in all
the [RFBF3]


�-based salts, F� (HF) content determined by
ion chromatography was lower than 5 ppm; this indicates
that the [RFBF3]


� is stable toward hydrolysis during the
preparation process probably owing to their hydrophobicity.
On the other hand, a high content of about 240 ppm F�


(HF) in the hydrophilic [C2mim][BF4] was detected, strongly
indicating that a trace amount of [BF4]


� hydrolyzed during
the preparation process, and the [BF4]


� is therefore less
stable against hydrolysis than the [RFBF3]


� . Moreover, the
rapid hydrolysis of the [BF4]


� was also observed for the
[C4mim][BF4] when this salt was dissolved in the mixture
solvents of water/methanol.[21d] All these observations sug-
gest that the hydrophilic [BF4]


�-based ILs, such as [C2mim]
[BF4], are evidently not inert in the presence of water, al-
though they are widely described as moisture stable ILs in a
number of literatures.


The physicochemical properties of these prepared salts
were characterized by differential scanning calorimetry
(DSC), thermal gravimetric analysis (TGA), density (d), dy-
namic viscosity (h), ionic conductivity (k). The characteriza-
tion data are summarized in Table 2. The data for three of
these salts, [C2mim][RFBF3] (RF=C2F5, nC3F7, nC4F9), agree
well with a recent report,[29a] where they were prepared by a
halide-free route with high purity. These results further sug-
gest that the purities of the salts prepared in the present
study are of high grade, and the characterization data are
not in error. For comparison, four of the reported [BF4]


�-
based salts,[15,17,18, 20] [Cmmim][BF4] (m=2, 3, 4, 6), are also
included in Table 2.


Phase transition : The solid–liquid phase transitions of these
new salts were investigated using differential scanning calo-
rimetry (DSC) from �150 8C to the melting point. One of
the significant features for these new salts is that many of
them exhibit glass-forming characteristics. In addition, four
of these salts showed a solid–solid transition (see Table 2,
Ts–s for entries 17, 18, 20, and 22) before melting. The re-
spective melting entropies for these four salts were 33.1,
34.9, 30.2, and 72.2 JK�1mol�1. These results suggest that
the first three salts (entries 17, 18, and 20) may show some
extents of ionic plastic behavior because their melting entro-
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pies were <40 JK�1mol�1, which are very close to the melt-
ing entropy of the ionic plastic crystal based on the large
flexible anion [(CF3SO2)2N]� (DS=40 JK�1mol�1).[4b,31]


Figure 1 shows the DSC traces of four representatives
(Table 2, entries 1, 2, 5, and 18) as examples, where a range
of phase transitions for all the salts in the present study are
included.


For the imidazolium-based salts, the influence of structure
variation in the cation and anion on the melting point has
been widely investigated previously.[14,17, 20,32] Qualitatively,
low symmetry, weak ion interactions (such as suppressing
hydrogen-bonding) and effective charge distribution over
the cation and/or anion tends to reduce the crystal lattice


energy of the salts, thus resulting in low-melting salts. How-
ever, the exact reason many imidazolium salts are low-melt-
ing is still not well understood, but it is believed to be a
combination of the competing influences of ion-ion and
van der Waals interactions and the disruption of Coulombic
packing.[14,17,20,32, 33]


Figure 2 shows the observed melting points (Tm) of these
new salts including those of the salts with [BF4]


� for compar-


Table 2. Physicochemical properties of the salts prepared (water content in all the salts <50 ppm, with the exception of ca. 200 ppm water in the
[C2mim][BF4]).


Entry Salts Tg [8C]
[a] Tc [8C]


[b] Ts–s [8C]
[c] Tm [8C][d] Td [8C]


[e] d [gmL�1][f] h [cP][g] k [mScm�1][h]


1 [C1mim][CF3BF3] 15 202 1.40 27 15.5
2 [C2mim][CF3BF3] �117 �80 �20 246 1.35 26 14.8
3 [C3mim][CF3BF3] �113 �63 �21 272 1.31 43 8.5
4 [C4mim][CF3BF3] �108 238 1.27 49 5.9
5 [C6mim][CF3BF3] �100 197 1.22 77 2.8
6 [C2Omim][CF3BF3] 17 211 1.41 55 6.5
7 [C3Omim][CF3BF3] �99 �53 2 225 1.36 43 6.9
8 [C5O2mim][CF3BF3] �87 238 1.31 62 3.4
9 [C1mim][C2F5BF3] 27 290 1.47 33 11.7
10 [C2mim][C2F5BF3] 1 305 1.42 27 12
11 [C3mim][C2F5BF3] �111 �60 �42 312 1.38 35 7.5
12 [C4mim][C2F5BF3] �106 �64 �42 309 1.34 41 5.5
13 [C6mim][C2F5BF3] �100 �71 �10 306 1.28 59 2.7
14 [C2Omim][C2F5BF3] �98 �48 �21 274 1.46 47 6
15 [C3Omim][C2F5BF3] �98 �42 �9 288 1.42 38 6.1
16 [C5O2mim][C2F5BF3] �90 293 1.37 51 3.4
17 [C1mim][nC3F7BF3] �8 11 279 1.55 47 7.3
18 [C2mim][nC3F7BF3] �13 8 304 1.49 32 8.6
19 [C3mim][nC3F7BF3] �5 298 1.44 44 5.3
20 [C1mim][nC4F9BF3] 16 35 275
21 [C2mim][nC4F9BF3] �4 277 1.55 38 5.2
22 [C3mim][nC4F9BF3] �119 �12 305 1.48 59 3.5
23 [C2mim][BF4]


[i] �93 �60 15 420 1.28 42 13.6
24 [C3mim][BF4]


[j] �88 �38 �17 435 1.24 103 5.9
25 [C4mim][BF4]


[j] �85 435 1.21 180 3.5
26 [C6mim][BF4] �81[k] 409 1.16 220 1.2


[a] Glass transition temperature determined by DSC on heating. [b] Crystallization temperature determined by DSC on heating. [c] Solid-solid transition
temperature determined by DSC on heating. [d] Melting point determined by DSC on heating. [e] Decomposition temperature determined by TGA.
[f] Density at 25 8C. [g] Viscosity at 25 8C. [h] Specific conductivity at 25 8C. [i] The data agree with the literature.[13,15b,c] [j] Literature data.[15c]


[k] �82 8C.[17]


Table 1. Structure of ionic liquids 1-alkyl(alkyl ether)-3-methylimidazoli-
um perfluoroalkyltrifluoroborate ([Cmmim][RFBF3] and [CmOnmim]
[RFBF3]).


Cation R Anion


[C1mim]+ CH3 [CF3BF3]
�


[C2mim]+ C2H5 [C2F5BF3]
�


[C3mim]+ nC3H7 [nC3F7BF3]
�


[C4mim]+ nC4H9 [nC4F9BF3]
�


[C6mim]+ nC6H13


[C2Omim]+ CH3OCH2


[C3Omim]+ CH3O(CH2)2
[C5O2mim]+ CH3O(CH2)2O(CH2)2


Figure 1. DSC traces (heating) for a) [C1mim][CF3BF3], b) [C2mim]
[CF3BF3], c) [C6mim][CF3BF3], and d) [C2mim][nC3F7BF3]; inset is an en-
larged trace for b) [C2mim][CF3BF3] in the low temperature range
around Tg.
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ison. The Tm values of the [RFBF3]
�-based salts fall between


�42 and 35 8C. With the exception of [C1mim][nC4F9BF3]
(Tm 35 8C), all the [RFBF3]


�-based salts are liquid at room
temperature. For a given anion, the Tm values of the
[Cmmim][RFBF3] generally decreased as the 1-alkyl (Cm)
chain length in the cation increased and reached a minimum
at the alkyl=C3, and tended to increase with further length-
ening the 1-alkyl (Cm) chain. This trend in Tm has been illus-
trated as a general feature of the 1,3-dialkylimidazolium
salts, and is essentially related with the crystallinity of the
salts.[14, 17,20,32] It was expected that replacing the 1-alkyl (Cm)
in the cation with a more flexible alkyl ether (CmOn) group
would result in a decrease in Tm; however, an opposite
trend was observed (Table 2, entry 3 vs 6, 11 vs 14, 12 vs
15). Considering the fact that the polarity is higher for an
alkyl ether group than for an alkyl group, this unexpected
result might be due to the polarity of the alkyl ether group,
which dominates over its flexibility, and introducing a polar
alkyl ether group into the imidazolium cations turns to in-
crease ion-ion and van der Waals interactions in the salts,
thus raising Tm.


Comparison of the Tm values of the [RFBF3]
�-based salts


with those of the [BF4]
�-based ones clearly shows the


impact of the anion symmetry. For the same cation, the salts
with lower symmetry [RFBF3]


� generally exhibit a low melt-
ing point than those with higher symmetry [BF4]


� . This dif-
ference is more significant for the salts with the high sym-
metry [C1mim]+ cation (Table 2, entries 1, 9, 17, 20 vs
[C1mim][BF4] (Tm 103 8C)[17] and [C1mim][PF6] (Tm


89 8C)[32a]). These results suggest that packing efficiency of
the salt could be disrupted by reducing the anion symmetry,
thus lowering the melting point. However, as seen in
Figure 2, there is still no clear relationship between the
structure and chemical composition of these salts and their
melting points.


Figure 3 shows the glass transition temperatures (Tg) of
these new salts and the salts with [BF4]


� . It is very interest-
ing that the [RFBF3]


�-based salts containing the shorter per-
fluoroalkyl chains (RF=CF3, C2F5) exhibited glass-forming
ability at an extremely low temperature while all those con-
taining the longer perfluoroalkyl chains (RF=nC3F7, nC4F9)


did not under the same conditions. As shown in Figure 3,
the trend for the Tg values is much more regular than that
for the Tm values. For each anion, the Tg values of these


salts generally increase progressively with increasing the
length of the 1-alkyl (Cm) chain in the cation, perhaps owing
to an additional energy required to reorient larger cations in
the glassy state. As observed in the melting point, replacing
the 1-alkyl (Cm) group in the cation with an isoelectronic or
longer alkyl ether (CmOn) group resulted in an increase in
Tg (Table 2, entry 4 vs 7, 5 vs 8, 11 vs 14, 12 vs 15, 13 vs 16).
For the same cation, the Tg values of the [CF3BF3]


�-based
salts are almost the same as those of the [C2F5BF3]


�-based
ones; however, the Tg values of the [RFBF3]


�-based salts
(RF=CF3, C2F5) are obviously lower than those of the corre-
sponding [BF4]


�-based ones presumably as a consequence of
a better charge distribution in the [RFBF3]


� . In addition, the
extremely low Tg values of the [RFBF3]


�-based salts (ranging
from �87 to �117 8C) reflect that the ions in these salts
have a high mobility, which may partly account for their low
viscosities (see below).


Thermogravimetric analysis : The thermal stability of the
salts in the present study was determined by TGA. Figure 4


Figure 2. Melting point of various ionic liquid salts (observed); the melt-
ing point of the [C1mim][BF4] was from literature.[17]


Figure 3. Glass transition temperature of various ionic liquids (observed).


Figure 4. Thermal stability of various ionic liquids.
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shows the decomposition temperatures (Td) of the [RFBF3]
�-


and [BF4]
�-based salts. The Td values for the [CF3BF3]


�-
based salts are in the range of 197–272 8C, and 274–312 8C
for the other [RFBF3]


�-based salts (RF=C2F5, nC3F7, nC4F9),
and 409–435 8C for the [BF4]


�-based salts. Apparently, the
salts with the inorganic [BF4]


� are much more stable by
about 100 8C than those with the organic [RFBF3]


� , and the
thermal stability of these salts generally increases in the
order [CF3BF3]


�< [C2F5BF3]
� , [nC3F7BF3]


� , [nC4F9BF3]
� !


[BF4]
� . These results indicate that the anion has a significant


impact on the thermal stability of these imidazolium salts.
To gain an insight into the impact of the anion on the ther-
mal stability, the thermogravimetric traces of five [C2mim]+-
based salts with different anions as examples are displayed
in Figure 5. As shown in Figure 5, the decomposition behav-


ior of the [C2mim][RFBF3] (RF=CF3, C2F5, nC3F7, nC4F9) is
significantly different from that of the [C2mim][BF4]. The
decomposition rate of the [C2mim][BF4] almost remained
constant during the pyrolysis (ca. 400–500 8C). However, the
decomposition rate of the [C2mim][CF3BF3] varied signifi-
cantly during the pyrolysis, it became rapid from about
240 8C and turned slow after reaching �270 8C, and became
almost the same as that of the [C2mim][BF4] from �410 8C.
The weight loss percentage of the [C2mim][CF3BF3] from
�240 to 270 8C was �20% in correspondence to elimina-
tion of a CF2 moiety from the [C2mim][CF3BF3], likely
[CF3BF3]


�![BF4]
�+other products (formed from CF2 car-


bene), which was also supported by its subsequent decompo-
sition behavior above 410 8C (see Figure 5). The decomposi-
tion of the [RFBF3]


�-based salts (RF=C2F5, nC3F7, nC4F9)
also varied during the process, and exhibited a very complex
mode as illustrated in Figure 5. These results suggest that
the low thermal stability of the salts with [RFBF3]


� may be
caused by the pyrolysis of [RFBF3]


� at a low temperature,
and the acidity of the H(2) in the imidazolium ring might
have a contribution to this process.[19] However, for a con-
stant anion, it appears that the variation in the imidazolium
cation has less effect on the stability of the corresponding
salts as shown in Figure 4.


Density : Figure 6 displays the densities of the liquid salts
(the new ILs [CmOnmim][RFBF3] and [CmOnmim][RFBF3],
and the [Cmmim][BF4]) at 25 8C. The density is in the range


of 1.16–1.55 gmL�1. With a constant anion, the density de-
creased with the length of 1-alky (alkyl ether) chain in the
cation increased, for example, keeping the [CF3BF3]


� con-
stant (Table 2, entries 1–8), 1>2>3>4>5 (C1>C2>C3>


C4>C6) and 6>7>8 (C1O>C3O>C5O2). The density of
the [CmOnmim]+-based ILs is a little higher than those of
the similar [Cmmim]+-based ones, for example, 6>3 (C2O>


C3) and 7>4 (C3O>C4). These trends are consistent with
the reported observations in other ILs with imidazolium
cations.[1c,4c,30] On the other hand, with a constant cation,
the density increased with increasing the bulkiness of
the anion in the order [BF4]


�< [CF3BF3]
�< [C2F5BF3]


�<


[nC3F7BF3]
�< [nC4F9BF3]


� . As shown in Figure 6, it seems
that the density of these salts linearly decreased as the
length of 1-alkyl (Cm) or 1-alkyl ether (CmOn) chain in the
cation increased and linearly increased as the number of flu-
orine atoms in the [CnF2n+1BF3]


� (n=0–4) increased. In the
[Cmmim][CnF2n+1BF3] series (m=1–4 and 6, n=0–4) (nine-
teen liquid salts), such a linear relationship was observed as
follows: d (gmL�1)=1.36�0.037 m+0.064 n (r=0.993).
These results indicate that the densities of these ionic liquids
can be fine-tuned with slight structural changes in the cation
and anion.


Viscosity : The viscosity of an ionic liquid is essentially deter-
mined by their tendency to form hydrogen bonds and by the
strength of van der Waals interactions (dispersion and repul-
sion), being strongly dependent on the anion type.[14] For the
imidazolium ILs, longer alkyl chains on the cation result in
an increase in viscosity due to stronger van der Waals inter-
actions whereas delocalization of the charge over the anion
seems to favor lower viscosity by weakening hydrogen bond-
ing with the cation.[8–14,18,20] In addition, an anion combined
a good charge distribution and a flat shape (e.g.
[F(HF)2.3]


� ,[7] [N(CN)2]
� ,[9,10] and [C(CN)3]


�[10,11]) or an ir-
regular shape (e.g., [Al2Cl7]


� ,[8] [(CF3SO2)(CF3CO)N]� ,[12]


and [(CF3SO2)2N]�[13,14]) tends to form low-viscous ILs,


Figure 5. TGA traces of the salts [C2mim][RFBF3] (RF=CF3, C2F5, nC3F7,
nC4F9) and [C2mim][BF4].


Figure 6. Density of various liquid salts at 25 8C.
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while that with high symmetry (e.g., BF4
� ,[13, 15c,18, 20]


PF6
� ,[18,20, 30,32b] AsF6


� ,[16a] SbF6
� ,[16a] and TaF6


�[16a]) usually
produces high-viscous and/or high-melting salts in spite of
its weakly coordinating ability.


Figure 7 shows the viscosities (h) of the liquid salts (the
new [Cmmim][RFBF3] and [CmOnmim][RFBF3], and the re-
ported [Cmmim][BF4]) at 25 8C. For all the [Cmmim]+-based
ILs with the same anion, the viscosities generally increased
as the 1-alkyl (Cm) chain increased, which is essentially at-
tributed to the increase of van der Waals interactions. This
trend agrees with those reported previously.[14,32b] The influ-
ence of replacing the 1-alkyl (Cm) group with a similar alkyl
ether (CmOn) group on the viscosity is highly dependent on
their structures. For instance, replacing the 1-C4 group with
a C3O1 group, or the 1-C6 group with a longer C5O2 group,
resulted in a decrease in viscosity (Table 2, entry 4 vs 7, 5 vs
8, 12 vs 15, 13 vs 16), whereas a viscosity increase was ob-
served for replacing the 1-C3 group with a C2O1 group
(Table 2, entry 3 vs 6, 11 vs 14). Although the exact reasons
for the effect of the alkyl ether group on the viscosity of
these salts are not well understood, it is believed to be asso-
ciated with the competing influences of ion–ion and van
der Waals interactions and freedoms of the ions in these
salts, as discussed in Tm trend previously.


Comparing the viscosities of the [RFBF3]
�-based ILs with


those of the [BF4]
�-based ones immediately displays the


impact of the anion. As seen in Figure 7, the viscosities of
all the [RFBF3]


�-based ILs (RF=CF3, C2F5, nC3F7, nC4F9) at
25 8C are in the range 26–77 cP, which are comparable to
those of the corresponding [(CF3SO2)2N]�-based ones (34–
83 cP at 20 8C),[14] and obviously lower than those of the cor-
responding [BF4]


�-based ones (43–220 cP at 25 8C,
Table 2),[15c,20] and significantly lower than those of the cor-
responding [PF6]


�-based ones (148–363 cP at 30 8C[30]). This
difference is more noticeable for the ILs with the large cati-
ons (Table 2, entries 3, 11, 19, 22 vs 24 ; entries 5, 13 vs 26).
These results indicate that 1) replacing one fluorine atom in
the [BF4]


� with a strongly electron-withdrawing perfluor-
oalkyl (RF) group makes the negative charge more delocal-
ized, thus weakening the electrostatic interactions (including


possible hydrogen bonding) between the cation and anion,
2) the decrease of the electrostatic interactions prevail over
the increase of van der Waals attractions (the anion size in-
creased) because of the low polarizabiltiy of fluorine atom,
and 3) the relatively low symmetry of the [RFBF3]


� may
reduce the ion interactions through destabilizing the crystal
lattice of the salts. In the [RFBF3]


� series (RF=CF3, C2F5,
nC3F7, nC4F9), the ILs with the larger [RFBF3]


� (RF=nC3F7,
nC4F9) afforded a higher viscosity than those with the small-
er [RFBF3]


� (RF=CF3, C2F5), suggesting that a very large
anion is unfavorable to produce low-viscous ILs in spite of
its good charge delocalization. Interestingly, apart from the
[C1mim][CF3BF3] and [C2mim][CF3BF3], all the ILs with the
larger [C2F5BF3]


� showed a little lower viscosity than those
with the smaller [CF3BF3]


� , which is probably due to a
better charge delocalization in the former anion. Among
these new ILs, three of them exhibit the lowest viscosities,
26 cP for [C2mim][CF3BF3] and 27 cP for [C1mim][CF3BF3]
and [C2mim][C2F5BF3] at 25 8C, all of which are a bit lower
than that for the hydrophobic representative [C2mim]
[(CF3SO2)2N] (28 cP at 25 8C).[13] All the above results sug-
gest that, in search of low-viscous ILs, one must not only
focus on weakly coordinating ability of the anion, the shape
(symmetry) and size of the anion should keep in mind.


Conductivity : Figure 8 shows the specific conductivities (k)
of the liquid salts (the new [Cmmim][RFBF3] and [CmOnmim]
[RFBF3], and the reported [Cmmim][BF4]) at 25 8C. In the
[RFBF3]


�-based series (RF=CF3, C2F5, nC3F7, nC4F9), the
conductivities generally decreased as the formula weight of
the imidazolium ([Cmmim]+ and [CmOnmim]+) cation and
[RFBF3]


� anion increased, namely, the extension of the 1-al-
kyl(alkyl ether) chain in the cation and the perfluoroalkyl
(RF) chain in the [RFBF3]


� .


The conductivities of the ILs are mainly governed by
their viscosities, molecular weight, densities, and ion sizes of
the ILs.[14] The viscosity determines the ion mobility while
the latter three factors determine the number of carrier


Figure 7. Viscosity of various liquid salts at 25 8C.


Figure 8. Specific conductivity of various liquid salts at 25 8C; the data
in parentheses is formula weight (Mw) of the cations [Cmmim]+ and
[CmOnmim]+ .
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ions. Comparing the conductivities of the [RFBF3]
�-based


ILs with those of the [BF4]
�-based ones clearly illustrates


the interplay among these factors. As shown in the previous
section, all the [RFBF3]


�-based ILs exhibit a lower viscosity
than the corresponding [BF4]


�-based one (see Figure 7);
however, the [RFBF3]


�-based ILs with shorter RF chains
(RF=CF3, C2F5) exhibit a higher or comparable conductivity
than the [BF4]


�-based one; this indicates the viscosity de-
crease dominates over the increases of molecular weight,
density, and anion size, whereas those with longer RF chains
(RF=nC3F7, nC4F9) afford a lower conductivity than the cor-
responding [BF4]


�-based one, showing the viscosity decrease
overcompensates for the increases of the latter three factors
(see Figure 8). Furthermore, the conductivity of the
[RFBF3]


�-based ILs with short RF chains (RF=CF3, C2F5) is
apparently higher than that of the [(CF3SO2)2N]�-based one
with the same cation in spite of their similar viscosities,[13,14]


further reinforcing that an anion with a large formula
weight and size is unsuitable for producing highly conduc-
tive ILs. Among these new hydrophobic ILs, two salts,
[C1mim][CF3BF3] and [C2mim][CF3BF3], have the lowest
viscosities (25–26 cP at 25 8C) combined small molecular
weight and moderate ion sizes, thus resulting in the highest
conductivities, 15.5 mScm�1 for the former and 14.6 mScm�1


for the latter. To our best knowledge, these two salts have
the highest conductivities among the hydrophobic ILs repor-
ted,[4a,14] which are even a little higher than a conventional
electrolyte solutions, 1 moldm�3 [(C2H5)3CH3N][BF4] in pro-
pylene carbonate (13 mScm�1), for double-layer capacitor.[34]


From these results, we could conclude that, when seeking
for highly conductive ILs, investigators should take into ac-
count not only the viscosity but also the other factors as de-
scribed above, especially the molecular weight.


It has been reported recently that the empirical Walden
rule founded in a wide range of aqueous electrolyte so-
lution, that is, the product of Lh remains constant (L is the
equivalent conductivity of the electrolyte and h the viscosi-
ty),[35] is valid for many ILs.[8c,10] Assuming that the ions in
each liquid salt in this study are dissociated completely, this
allows the equivalent conductivity (L) of these ILs to be cal-
culated by the equation L=kM/d, wherein M, k, and d rep-
resent the specific conductivity, formula weight, and density
of the corresponding ILs, respectively. Figure 9 displays the
plot of the calculated equivalent conductivity (L) of twenty
one [RFBF3]


�-based liquid salts (see Table 2, entries 1–19, 21
and 22) as a function of the reciprocal of the viscosity (h�1)
at 25 8C. A nearly linear relationship between the calculated
equivalent conductivity and the reciprocal of the viscosity
was observed in Figure 9 (r=0.953). This result indicates
that the dissociation extents in these ILs are very close and
should be very high because of the weakly coordinating abil-
ity of the [RFBF3]


� , and Walden rule may be applicable for
these new ILs. To further verify whether these ILs obey
Walden rule, the product of Lh for each salt in a wide tem-
perature range must be studied.


Electrochemical stability : The electrochemical stability of
nine salts based on the [C2mim]+ and [C4mim]+ with various
anions including [RFBF3]


� (RF=CF3, C2F5, nC3F7, nC4F9),


[BF4]
� and [(CF3SO2)2N]� was comparatively studied by


linear sweep voltammetry (LSV) on a glassy carbon elec-
trode. Figure 10 shows the LSV curves of these salts deter-
mined in the first scan under the same measurement condi-
tions, where the potential is referenced to ferrocene (Fc)/fer-
rocenium (Fc+) redox system in each salt, as the potential
of the Fc/Fc+ system is little affected by nonaqueous sol-
vents.[36] As shown in Figure 10, all these nine salts almost
show an equivalent electrochemical window. This result is
consistent with recent literatures,[15c,29a] where the [Cmmim]+


-based salts (m=2–4) with the [BF4]
� and [C2F5BF3]


�


showed an equivalent electrochemical window on a Pt elec-


Figure 9. A plot of the equivalent conductivity (L) against the reciprocal
of the viscosity (h�1) for 21 liquid salts based on the [RFBF3] (RF=CF3,
C2F5, nC3F7, nC4F9), where the number is consistent with entries 1–22 in
Table 2.


Figure 10. Linear sweep voltammogram of various ionic liquids on a
glassy carbon electrode (surface area: 7.85O10�3 cm2) in the first scan;
scan rate: 50 mVs�1; counter electrode: Pt wire; potential (V) was refer-
red to ferrocene (Fc)/ferrocenium (Fc+) redox couple in each salt; water
content: ca. 200 ppm in the [C2mim][BF4] and <50 ppm in the other
salts.
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trode, and both the oxidation and reduction potentials were
not affected by the alkyl chain length in the cation or by re-
placing the [BF4]


� with a [C2F5BF3]
� . However, the quater-


nary ammonium salts of these anions are more significantly
resistant against the reduction and oxidation than the corre-
sponding 1,3-dialkylimidazolium salts, and show much larger
electrochemical windows than the latter.[37] These results
strongly indicate that not only the cathodic but also the
anodic decomposition of the salts in this study are limited
by the 1,3-dialkylimidazolium cations, such as [C2mim]+ and
[C4mim]+ . Therefore, it seems reasonable that the anions,
such as the [RFBF3]


� , [BF4]
� and [(CF3SO2)2N]� , are more


stable against the reduction and oxidation than 1,3-dialkyli-
midazolium cations.


The respective cathodic and anodic limits and electro-
chemical windows are given in Table 3, where the limit was
set as the potential at which the current density reached
1 mAcm�2. As seen in Table 3, the electrochemical window
values for these salts are very close, and obviously larger
than those for the highly conductive salts with
[N(CN)2]


� ,[9a,10] and [C(CN)3]
� .[10,11] However, one may note


that the electrochemical window value for the [C2mim][BF4]
(4.55 V) is a little narrower than those for the other salts
(Table 3). This may be caused by the presence of relatively
high contents of water and HF in the [C2mim][BF4] (ca.
200 ppm water and ca. 240 ppm F� (HF)), because it has
been identified recently that a bit increase in water content
in ILs dramatically shortens the electrochemical windows of
ILs.[38] In addition, it should be noted that the electrochemi-
cal window of the ILs is highly dependent on the type of
electrode used.[39] For example, for the same salt [C4mim]
[BF4], the electrochemical window value measured on a
glassy carbon electrode in this study is 4.68 V, which
is larger than that determined on a Pt electrode
(<4.6 V[29a,38,39]); however, much larger electrochemical win-
dows for the [C4mim][BF4] were also reported on glassy
carbon and tungsten electrodes (5.45 V for the former and
6.10 V for the latter) in the literature,[39] due to the potential
hysteresis which was possibly caused by electrochemical de-
composition of electroactive impurities and adsorption of
the products on the electrode, as explained by the au-
thors.[39]


Conclusion


A series of chemically and electrochemically stable, hydro-
phobic ionic liquids consisting of [RFBF3]


� anion with 1-al-
kyl(alkyl ether)-3-methylimidazolium cation were synthe-
sized and characterized. The most prominent features of
these new ILs are their low melting points and low viscosi-
ties (26–77 cP at 25 8C) due to relatively low symmetry and
good charge distribution in the [RFBF3]


� . Some of them
with small molecular weight also exhibit high conductivities
that could be comparable to conventional electrolyte solu-
tions. All these desired properties may support them as new
solvents for organic and biocatalytic reactions, and as poten-
tial electrolytes for electrochemical devices.


Experimental Section


General : The following materials were prepared and purified according
to the reported procedure: potassium perfluoroalkyltrifluoroborate
K[RFBF3] (RF=CF3, C2F5, nC3F7, nC4F9);


[23–26] 1,3-dimethylimidazolium
iodide ([C1mim]I), 1-ethyl-3-methylimidazolium chloride ([C2mim]Cl), 1-
methy-3-n-propylimidazolium chloride ([C3mim]Cl), 1-ethyl-3-n-butylimi-
dazolium chloride ([C4mim]Cl), 1-ethyl-3-n-hexylimidazolium chloride
([C6mim]Cl), 1-methoxymethyl-3-methylimidazolium chloride
([C2Omim]Cl), 1-(2-methoxyethyl)-3-methylimidazolium bromide
([C3Omim]Br), 1-[2-(2-methoxyethoxy)ethyl]-3-methyl-imidazolium bro-
mide ([C5O2mim]Br).[14,17, 18, 30] The imidazolium halide salts were purified
by recrystallization from anhydrous acetonitrile/ethyl acetate under nitro-
gen atmosphere. The salts [C2mim][BF4],


[15a] [C4mim][BF4],
[17] [C6mim]


[BF4]
[17] and [C2mim][(CF3SO2)2N][14] were synthesized according to the


literature.


NMR spectra were obtained using a JEOL JNM AL400 spectrometer
(1H at 399.65 MHz, 19F at 376.05 MHz, and 11B at 128.15 MHz), and
[D6]acetone was used as solvent. Chemical shift values are reported in
ppm with respect to TMS internal reference for 1H, and external referen-
ces CCl3F in [D6]acetone for 19F and BF3·Et2O in CDCl3 for


11B. FAB-MS
(FAB+ and FAB�) were measured on a JEOL DX303 spectrometer. Ele-
ment analysis (C, H, and N) was performed at the Sumika Chemical
Analysis Centre of Osaka.


Water content : The water content in the ILs was detected by Karl-Fisch-
er titration (Mitsubishi Chem., model CA-07). With the exception of
[C2mim][BF4] (water content: ca. 200 ppm), all the salts prepared in the
present study contained less than 50 ppm of water after vacuum drying at
70–100 8C for 24 h.


Impurity measurements : F� (HF) content in the salts was determined by
ion chromatography at the Sumika Chemical Analysis Centre of Osaka.
The F� (HF) content was <5 ppm in the [RFBF3]


�-based salts and ca.
240 ppm in the [C2mim][BF4]. The amount of residual halide (Cl� , Br� ,
or I�) and potassium ions in the ILs was approximately estimated by a
fluorescence X-ray spectrometer (JEOL, model JSX-3201), and was re-


vealed to be less than 50 ppm.


Phase-transition analysis : The calori-
metric measurements were performed
with a differential scanning calorime-
ter (Perkin–Elmer Pyris 1 DSC equip-
ped with a liquid nitrogen cryostatic
cooling). An average sample weight of
5–10 mg was sealed in an aluminum
pan and quenched, initially to
�150 8C, and then heated and cooled
between �150 8C and a predetermined
temperature at a rate of 10 8Cmin�1


under a flow of helium. The glass tran-
sition temperature (Tg, onset of the
heat capacity change), crystallization
temperature (Tc, onset of the exother-


Table 3. Electrochemical windows for various ionic liquids determined on a glassy carbon electrode.


Salts Cathodic limit[a] [V] Anodic limit[a] [V] Electrochemical window [V]


[C2mim][CF3BF3] �2.49 2.14 4.63
[C2mim][C2F5BF3] �2.50 2.15 4.65
[C2mim][nC3F7BF3] �2.53 2.18 4.71
[C2mim][nC4F9BF3] �2.51 2.16 4.67
[C2mim][BF4] �2.45 2.10 4.55
[C2mim][(CF3SO2)2N] �2.48 2.11 4.59
[C4mim][C2F5BF3] �2.52 2.21 4.73
[C4mim][BF4] �2.55 2.13 4.68
[C4mim][(CF3SO2)2N] �2.50 2.12 4.62


[a] The limit was set as the potential at which the current density reached 1 mAcm�2; all potentials (V) vs fer-
rocene (Fc)/ferrocenium (Fc+).
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mic peak), solid–solid transition temperature (Ts–s, onset of the endother-
mic peak), melting point (Tm, onset of the endothermic peak) were deter-
mined on heating in the second heating-cooling cycle.


Thermal gravimetric analysis (TGA): The TGA was performed on a ther-
mal analysis system (Seiko Instruments, TG/DTA 6200). An average
sample weight of 5 mg was placed in a platinum pan and heated at
10 8Cmin�1 from ca. 40 to 600 8C under a flow of nitrogen. The onset of
decomposition was defined as the decomposition temperature (Td).


Viscosity : The viscosity was measured with a viscometer (Brookfield,
model DV-III+ ) using 0.6 mL sample at 25 8C.


Density : The density of the liquid salts was approximately determined by
measuring the weight of 1.0 mL of the salt three times at 25 8C.


Specific conductivity : The ionic conductivity (k) of the neat ILs was mea-
sured by a conductivity meter (Radiometer Analytical, model CDM230)
in a sealed conductivity cell at 25 8C.


Electrochemical stability : Linear sweep voltammetry (LSV) was per-
formed using an automatic polarization system (ALS, model 600) in an
argon-filled glove box (O2 and water <5 ppm), by using a 5 mL beaker-
type three-electrode cell equipped with a glassy carbon electrode (surface
area: 7.85O10�3 cm�2), a Pt wire counter electrode, and an I3


�/I� refer-
ence electrode consisting of Pt wire/0.015 moldm�3 I2 + 0.060 moldm�3


[(C2H5)4N]I in the [C2mim][(CF3SO2)2N]. The potential was referenced
to ferrocene (Fc)/ferrocenium (Fc+) redox couple in each salt. The
values for the cathodic and anodic limits and the electrochemical win-
dows of the salts were undertaken in the first scan. The limit was arbitra-
rily set as the potential at which the current density reached 1 mAcm�2.


Synthesis of ionic liquids : The salts [Cmmim][RFBF3] and [CmOnmim]
[RFBF3] were synthesized by metathesis reactions of the corresponding 1-
alkyl-3-methylimidazolium halide with a little excess of K[RFBF3]
(1.05 equiv). In a typical reaction, to a stirred solution of [C2mim]Cl
(4.40 g, 30 mmol) in water (15 mL) was added K[CF3BF3] (5.45 g,
31 mmol) at room temperature. The mixture was stirred for an additional
30 min. The bottom layer was separated, dissolved in dichloromethane
(15 mL), and washed with water twice (2O5 mL). After evaporation, the
liquid obtained was dried at 70 8C and 0.02 Torr for 24 h, affording the
[C2mim][CF3BF3] (6.32 g, 85%) as a colorless liquid (water content:
48 ppm). The others were similarly prepared in a 30 mmol scale.


1,3-Dimethylimidazolium trifluoromethyltrifluoroborate ([C1mim]
[CF3BF3]): 75% yield, pale yellow liquid; 1H NMR: d=4.02 (s, 2O3H),
7.66 (s, 2H), 8.89 ppm (s, 1H); 19F NMR: d=�74.8 (q, 2J(B,F)=32.6 Hz,
3F; CF3), �155.2 ppm (q, 1J(B,F)=39.6 Hz, 3F; BF3);


11B NMR: d=


�0.47 ppm (qq, 1J(B,F)=39.0, 2J(B,F)=32.3 Hz); FAB-MS: m/z (%): 97
(100) [C1mim]+ , 137 (100) [CF3BF3]


� ; elemental analysis calcd (%)
C6H9BF6N2 (234.95): C 30.8, H 3.9, N 12.0; found: C 30.5, H 4.0, N 11.9.


1-Ethyl-3-methylimidazolium trifluoromethyltrifluoroborate ([C2mim]
[CF3BF3]): 85% yield, colorless liquid; 1H NMR: d=1.56 (t, J=7.4 Hz,
3H), 4.03 (s, 3H), 4.38 (q, J=7.3 Hz, 2H), 7.67 (s, 1H), 7.74 (s, 1H),
8.94 ppm (s, 1H); 19F NMR: d=�74.9 (q, 2J(B,F)=32.6 Hz, 3F; CF3),
�155.3 ppm (q, 1J(B,F)=39.6 Hz, 3F; BF3);


11B NMR: d=�0.46 ppm
(qq, 1J(B,F)=39.1, 2J(B,F)=32.4 Hz); FAB-MS: m/z (%): 111 (100)
[C2mim]+ , 137 (100) [CF3BF3]


� ; elemental analysis calcd (%) for
C7H11BF6N2 (247.98): C 33.9, H 4.5, N 11.3; found: C 33.9, H 4.4, N 11.4.


1-Methy-3-n-propylimidazolium trifluoromethyltrifluoroborate ([C3mim]
[CF3BF3]): 88% yield, colorless liquid; 1H NMR: d=0.96 (t, J=7.2 Hz,
3H), 1.98 (m, 2H), 4.06 (s, 3H), 4.32 (t, J=7.3 Hz, 2H), 7.71 (s, 1H),
7.75 (s, 1H), 8.98 ppm (s, 1H); 19F NMR: d=�74.8 (q, 2J(B,F)=32.6 Hz,
3F; CF3), �155.3 ppm (q, 1J(B,F)=38.6 Hz, 3F; BF3);


11B NMR: d=


�0.45 ppm (qq, 1J(B,F)=38.8, 2J(B,F)=32.3 Hz); FAB-MS: m/z (%): 125
(100) [C3mim]+ , 137 (100) [CF3BF3]


� ; elemental analysis calcd (%) for
C8H13BF6N2 (262.00): C 36.7, H 5.0, N 10.7; found: C 36.5, H 5.1, N 10.8.


1-Ethyl-3-n-butylimidazolium trifluoromethyltrifluoroborate ([C4mim]
[CF3BF3]): 90% yield, colorless liquid; 1H NMR: d=0.95 (t, J=7.2 Hz,
3H), 1.40 (m, 2H), 1.93 (m, 2H), 4.04 (s, 3H), 4.35 (q, J=7.3 Hz, 2H),
7.68 (s, 1H), 7.74 (s, 1H), 8.95 ppm (s, 1H); 19F NMR: d=�74.8 (q,
2J(B,F)=32.4 Hz, 3F; CF3), �155.2 ppm (q, 1J(B,F)=39.7 Hz, 3F; BF3);
11B NMR: d=�0.45 ppm (qq, 1J(B,F)=39.7, 2J(B,F)=32.3 Hz); FAB-
MS: m/z (%): 139 (100) [C4mim]+ , 137 (100) [CF3BF3]


� ; elemental analy-
sis calcd (%) for C9H15BF6N2 (276.03): C 39.2, H 5.5, N 10.2; found: C
38.9, H 5.8, N 10.2.


1-Ethyl-3-n-hexylimidazolium trifluoromethyltrifluoroborate ([C6mim]
[CF3BF3]): 92% yield, colorless liquid; 1H NMR: d=0.87 (t, J=7.0 Hz,
3H), 1.34 (m, 3O2H), 1.95 (m, 2H), 4.04 (s, 3H), 4.35 (t, J=7.2 Hz, 2H),
7.69 (s, 1H), 7.75 (s, 1H), 8.97 ppm (s, 1H); 19F NMR: d=�74.8 (q,
2J(B,F)=32.6 Hz, 3F; CF3), �155.2 ppm (q, 1J(B,F)=39.6 Hz, 3F; BF3);
11B NMR: d=�0.45 ppm (qq, 1J(B,F)=38.9, 2J(B,F)=32.0 Hz); FAB-
MS: m/z (%): 167 (100) [C6mim]+ , 137 (100) [CF3BF3]


� ; elemental analy-
sis calcd (%) for C11H19BF6N2 (304.08): C 43.5, H 6.3, N 9.2; found: C
43.2, H 6.0, N 9.3.


1-Methoxymethyl-3-methylimidazolium trifluoromethyltrifluoroborate
([C2Omim][CF3BF3]): 60% yield, colorless liquid; 1H NMR: d=3.44 (s,
3H), 4.09 (s, 3H), 5.66 (s, 2H), 7.75 (s, 1H), 7.81 (s, 1H), 9.10 ppm (s,
1H); 19F NMR: d=�74.9 (q, 2J(B,F)=32.0 Hz, 3F; CF3), �155.1 ppm (q,
1J(B,F)=39.6 Hz, 3F; BF3);


11B NMR: d=�0.46 ppm (qq, 1J(B,F)=39.7,
2J(B,F)=32.3 Hz); FAB-MS: m/z (%): 127 (100) [C2Omim]+ , 137 (100)
[CF3BF3]


� ; elemental analysis calcd (%) for C7H11BF6N2O (263.98): C
31.9, H 4.2, N 10.6; found: C 31.7, H 4.3, N 10.6.


1-(2-Methoxyethyl)-3-methylimidazolium trifluoromethyltrifluoroborate
([C3Omim][CF3BF3]): 63% yield, pale yellow liquid; 1H NMR: d=3.35
(s, 3H), 3.81 (t, J=4.8 Hz, 2H), 4.06 (s, 3H), 4.51 (t, J=4.8 Hz, 2H), 7.67
(s, 1H), 7.70 (s, 1H), 8.94 ppm (s, 1H); 19F NMR: d=�74.9 (q, 2J(B,F)=
32.4 Hz, 3F; CF3), �155.3 ppm (q, 1J(B,F)=38.6 Hz, 3F; BF3);


11B NMR:
d=�0.46 ppm (qq, 1J(B,F)=38.8, 2J(B,F)=32.3 Hz); FAB-MS: m/z (%):
141 (100) [C3Omim]+ , 137 (100) [CF3BF3]


� ; elemental analysis calcd (%)
for C8H13BF6N2O (278.00): C 34.6, H 4.7, N 10.1; found: C 34.4, H 4.8, N
10.1.


1-[2-(2-Methoxyethoxy)ethyl]-3-methylimidazolium trifluoromethyltri-
fluoroborate ([C5O2mim][CF3BF3]): 63% yield, pale yellow liquid;
1H NMR: d=3.30 (s, 3H), 3.49 (t, J=4.8 Hz, 2H), 3.64 (t, J=4.6 Hz,
2H), 3.91 (t, J=4.8 Hz, 2H), 4.06 (s, 3H), 4.51 (t, J=4.6 Hz, 2H), 7.68 (s,
1H), 7.73 (s, 1H), 8.96 ppm (s, 1H); 19F NMR: d=�74.8 (q, 2J(B,F)=
32.6 Hz, 3F; CF3), �155.3 ppm (q, 1J(B,F)=38.7 Hz, 3F; BF3);


11B NMR:
d=�0.46 ppm (qq, 1J(B,F)=39.7, 2J(B,F)=33.1 Hz); FAB-MS: m/z (%):
185 (100) [C5O2mim]+ , 137 (100) [CF3BF3]


� ; elemental analysis calcd
(%) for C10H17BF6N2O2 (322.06): C 37.3, H 5.3, N 8.7; found: C 37.3, H
5.7, N 8.9.


1,3-Dimethylimidazolium pentafluoroethyltrifluoroborate ([C1mim]
[C2F5BF3]): 77% yield, pale yellow liquid; 1H NMR: d=4.05 (s, 2O3H),
7.67 (s, 2H), 8.91 ppm (s, 1H); 19F NMR: d=�83.2 (s, 3F; CF3), �136.0
(q, 2J(B,F)=19.3 Hz, 2F; CF2), �153.0 ppm (q, 1J(B,F)=41.7 Hz, 3F;
BF3);


11B NMR: d=0.23 ppm (qt, 1J(B,F)=39.7, 2J(B,F)=19.5 Hz); FAB-
MS: m/z (%): 97 (100) [C1mim]+ , 187 (100) [C2F5BF3]


� ; elemental analy-
sis calcd (%) for C7H9BF8N2 (283.96): C 29.6, H 3.2, N 9.9; found: C 29.2,
H 3.2, N 9.8.


1-Ethyl-3-methylimidazolium pentafluoroethyltrifluoroborate ([C2mim]
[C2F5BF3]): 85% yield, colorless liquid; 1H NMR: d=1.55 (t, J=7.4 Hz,
3H), 4.03 (s, 3H), 4.38 (q, J=7.3 Hz, 2H), 7.67 (s, 1H), 7.75 (s, 1H),
8.96 ppm (s, 1H); 19F NMR: d=�83.2 (s, 3F; CF3), �136.0 (q, 2J(B,F)=
19.3 Hz, 2F; CF2), �153.0 ppm (q, 1J(B,F)=41.7 Hz, 3F; BF3);


11B NMR:
d=0.23 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=19.9 Hz); FAB-MS: m/z (%):
111 (100) [C2mim]+ , 187 (100) [C2F5BF3]


� ; elemental analysis calcd (%)
for C8H11BF8N2 (297.98): C 32.3, H 3.7, N 9.4; found: C 32.3, H 3.8, N
9.3.


1-Methy-3-n-propylimidazolium pentafluoroethyltrifluoroborate
([C3mim][C2F5BF3]): 89% yield, colorless liquid; 1H NMR: d=0.96 (t,
J=7.4 Hz, 3H), 1.98 (m, 2H), 4.05 (s, 3H), 4.31 (t, J=7.2 Hz, 2H), 7.69
(s, 1H), 7.74 (s, 1H), 8.96 ppm (s, 1H); 19F NMR: d=�83.2 (s, 3F; CF3),
�136.0 (q, 2J(B,F)=19.3 Hz, 2F; CF2), �152.8 ppm (q, 1J(B,F)=40.6 Hz,
3F; BF3);


11B NMR: d=0.25 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=19.1 Hz);
FAB-MS: m/z (%): 125 (100) [C3mim]+ , 187 (100) [C2F5BF3]


� ; elemental
analysis calcd (%) for C9H13BF8N2 (312.01): C 34.7, H 4.2, N 9.0; found:
C 34.6, H 4.4, N 9.2.


1-Ethyl-3-n-butylimidazolium pentafluoroethyltrifluoroborate ([C4mim]
[C2F5BF3]): 91% yield, colorless liquid; 1H NMR: d=0.93 (t, J=7.4 Hz,
3H), 1.37 (m, 2H), 1.91 (m, 2H), 4.02 (s, 3H), 4.33 (q, J=7.0 Hz, 2H),
7.67 (s, 1H), 7.72 (s, 1H), 8.93 ppm (s, 1H); 19F NMR: d=�83.2 (s, 3F;
CF3), �136.0 (q, 2J(B,F)=19.3 Hz, 2F; CF2), �152.8 ppm (q, 1J(B,F)=
40.6 Hz, 3F; BF3);


11B NMR: d=0.25 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=
19.9 Hz); FAB-MS: m/z (%): 139 (100) [C4mim]+ , 187 (100) [C2F5BF3]


� ;
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elemental analysis calcd (%) for C10H15BF8N2 (326.04): C 36.8, H 4.6, N
8.6; found: C 36.7, H 4.7, N 8.7.


1-Ethyl-3-n-hexylimidazolium pentafluoroethyltrifluoroborate ([C6mim]
[C2F5BF3]): 94% yield, colorless liquid; 1H NMR: d=0.87 (t, J=7.0 Hz,
3H), 1.34 (m, 3O2H), 1.95 (m, 2H), 4.04 (s, 3H), 4.35 (t, J=7.2 Hz, 2H),
7.68 (s, 1H), 7.75 (s, 2H), 8.96 ppm (s, 1H); 19F NMR: d=�83.1 (s, 3F;
CF3), �136.0 (q, 2J(B,F)=19.3 Hz, 2F; CF2), �153.0 ppm (q, 1J(B,F)=
40.6 Hz, 3F; BF3);


11B NMR: d=0.25 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=
19.9 Hz); FAB-MS: m/z (%): 167 (100) [C6mim]+ , 187 (100) [C2F5BF3]


� ;
elemental analysis calcd (%) for C12H19BF8N2 (354.09): C 40.7, H 5.4, N
7.9; found: C 40.7, H 5.1, N 7.9.


1-Methoxymethyl-3-methylimidazolium pentafluoroethyltrifluoroborate
([C2Omim][C2F5BF3]): 65% yield, colorless liquid; 1H NMR: d=3.44 (s,
3H), 4.09 (s, 3H), 5.66 (s, 2H), 7.75 (s, 1H), 7.82 (s, 1H), 9.11 ppm (s,
1H); 19F NMR: d=�83.2 (s, 3F; CF3), �136.0 (q, 2J(B,F)=20.3 Hz, 2F;
CF2), �152.8 ppm (q, 1J(B,F)=40.6 Hz, 3F; BF3);


11B NMR: d=


0.23 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=19.9 Hz); FAB-MS: m/z (%): 127
(100) [C2Omim]+ , 187 (100) [C2F5BF3]


� ; elemental analysis calcd (%) for
C8H11BF8N2O (313.98): C 30.6, H 3.5, N 8.9; found: C 30.5, H 3.6, N 9.0.


1-(2-Methoxyethyl)-3-methylimidazolium pentafluoroethyltrifluoroborate
([C3Omim][C2F5BF3]): 65% yield, pale yellow liquid; 1H NMR: d=3.35
(s, 3H), 3.81 (t, J=4.8 Hz, 2H), 4.05 (s, 3H), 4.51 (t, J=4.6 Hz, 2H), 7.67
(s, 1H), 7.71 (s, 1H), 8.94 ppm (s, 1H); 19F NMR: d=�83.1 (s, 3F; CF3),
�136.0 (q, 2J(B,F)=19.3 Hz, 2F; CF2), �153.0 ppm (q, 1J(B,F)=40.7 Hz,
3F; BF3);


11B NMR: d=0.23 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=19.9 Hz);
FAB-MS: m/z (%): 141 (100) [C3Omim]+ , 187 (100) [C2F5BF3]


� ; elemen-
tal analysis calcd (%) for C9H13BF8N2O (328.01): C 33.0, H 4.0, N 8.5;
found: C 32.9, H 3.9, N 8.9.


1-[2-(2-Methoxyethoxy)ethyl]-3-methylimidazolium pentafluoroethyltri-
fluoroborate ([C5O2mim][C2F5BF3]): 68% yield, pale yellow liquid;
1H NMR: d=3.30 (s, 3H), 3.49 (t, J=4.6 Hz, 2H), 3.64 (t, J=4.6 Hz,
2H), 3.91 (t, J=4.6 Hz, 2H), 4.06 (s, 3H), 4.51 (t, J=4.6 Hz, 2H), 7.68 (s,
1H), 7.74 (s, 1H), 8.97 ppm (s, 1H); 19F NMR: d=�83.1 (s, 3F; CF3),
�135.9 (q, 2J(B,F)=19.3 Hz, 2F; CF2), �153.1 ppm (q, 1J(B,F)=40.6 Hz,
3F; BF3);


11B NMR: d=0.23 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=19.0 Hz);
FAB-MS: m/z (%): 185 (100) [C5O2mim]+ , 187 (100) [C2F5BF3]


� ; ele-
mental analysis calcd (%) for C11H17BF8N2O2 (372.06): C 35.5, H 4.6, N
7.5; found: C 35.3, H 4.6, N 7.7.


1,3-Dimethylimidazolium (heptafluoro-n-propyl)trifluoroborate ([C1mim]
[nC3F7BF3]): 88% yield, pale yellow liquid; 1H NMR: d=4.05 (s, 2O3H),
7.67 (s, 2H), 8.91 ppm (s, 1H); 19F NMR: d=�80.6 (s, 3F; CF3), �127.7
(s, 2F; BCCF2-), �133.9 (s, 2F; CF2B), �152.4 ppm (q, 1J(B,F)=39.6 Hz,
3F; BF3);


11B NMR: d=0.27 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=19.1 Hz);
FAB-MS: m/z (%): 97 (100) [C1mim]+ , 237 (100) [C3F7BF3]


� ; elemental
analysis calcd (%) for C8H9BF10N2 (333.97): C 28.8, H 2.7, N 8.4; found:
C 28.8, H 2.8, N 8.2.


1-Ethyl-3-methylimidazolium (heptafluoro-n-propyl)trifluoroborate
([C2mim][nC3F7BF3]): 90% yield, colorless liquid; 1H NMR: d=1.56 (t,
J=7.4 Hz, 3H), 4.04 (s, 3H), 4.38 (q, J=7.3 Hz, 2H), 7.67 (s, 1H), 7.75
(s, 1H), 8.96 ppm (s, 1H); 19F NMR: d=�80.6 (s, 3F; CF3), �127.6 (s,
2F; BCCF2-), �133.8 (s, 2F; CF2B), �152.4 ppm (q, 1J(B,F)=40.6 Hz,
3F; BF3);


11B NMR: d=0.27 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=19.1 Hz);
FAB-MS: m/z (%): 111 (100) [C2mim]+ , 237 (100) [C3F7BF3]


� ; elemental
analysis calcd (%) for C9H11BF10N2 (347.99): C 31.1, H 3.2, N 8.1; found:
C 31.0, H 3.3, N 8.3.


1-Methy-3-n-propylimidazolium (heptafluoro-n-propyl)trifluoroborate
([C3mim][nC3F7BF3]): 92% yield, colorless liquid; 1H NMR: d=0.96 (t,
J=7.4 Hz, 3H), 1.97 (m, 2H), 4.05 (s, 3H), 4.32 (t, J=7.2 Hz, 2H), 7.70
(s, 1H), 7.75 (s, 1H), 8.97 ppm (s, 1H); 19F NMR: d=�80.6 (s, 3F; CF3),
�127.6 (s, 2F; BCCF2-), �133.8 (s, 2F; CF2B), �152.4 ppm (q, 1J(B,F)=
40.7 Hz, 3F; BF3);


11B NMR: d=0.28 ppm (qt, 1J(B,F)=40.9, 2J(B,F)=
19.1 Hz); FAB-MS: m/z (%): 125 (100) [C3mim]+ , 237 (100) [C3F7BF3]


� ;
elemental analysis calcd (%) for C10H13BF10N2 (362.02): C 33.2, H 3.6, N
7.7; found: C 33.0, H 3.6, N 7.7.


1,3-Dimethylimidazolium (nonafluoro-n-butyl)trifluoroborate ([C1mim]
[nC4F9BF3]): 90% yield, white solid; 1H NMR: d=4.03 (s, 2O3H), 7.66
(s, 2H), 8.88 ppm (s, 1H); 19F NMR: d=�80.9 (s, 3F; CF3), �123.9 (s,
2F; BCCCF2-), �125.9 (s, 2F; BCCF2-), �133.2 (s, 2F; CF2B),
�152.0 ppm (q, 1J(B,F)=39.7 Hz, 3F; BF3);


11B NMR: d=0.28 ppm (qt,
1J(B,F)=40.9, 2J(B,F)=19.1 Hz); FAB-MS: m/z (%): 97 (100) [C1mim]+ ,


287 (100) [C4F9BF3]
� ; elemental analysis calcd (%) for C9H9BF12N2


(383.97): C 28.2, H 2.4, N 7.3; found: C 28.2, H 2.2, N 7.1.


1-Ethyl-3-methylimidazolium (nonafluoro-n-butyl)trifluoroborate
([C2mim][nC4F9BF3]): 92% yield, colorless liquid; 1H NMR: d=1.56 (t,
J=7.4 Hz, 3H), 4.04 (s, 3H), 4.38 (q, J=7.3 Hz, 2H), 7.67 (s, 1H), 7.75
(s, 1H), 8.96 ppm (s, 1H); 19F NMR: d=�80.6 (s, 3F; CF3), �123.9 (s,
2F; BCCCF2-), �125.9 (s, 2F; BCCF2-), �133.2 (s, 2F; CF2B),
�152.1 ppm (q, 1J(B,F)=40.7 Hz, 3F; BF3);


11B NMR: d=0.29 ppm (qt,
1J(B,F)=40.6, 2J(B,F)=19.1 Hz); FAB-MS: m/z (%): 111 (100) [C2mim]+


, 287 (100) [C4F9BF3]
� ; elemental analysis calcd (%) for C10H11BF12N2


(398.00): C 30.2, H 2.8, N 7.0; found: C 30.0, H 2.8, N 7.1.


1-Methy-3-n-propylimidazolium (nonafluoro-n-butyl)trifluoroborate
([C3mim][nC4F9BF3]): 95% yield, colorless liquid; d=0.96 (t, J=7.4 Hz,
3H), 1.97 (m, 2H), 4.05 (s, 3H), 4.32 (t, J=7.2 Hz, 2H), 7.70 (s, 1H),
7.75 (s, 1H), 8.98 ppm (s, 1H); 19F NMR: d=�80.6 (s, 3F; CF3), �123.9
(s, 2F; BCCCF2-), �125.9 (s, 2F; BCCF2-), �133.2 (s, 2F; CF2B),
�152.1 ppm (q, 1J(B,F)=40.7 Hz, 3F; BF3);


11B NMR: d=0.29 ppm (qt,
1J(B,F)=40.6, 2J(B,F)=19.1 Hz); FAB-MS: m/z (%): 125 (100) [C3mim]+


, 287 (100) [C4F9BF3]
� ; elemental analysis calcd (%) for C11H13BF12N2


(412.03): C 32.1, H 3.2, N 6.8; found: C 32.0, H 3.2, N 6.9.
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