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Supramolecular Science
Where it is and where it is going


David N. Reinhoudt, J. Fraser Stoddart, and Rocco Ungaro*


A retrospective analysis of the last 30 years of research
activity in chemistry and related disciplines leads us to the
conclusion that the emergence of supramolecular science has
produced an explosive outburst of creativity and expression
on the part of many scientists (Figure 1). Their accomplish-
ments have already had a profound effect upon the develop-
ment of contemporary scientific thought and practice. In
directing the focus very much toward the noncovalent bond,
the supramolecular approach has allowed scientists not only
to create some quite remarkable molecules and supermole-
cules of incommensurable beauty, but also to look at relatively
old phenomena, like clathrate formation and liquid crystal-
linity, in a new light and from a different perspective.


Approaches to chemical synthesis and catalysis have been
fundamentally affected by the new type of thinking, which has
given rise to the supramolecular synthesis (noncovalent
synthesis) of both supermolecules and supramolecular arrays,
as well as assisting in the synthesis (self-assembly with
covalent modification) of a wide range of molecular receptors,
often with prescribed and selective molecular recognition
properties. Selective recognition has also been achieved in the
transition states of chemical reactions with consequent
implications for both asymmetric synthesis and catalysis.
Supramolecular catalysis has been influenced greatly by


biomimetic design principles and by molecular modeling.
This important area will continue to be increasingly influ-
enced by combinatorial practices in synthesis and computa-
tional approaches to the design of catalysts and the ration-
alization of their mechanism of action. The spontaneous self-
assembly of complementary components has produced mol-
ecules and supermolecules of nanoscale dimensions with a
wide range of different architectures, including some that
resemble boxes, grids, rods, squares, and tubes, not to mention
fractal ± type displays and rings interlocked with each other
and with dumbbell-shaped components.


In the realm of materials science, the influence of supra-
molecular chemistry has been enormous. There are hopeful
signs that the kinetic process of crystal growth can be
controlled and even engineered by appealing to weak non-
covalent bonding interactions between strategically located
donors and acceptors in molecules and ions. Surface and
interfacial phenomena are being studied and understood
increasingly in the context of supramolecular concepts.
Dendrimers are providing the perfect haven for the design
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Figure 1. A collection of graphs illustrating the relative growth within each
area for ten new research areas in chemistry. Each graph shows the
percentage of hits in the indicated (keyword) research areas over two-year
periods between 1982 and 1997, taking the period 96/97 as 100% in each
case. The total number of hits in the period from 1982 to 1997 from
Macrocycle through to Dendrimer were, in order, 4338, 215, 3219, 201, 425,
3181, 2774, 512, 194, and 887.
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and synthesis of macromolecules (polymers) with functional
features. The rapid growth in the construction of wires,
switches, and logic gates on a molecular scale augurs well for
the fabrication of macroscopic devices with information
processing and storage capabilities built on uniquely small
scales. Nanoscience is a reality. The challenge that now has to
be met is to harness this nanoscience at a nanotechnological
level.


In the area of the life sciences, chemists have used
supramolecular concepts to understand the mode of action
of enzymes, to synthesize DNA intercalators, and to develop
new diagnostic and therapeutic agents. The study of the
aggregation of lipids and other self-organizing molecules has
shed light on the mechanism of membrane formation.
Artificial nanotubes have been produced which alter the
extent and rate of transport of ions and other biologically
relevant entities across membranes. Autocatalytic processes,
in which a reaction product acts as the catalyst for its own
synthesis, has brought molecular self-replication onto the
chemists� agenda, with all the implications it has for the origin
of life. Complex molecular ecosystems, in which highly
interactive and interdependent molecular species can display
properties far beyond those of the sum of the species, are
already being touted in the scientific community.


Since December 1991, the Scientific Affairs Divison of
NATO has generously funded a Special Programme on
Supramolecular Chemistry and, in so doing, has helped to
accelerate the growth of supramolecular science. The Pro-
gramme has undoubtedly contributed to what will surely be
regarded by historians of science as a golden age in chemistry
when creativity came to the fore in large measure. Aside from
providing 93 Collaborative Research Grants to scientists in at
least 17 different countries (Figure 2), it has nurtured 23 Ad-
vanced Research Workshops, 20 Research and Lecture Visits,
and one Advanced Study Institute. At the beginning of
September, more than 100 leading supramolecular scientists,
at all stages in their research careers, will descend upon Lerici
in Italy for four days to celebrate the success of the Special
Programme with a fitting finale that will be forward ± looking
in substance and spirit. To mark the occasion, five eminent


researchers, who are right at the forefront of the field, have
been invited to write Concept Articles on areas of supra-
molecular science in which their contributions have been
seminal. Let us introduce these articles to you.


Diederich and Smith[1] highlight, in an authoritative and
wide ± ranging sweep of the contemporary literature, how
functional dendrimers have been fashioned to exhibit some of
the characteristics and properties of nature�s large biomole-
cules. The processes they focus on include molecular recog-
nition and catalysis, as well as energy and electron transfer.
Their treatment draws attention to the three constitutionally
different regions of dendritic (super)structuresÐnamely, their
central cores, their branching regions, and their external
shellsÐand how these distinct regions have been utilized and
exploited as the sites in which to locate functioning entities
and reporter units in dendrimers. They look to the future in
optimistic vein and see an increasing emphasis on much more
highly designed molecular structures containing recognition
units and the potential for self-assembled superstructures to
express functions that are additional to those found in the
individual molecular and supramolecular building blocks.
Containing a mechanical bond, [2]rotaxanes (molecules
comprised of a cyclic component threaded onto a dumbbell-
shaped one) provide yet another distinct and unique struc-
tural environment to investigate supramolecular phenomena
within a molecular domain. In their survey of transition metal-
containing rotaxanes, Chambron and Sauvage[2] illustrate how
these intriguing molecules allow nondissociative translational
motions of extremely large amplitudes to be effected by
stimuli that are either photonic, electronic, or chemical in
nature. They trace the progressÐmuch of it made in their own
research laboratoriesÐfrom controlled molecular motions to
electron transfer between chemically nonconnected chromo-
phores. This essay is a tribute to the methods of template ±
directed synthesis of interlocked molecular compounds that
have added considerably to the repertoire of synthetic
chemists during the last 15 years. One feels that this is a field
which is very much still in its infancy and that there is a lot to
be done beyond catenanes, rotaxanes, and knots.


Against the backcloth of a comprehensive coverage of
nanotubular arrays, Ghadiri et al.[3] focus on assemblies based
on cyclic dl-a-peptides and cyclic b-peptides, while noting
that the virtues of structures with mixed a- and b-amino acids
await detailed investigation. They describe how the outside
surface properties of peptide nanotubes can be influenced by
the choice of substituents and how the internal diameters can
be controlled by the numbers of amino acids present in the
cyclic structures. While eight-residue cyclic dl-a-peptides do
well at mediating sodium and potassium ion transport through
lipid membranes, a cyclic decapeptide possessing a 10 �
internal diameter can transport glucose. Drug delivery
systems beckon with even larger arrays, as do numerous
catalytic and materials science applications.


The last two articles both anticipate the emergence of hosts
that self-assemble themselves around guests that are tem-
plates or transition state analogues, with real and effective
catalysis one of the prizes to be won. A revealing survey of the
use of calixarenes and resorcinarenes (cavitands), lined
around their upper rims with either interdigitating ureas (as
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Figure 1. Histogram summarizing the number of research groups in
17 different countries that have participated in the 93 Collaborative
Research Grants funded by NATO under their Special Programme on
Supramolecular Chemistry in the period 1992 to 1998.
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well as other appropriately curved building blocks lined with
complementary hydrogen-bond donors/acceptors used in the
construction of supramolecular capsules) is provided in a
characteristically clear and succinct manner by de Mendoza.[4]


He draws attention to the need to now start lining the inner
surface of significantly large capsules with noncovalent bonds
that are directed inwards. In his exquisite essay, Sanders[5]


poses a not unreasonable question, despite some modest
accomplishment in the design and synthesis of enzyme
analogues that preside over reactions involving 1) trans-
formations, 2) fissions, 3) fusions, and 4) transfers: why are
there so few enzyme analogues and why is catalysis so
elusive? He puts in a well-reasoned plea for introducing more
flexibility into preorganized systems and suggests that a
combinatorial approach to self-assembling catalysts around
suitable transition-state analogues using thermodynamically
controlled reactions might be the best way to identify leads
that could subsequently be optimized by appropriate synthet-
ic modifications. In coming to terms with the intellectually
stimulating appraisal and daring new agenda advanced and
advocated by Sanders, one is reminded of the dictum that has
been attributed to the late Noel Coward: The secret of success
is the capacity to survive failure.


In three decades, supramolecular scientists have moved
progressively from the investigation of molecular recognition
as an end in itself to the exploitation of molecular recognition
with specific goals in mind. We have learnt the lesson the hard
way that it is a very long haul from fanciful concepts to real
applications. Now, however, that applications are in sight at
long last, we can look back with some considerable satisfac-
tion on a journey and an experience that has always been
pleasurable and stimulating, and, above all, has provided us
with endless intellectual challenges and rewards. On behalf of
everyone who has been a beneficiary of this Special Pro-
gramme, we would like to thank the Scientific Affairs Division
of NATO most warmly.


Los Angeles May 14, 1998
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1372.
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Introduction


Molecular architecture has always held a deep fascination for
chemists, and this is perhaps one of the reasons why, in the
past ten years, dendrimer chemistry has risen so rapidly to a
position of international prominence.[1, 2] Initially, dendrimer
chemistry was concerned with the development of suitable
synthetic protocols to produce cascade molecules with a well-
defined number of generations[1±3] and, in particular, with the
problems associated with the isolation and characterization of
these monodisperse macromolecules. In the last five years,
however, the search for functional dendrimers has truly


begun.[4] Of particular current interest is the discovery of
specific functions and properties that are a direct consequence
of the dendritic architecture. Dendrimers make unique bio-
logical models owing to their three-dimensional nanoscale
structures, which can be synthesized in a controllable manner.
They contain three topologically different regions (core,
branches, and surface), each of which can exhibit functional
properties modulated by the dendrimer as a whole.[5] This
Concepts article focuses on dendrimers that model specific
biological functions and in which the cascade architecture
plays a truly active role in creating or modulating the desired
property.


Discussion


Modification of properties at the dendrimer core : In a key
paper in 1993, FreÂchet and co-workers first showed that
dendritic branching could modulate physical properties at the
dendrimer core.[6] They synthesized dendritic wedges of
varying generational sizes, such as the generation 5 ([G-5])
derivative 1 (Figure 1), containing at the focal point a
solvatochromic probe (a p-nitroaniline derivative), the UV/
Vis absorption wavelength of which is dependent on solvent
polarity. With increasing generation number and size of the
dendritic wedge, the UV/Vis absorption band of the central
chromophore in CCl4 shifted to longer wavelengths. As the
dendritic wedge expands, the solvatochromic probe is in-
creasingly shielded from the bulk apolar solvent and the
effective polarity in its surroundings increases, causing the
observed bathochromic absorption shift. Such an effect was
not observed when the bulk solvent was more polar, for
example when Me2SO was used. The authors also noted a
discontinuity in the absorption band shift between third- and
fourth-generation dendritic branching and argued that at this
point the structure of their wedge became more globular,
encapsulating the probe even more effectively, a proposal in
agreement with previous viscosity measurements.[7] This result
is of considerable importance as it indicates the existence of a
distinct microenvironment inside a dendrimer, resembling
those found in proteins. It is conceivable that large changes in
pKa of functional groups located inside dendrimers will
eventually be measured, in analogy to the dramatically
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Figure 1. Fifth-generation ([G-5]) dendritic wedge (1) with a solvatochro-
mic probe at the focus.[6]


altered pKa values of amino acid side chains depending on
their exact location inside proteins.[8]


Another remarkable example of the modulation of physical
properties by an enzyme superstructure is provided by the
electron-transfer proteins based on the heme FeIII/FeII redox
couple. The metal center in cytochrome c, for example, has an
oxidation potential 300 ± 400 mV more positive than that of
heme model systems with similar metal ion ligation.[9] It is
proposed that the hydrophobic polypeptide shell plays a
critical role in controlling the redox behavior of the heme-
bound metal ion. Diederich and coworkers have reported the
water-soluble second-generation dendritic FeIII porphyrin 2 a
(Figure 2) as a cytochrome c model.[10] They investigated the
electrochemical properties of 2 a and the corresponding
smaller first-generation dendrimer in both CH2Cl2 and H2O.
Progressing from the [G-1] to the [G-2] derivative in CH2Cl2,
the redox potential of the biologically relevant FeIII/FeII


couple remained virtually unchanged, whereas in aqueous
solution, the [G-2] derivative 2 a exhibited a potential 420 mV
more positive than the lower generation compound. The large
difference between these potentials in H2O was attributed to
differences in solvation of the core electrophore. The
relatively open dendritic branches in the [G-1] compound
do not impede access of bulk solvent to the central core,
whereas the densely packed dendritic superstructure of 2 a
significantly reduces contact between the heme and external
solvent. As a result, the more charged FeIII state is destabilized
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Figure 2. The dendritic FeIII porphyrin 2a acts as a model system for
cytochrome c[10] and the FeII derivative 2 b for hemoglobin.[37]


relative to FeII and the redox potential is strongly shifted to a
more positive value. The dendritic model system 2 a is limited
by uncertainty about the nature of axial ligation; work is
currently in progress to synthesize a dendritic FeIII porphyrin
with covalently attached axial ligands.[11]


Other dendrimers with encapsulated redox-active metal
centers have been reported.[12] Gorman et al. prepared
dendritic iron ± sulfur clusters such as the [G-2] derivative 3
(Figure 3).[13] As the dendritic generation increased, the core
reduction potential in dimethylformanide solution became
increasingly negative, an effect attributed to the increasing
insulating effect of the dendritic shell. As was also observed
for dendritic ZnII porphyrins,[10a,c] the electrochemical reduc-
tion at larger cascade generations became less and less
reversible on the cyclic voltammetric time scale, owing to the
increasing kinetic difficulty of transferring electrons from the
electrode to the core electrophore. Similar kinetic effects due
to burial of the redox-active group are well established for
cytochrome c[14] and other electron-transfer proteins.[15]


Tris(bipyridine) ruthenium(ii)[16] has also been incorporated
at the core of dendritic superstructures and investigated
photochemically. The excited-state lifetimes of the higher
generation compounds were found to be longer than those of
their smaller analogues in aerated acetonitrile. It was
proposed that the luminescence of the larger dendrimers
was less efficiently quenched by O2 because of either a) a
decrease in diffusion rate constant of O2 with increasing
molecular volume, b) lower solubility of O2 in the dendritic
interior, or c) preferential solvation of the metal complex core
by the dendritic branching.


These examples clearly demonstrate that the dendritic
architecture can modulate physical properties at the core, and
this effect can be considered as the creation of a dendritic
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Figure 3. The cascade branching controls the redox properties of dendriti-
cally encapsulated iron ± sulfur clusters such as 3.[13]


microenvironment. The results indicate a versatile new
approach to modulating and optimizing the reduction poten-
tial of redox catalysts by controlling the polarity of their
environment using dendrimer technology. Attachment of
dendritic shells, in particular by convergent growth methods,
should find increasing future application in tuning the
potential of electrophores for use as redox mediators in
electrocatalysis or for performing specific tasks in advanced
materials design. Such worthwhile developments would be
encouraged on a broad basis if vendors of fine chemicals
started selling tailor-made dendrons of various generations
and polarity for attachment to electroactive cores. On the
fundamental research side, the exact operating factors which
are most important in controlling and shaping dendritic
microenvironments must be rigorously clarified. Although
significant changes in redox potential were measured in the
examples discussed above, the potentials of other redox-
active transition metals inside dendritic superstructures were
hardly changed and the only observation was increased
irreversibility of the electron-transfer processes at higher
generations.[17] A more careful tailoring of the properties of
dendritic wedges and the topology of the resultant dendrimers
seems highly desirable in order to create still more specific
environmental effects for use in electrochemical and photo-
chemical devices.


Recognition with dendritic structures :[18] Ever since the
inception of dendrimer chemistry, there has been consider-
able excitement about using such architectures for complex-


ation with guest molecules.[19] All three topologically distinct
regions (core, branching shell, and surface) of dendrimers can
associate with suitable substrates, and the first examples of
these distinctively different recognition events have emerged.
Newkome et al. showed early on that water-soluble hydro-
phobic dendrimers act analogously to micelles and that these
ªunimolecular micellesº can encapsulate hydrophobic guests
within their branches.[20] In a reversal of this strategy, a
hydrophilic dendritic core with a fluorinated surface was
recently used to extract hydrophilic dye molecules such as
methyl orange from water into supercritical CO2 by encap-
sulation.[21]


Meijer and co-workers prepared the fifth generation
poly(propyleneimine) dendrimer 4 (Figure 4) and demon-
strated its function as a ªdendritic boxº capable of retaining
substrates trapped during synthesis and preventing them from
diffusing outwards.[22] Molecules of different sizes, such as
7,7,8,8-tetracyano-para-quinodimethane (TCNQ) or the dye
rose bengal were trapped during dendrimer synthesis; UV/Vis
spectroscopy showed that rose bengal was encapsulated with
an average of one molecule per dendritic box.[23, 24] Guest
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Figure 4. A dendritic box capable of trapping and encapsulating guest
molecules during construction.[22, 23]


diffusion out of the box was slow since the dendrimer is
closely packed with the branches spreading from a small
initiator core; furthermore, the bulky, H-bonding surface
groups pack tightly, preventing guest escape. If the tert-butyl
surface groups were removed, guest molecules could diffuse
out of the box, but only if they were sufficiently small.[23] Thus,
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rose bengal remained in the box while p-nitrobenzoic acid
leaked out. An appropriate dendritic surface can therefore
control guest binding within a cascade molecule, which acts as
a mimic for biological container and transport systems such as
vesicles. Prospective uses of this fascinating research include
transport and slow-release systems for drug delivery,[25]


encapsulation of fluorescence markers for pores in the
nanometer range, and control of the photochemistry and
photophysics of single molecules isolated in dendritic contain-
ers.


It should be made clear, however, that the systems
described above have no clearly defined binding unit within
the dendritic structure such as would exist at the recognition
site of an enzyme. One approach to dendrimers with defined
recognition sites is to functionalize the dendritic surface or
branches with multiple recognition sites, enhancing binding
efficiency through simultaneous association with several
substrates.[26] Research by the groups of Shinkai[27] and
Astruc[28] has shown increased sensory responses to guest
binding on a dendritic surface.


More relevant to enzyme mimicry are the water-soluble
dendritic cyclophanes (dendrophanes) of Diederich and co-
workers, which contain well-defined cyclophane recognition
sites as initiator cores for the complexation of steroids[29, 30] or
flat arenes.[29b, 31] Systems such as the [G-3] dendrophanes 5 a
with a cyclophane core suitable for complexation of benzene
and naphthalene derivatives or 5 b with a steroid-complexing
cyclophane core mimic apolar binding sites buried within
globular protein superstructures (Figure 5). They display the
following characteristics :
a) The structurally well-defined cyclophane recognition sites
at the centers of the dendrophanes remain open and effective
at all dendritic generations ([G-1] to [G-3]). Thus, the
dendrophanes form inclusion complexes of similar stability
to those formed by the isolated initiator core cyclophanes. In
all complexes, the substrates are located exclusively in the
central cyclophane cavities and nonspecific incorporation into
fluctuating voids in the dendritic shell is negligible.
b) Fluorescence titrations with the fluorescent probe 6-(p-
toluidino)naphthalene-2-sulfonate (TNS) demonstrated
that the micropolarity around the binding cavity was signifi-
cantly reduced with increasing dendritic size. The micro-
polarity at the center of 5 a in water is comparable to that of
ethanol.
c) The host ± guest exchange kinetics observed for all den-
drophanes are remarkably fast: 1H NMR binding titrations,
which rely on fast host ± guest exchange (kdecompl> 102 to
103 sÿ1), were possible with 5 b, whereas complexation by 5 a
occurred on the NMR time scale. The fast host ± guest
exchange kinetics with 5 b were confirmed by fluorescence
relaxation measurements with fluorescent steroidal sub-
strates.[32] This contrasts with the findings for Meijer�s
dendritic box, but Meijer�s system has a tight, densely packed
superstructure diverging from a small initiator core, whereas
the dendritic wedges in 5 a and 5 b are attached to large,
nanometer-sized cyclophane cores producing apertures
through which substrates can rapidly enter or leave the
binding cavity. Furthermore, the Meijer dendrimer possesses
H-bonding and sterically encumbering surface groups, where-


as the carboxylates at the dendrophane surfaces will not
densely pack for electrostatic reasons.


The reduced micropolarity at the cyclophane core and fast
host ± guest exchange kinetics make water-soluble dendro-
phanes attractive targets as catalytically active mimics of
globular enzymes. Catalytic dendrophanes with active cyclo-
phane initiator cores[33] shielded from the aqueous solution by
the dendritic superstructure are now under construction; the
target is the acceleration of reactions which benefit from a
reduced environmental polarity. We are currently preparing a
thiazolium-appended cyclophane for use as an initiator core in
catalytic dendrophanes.[34] Reactions catalyzed by the cofac-
tor thiamine diphosphate or thiazolium model systems are
favored in media of reduced polarity, since the transition
states are less polar than the ground states and are therefore
stabilized in such environments.[35] We hope that such catalytic
dendrophanes will illustrate the ability of the dendritic
superstructure to enhance supramolecular catalysis by reduc-
ing the core micropolarity.


The axial ligation of small ligands to dendritic heme metal
centers has also attracted significant interest.[36, 37] In partic-
ular, dendritic iron porphyrins have been successfully studied
as hemoglobin mimics by the groups of Aida[37] and Collman
and Diederich.[38] In systems such as 2 b (Figure 2), the
dendritic cage prevents the formation of porphyrin m-oxo
dimers,[38] and highly efficient reversible O2 complexation
occurs in the presence of imidazole ligands in toluene
solution. Both hemoglobin and picket-fence porphyrin[39]


complex CO in preference to O2, but the reverse is true for
the dendritic system 2 b which, in the presence of 1,2-
dimethylimidazole, exhibits an affinity for O2 12 times higher
than that for CO. The affinity of 2 b for O2 is exceptionally
high, and it was suggested that a proximate amide NH group
in the dendritic shell may form a hydrogen bond to the
terminal atom of the dioxygen molecule bound in a bent
fashion to the FeII center. The low affinity for CO, on the other
hand, was explained by steric hindrance by the dendritic
branches, which prevent CO from binding to FeII in the
energetically most favorable linear fashion. Additional work
is now under way to test these hypotheses further and to
clarify the origin of the exceptionally high O2 affinity.
Therefore, dendrimers similar to 2 b but lacking amides or
other H-bond donors are being prepared; they should display
a much reduced O2 affinity if hydrogen bonding contributes
substantially to the stabilization of the O2 complex formed by
2 b.[40] Another prospect for the future is the exploration of the
NO-binding capacity of dendritic FeII porphyrins.


An area in which we foresee important developments in the
future is the dendritic modulation of hydrogen-bonding
receptors[26b, 41] to bind polar substrates in competitive sol-
vents such as water. Whereas hydrogen-bond recognition of
small molecules in water by synthetic receptors has been
remarkably inefficient in the past, it can be expected that the
reduced polarity inside water-soluble dendrimers will
strengthen hydrogen bonding enough to allow complexation
to occur. Water-soluble dendritic receptors incorporating
well-defined H-bonding sites at the core for amino acids[42a]


or carbohydrates[42b] are currently under preparation in our
laboratory; we expect not only that they will promote host ±
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Figure 5. The [G-3] dendrophanes 5a and 5b contain buried cyclophane cores suitable for the recognition of flat arenes[31] and steroids,[29] respectively.
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guest complexation through stable H-bonds, but also that the
dendritic shell should provide energetically favorable hydro-
phobic desolvation in addition to numerous van der Waals
contacts. Subsequent developments will target the construc-
tion of optically active dendrimers for chiral molecular
recognition. Chirality in dendritic architecture has already
excited considerable interest[43] and has been the subject of a
previous Concepts article.[44]


Another area of current and future activity concerns the
recognition of dendritic surfaces by large biomolecules.
Attractive candidates for such developments are dendrimers
coated with carbohydrates on their exterior surfaces. The
synthesis and properties of carbohydrate-containing dendrim-
ers have been discussed in a recent Concepts article by
Stoddart and co-workers[45a] and in other reviews.[45b,c] Glyco-
dendrimers could be recognized by adhesion proteins such as
selectins and ultimately provide antiadhesive drugs; they
could also find application in the production of carbohydrate-
based vaccines.[45]


Dendritic catalysts : There are two justifications for the
synthesis of dendritic catalysts. Firstly, there is the possibility
of creating large dendrimers with many active sites. Such
systems may be intermediate between heterogenous and
homogenous catalysts, with ready removal of the catalyst by
filtration.[46] Secondly, there is the possibility of encapsulating
a single catalytic site whose activity and selectivity becomes
modulated or enhanced by the dendritic superstructure.[47] If
the dendritic catalytic site also provides for reversible
substrate binding prior to reaction, supramolecular enzyme-
like catalysis will result ; this is the aim of the catalytic
dendrophanes discussed above.


There have been a number of reports on representatives
of the former class of dendritic catalysts.[48] Ongoing re-
search is aimed at providing a convincing practical demon-
stration of the obvious advantages that such catalysts con-
taining multiple active sites could possess. Careful design is
required, however, to yield dendritic catalysts with distinct
advantages such as facile recycling or cooperativity between
catalytic centers.


The ªdendrizymesº reported by Brunner were among the
first dendritic catalysts to model enzymes, with an organo-
metallic active site buried in the branching.[47] Generally, rates
were decreased by dendritic branching and enantioselectiv-
ities in asymmetric catalysis were very low. In one case,
however, a modest favorable effect of the branching on
catalytic activity was observed. In the enantioselective cyclo-
propanation of styrene with ethyl diazoacetate to give cis-
ethyl 2-phenylcyclopropanecarboxylate, the catalyst was CuI


triflate modified by optically active pyridinealdimines.[47, 49] In
the absence of branching on the pyridinealdimine derived
from (1S,2S)-2-amino-1-phenyl-1,3-propanediol, asymmetric
induction was close to zero (2% enantiomeric excess (ee)).
The same transformation in the presence of dendritic
pyridinealdimine 6 (Figure 6), with branches derived from
(1R,2S)-ephedrine, however, gave an enantioselectivity of
10 % ee, which can be rationalized in terms of differential
steric effects from the chiral branches.


Dendritic steric effects
were also observed by Sus-
lick and co-workers in epox-
idations catalyzed by den-
dritic manganese porphyrins
as models for cytochrome P-
450 enzymes.[50] In analogy
to bulky groups in proximity
to the catalytic center, the
dendritic branching inhibit-
ed the epoxidation of steri-
cally demanding alkenes and
enhanced the selectivity of
the catalyst. Mak and Chow
reported cleft-type dendritic
bis(oxazoline)metal com-
plexes such as 7 (Figure 7)
for use as catalysts in the
Diels ± Alder reaction.[51]


The reaction of two differ-
ently sized dienophiles was
investigated, and the dendritic catalyst showed a slightly
enhanced ratio of initial reaction velocities, with reaction of
the smaller dienophile being less hindered by the branching.
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Figure 7. A dendritic catalyst for the Diels ± Alder reaction.[51]


Other dendritic catalysts have been reported[52] but it is
proving difficult to clearly establish any role for the dendritic
branching other than purely steric effects. It is clear that the
next generations of dendritic catalysts require careful design
in order to endow them with additional positive attributes
such as electronic activation and transition state stabilization
by the specific branching environment around the catalytic
center.


Energy transfer through dendritic structures : The treelike
structure of a dendritic wedge naturally suggests itself as a
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Figure 6. Dendrizyme 6 shows a
small, dendritically enhanced enan-
tioselectivity in the cyclopropana-
tion of styrene with ethyl diazoace-
tate catalyzed by CuI triflate.[49]
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molecular antenna suitable for transfering energy or electrons
from the multitopic surface to the dendron focus. Excitation
energy plays an important role in natural phenomena such as
photosynthesis, in which carotenoids act as antennae and
absorb solar radiation in a spectral region where chlorophyll
only absorbs weakly, subsequently transferring this energy to
chlorophyll by singlet ± singlet energy transfer.[53] Using
dendrimers to model such energy transfer processes may
yield a better physical understanding of this crucial biological
event.[54]


The research of Moore and co-workers has been particularly
elegant. They reported a series of rigid polyaromatic ethyne-
linked dendritic wedges with a fluorescent perylene chromo-
phore at the focus.[55] When the dendrons were irradiated at
310 nm (absorption band of the dendritic branching), the
perylene chromophore emitted at 484 and 518 nm with
quantum yields up to 98%. This indicates that singlet ± singlet
energy transfer occurs in the wedge. The light-harvesting ability
increased with increasing generation, while the efficiency of
the energy transfer decreased. Dendron 8 (Figure 8) was
especially interesting; it contained an inbuilt energy gradient
obtained by using phenylacetylene spacers increasing by one
repeat unit proceeding from the periphery to the core. This
design means that the levels of the localized electronic states
decrease smoothly in energy from the exterior to the interior,
creating a directional energy flow. This dendron was com-
pared with analogous systems without an energy gradient, and
its rate of energy transfer was two orders of magnitude faster.


The research groups of Balzani[56] and Constable[57] have
used a metal-based approach to the problem of dendritic
light-harvesting systems, based on RuII and OsII bi- (and
ter-)pyridine subunits. In particular, Balzani and co-workers
stress the tunability of their dendritic structures, with the
incorporation of different metal ions and ligands in unique
environments being possible.[56]


Polyaromatic ether wedges have also been used to transfer
energy and electrons.[58, 59] Thus, Jiang and Aida used a
dendritic superstructure to harvest low-energy photons and
provided evidence that this energy converted a cis-azoben-
zene at the dendritic core to its trans form.[60, 61] It seems clear
that this last study shows the way forward for efficient energy-
harvesting dendritic superstructures. The antennae must be
coupled to functional units and the energy used to drive
chemical processes, perhaps even catalysis. In this way, these
novel dendritic systems will form useful, light-driven molec-
ular machines.


Assembly of dendrimers to form higher molecular architec-
ture :[18] One function of biological systems arousing substan-
tial current interest is self-assembly.[62] It is therefore a natural
development that dendrimer chemists should begin to turn to
self-assembled arrays of dendrimers to address new properties
and functions.


The first reports of self-assembled dendritic structures
generally focused on the association of hydrophobic subunits
in aqueous solution.[63, 64] Zimmerman and co-workers, how-
ever, described a discrete hexameric structured assembly of
dendritic wedges (9, Figure 9) which was held together by
directional COOH ´´´ COOH hydrogen-bonding interac-


8


Figure 8. In dendritic wedge 8 with an inbuilt energy gradient, energy is
efficiently transfered from the peripheral branches to the perylene group at
the focus.[55b]


tions.[65] The stability of this dendritic supramolecular aggre-
gate was dependent on the generation of dendrimer used to
form the assembly. For the smallest dendritic wedge, the
hexameric array was unstable and it was argued that this was
due to its ability to form linear aggregates instead. Such linear
aggregation is not possible once the dendritic wedges become
larger, because of buttressing effects, and the hexamer
becomes the more stable aggregate. In this way, the dendrimer
controls the assembly process.


One application of assembled structures is the exploitation
of their liquid crystalline properties. Initially, the approach to
dendritic liquid crystals was either to functionalize a dendritic
surface with multiple mesogens[66] or to incorporate long
mesogenic branching groups into the dendritic structure.[67]


Recently, however, Pesak and Moore prepared columnar
liquid crystals from a planar shape-persistent dendritic
molecule containing a phenylacetylenic core.[68] In contrast







CONCEPTS F. Diederich and D. K. Smith


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1360 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 81360


to previous systems, these planar dendrimers are intrinsically
mesogenic, that is, they do not depend on the incorporation of
discrete mesogenic units for their liquid crystallinity.


It seems certain that many fascinating dendritic assemblies
will be reported in the coming years. Such assembled systems
may eventually incorporate functional groups suitable for
molecular recognition and catalysis. As in biology, supra-
molecular dendritic assemblies will display distinct functions
and properties that are absent in the individual molecular
building blocks. The assembly of complementary dendritic
subunits with different structures and functions, similar to
membrane-bound protein arrays, represents another frontier
of these developments.


Conclusions


The difficulty of keeping this Concepts article short is
testimony to the huge interest in the use of dendritic
architectures as biological mimics. The rapid progress made
by dendrimer technology during the past years is impressive.
In particular, the various specific effects which the dendritic
architecture can bring to bear on function are becoming ever
clearer, and it is to be expected that in the near future
dendrimers will become increasingly prized for their intrigu-
ing and unique properties.
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Introduction


Although catenanes, rotaxanes and, to a lesser extent,
molecular knots have recently been popularized through the
many publications devoted to their synthesis and to the study
of their chemical or physical properties,[1] it might be useful to
briefly redefine these species. Their prototypes are represent-
ed in Figure 1, and the drawings should be sufficient to convey
their structural specificities. Notice simply that, whereas
catenanes and knots are composed of rings only, rotaxanes
are made up of at least a ring and a dumbbell, the latter
component bearing stoppers large enough to prevent un-
threading of the ring.


Figure 1. Cartoons of the simplest rotaxane, catenane, and knot.


From a purely topological viewpoint, rotaxanes have never
been considered as noble as interlocking ring systems and
knots, although they have been associated with these species
in the chemist�s mind since the very first published discussions
and experimental works on catenanes.[1a, 2] The reason for this
is the following: whereas in both systems the components are
held together by a mechanical bond, in the case of catenanes,
the mechanical bond is also a topological bond, since the
interlocked rings cannot be separated without cleavage of one
ring. In the case of rotaxanes, only deformations of one of the
components are required to dissociate the system.


Rotaxanes can be described as threaded species stabilized
by steric interactions. The first threaded species in the
chemical literature was obtained by Lüttringhaus, Cramer,
Prinzbach, and Henglein as
early as 1958,[3] and was a
host ± guest complex (1)
between a cyclodextrin
and a benzene nucleus
bearing long-chain dithiols,
the latter protruding from
the rims of the cyclodextrin
(Figure 2). In fact, true ro-
taxanes based on cyclodex-
trins as ring components
were to be synthesized only
in 1981, by Ogino, as dis-
cussed below.[4]


The introduction of new
synthetic methodologies
for making rotaxanes,
based on templates, has
certainly changed our view
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Figure 2. Reproduction from ref. [3]
of the first threaded molecular com-
plex: a-cyclodextrin is threaded onto
a benzene nucleus bearing long-
chain dithiols.
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of them;[1c±f] they no longer appear as the exotic species which
they used to be before those efficient synthetic strategies were
proposed. Despite the earlier prevailing view, rotaxanes have
been known for several decades thanks to the pioneering
work of Schill et al.[5] (directed strategy) and Harrison
(threading[6a] or slippage[6b±c]). Examples of these historical
rotaxanes (2 and 3) are shown in Figure 3.


When chemists suddenly achieved greater success in
making threaded or interlocked molecular systems, they also
rapidly became more ambitious in terms of functionality and
complexity of the chemical groups to be introduced. This is
especially true for rotaxanes, and we shall discuss the
possibilities thus opened up below.


Discussion


Ogino[4] and others[7] used transition metal complexes as
stoppers, and this approach is potentially very rich as far as
chemical and physical properties are concerned. Figure 4
shows the first rotaxane of this kind (4).[4] It is also the first
cyclodextrin-based rotaxane. The cyclodextrin ring is thread-
ed onto an alkyl chain ended by amino groups, the latter being
able to coordinate to cobalt(iii) centres chelated with ethyl-
enediamine ancillary ligands.


The use of electro- and/or photoactive components incor-
porated in the central part of the linear fragment of the
rotaxane or used as stoppers is of particular interest. The
compounds will now respond to certain external stimuli
(chemical, electrical or photonic signals) in a way dictated by
their special structure. The threaded nature of the molecule
will govern various processes following the triggering signal,
such as molecular motions, electron or energy transfer, etc.
The phenomenon of photochemically induced disassembly of
a threaded complex without blocking groups, described by
Balzani, Stoddart and coworkers, is of particular relevance to
these issues.[8]


Figure 3. a) The first rotaxane (2) prepared by directed synthesis. Also
shown is the key precursor, in which a ketal group maintains the plane of
the ring orthogonal to the mean plane containing the thread precursor.[5a]


b) The first rotaxane (3) produced by statistical slippage: it is obtained by
heating a mixture of dumbbell and cyclic components. In order to force the
threading process, the solvent used was the macrocyclic component itself.[6b]


Figure 4. The first rotaxane (4) bearing transition metal complex frag-
ments as stoppers. Compound 4 is also the first cyclodextrin-based
rotaxane: the a-cyclodextrin ring is threaded onto an alkyl chain ended
by amino groups, which bind cobalt(iii) centres coordinated to ethylenedi-
amine chelates.[4a]


Abstract in French: Les rotaxanes sont des moleÂcules
constitueÂes d�un anneau enfileÂ sur un constituant lineÂaire en
forme d�halt�re. Bien que syntheÂtiseÂs pour la premi�re fois à la
fin des anneÂes soixante, ils furent consideÂreÂs comme des
curiositeÂs de laboratoire jusqu�à ce que les meÂthodes de
synth�se par effet template (mettant en jeu des interactions de
type hydrophobe, ou utilisant un meÂtal de transition ou des
interactions donneur ± accepteur entre sous-uniteÂs aromati-
ques) les rendirent assez facilement accessibles. Ceci permit
la mise au point de rotaxanes fonctionnels, c�est-à-dire des
rotaxanes reÂpondant à des stimuli externes, comme l�apport ou
le retrait d�eÂlectrons, l�excitation lumineuse, etc. Par exemple,
des rotaxanes qui sont le si�ge de mouvements internes
deÂclencheÂs de façon eÂlectrochimique, comme le mouvement
de translation de l�anneau le long de l�axe de l�halt�re, ou des
rotaxanes dans lesquels un transfert d�eÂlectron photoinduit a
lieu des groupements bloquants de type porphyrine de zinc
(donneurs d�eÂlectron à l�eÂtat exciteÂ) vers une porphyrine de
AuIII greffeÂe au macrocycle (accepteur d�eÂlectron).
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Before focussing on porphyrin-containing rotaxanes, we
shall discuss a few other examples of rotaxanes incorporating
redox active groups and thus displaying a specific function
associated to an electrochemical response. Two such systems
are indicated in Figure 5. The first (Figure 5a) is the molecular


Figure 5. a) A molecular shuttle (5).[9] An electron-deficient
cyclophane is threaded onto a linear component incorporating
two sites with differing electron-donor properties. In the
resting state, � 84 % of the macrocycle is bound to the more
powerful electron donor, the benzidine moiety; electrochem-
ical oxidation of the latter triggers the reversible translation of
the macrocycle to the biphenol moiety. b) A C60-stoppered
rotaxane (6),[10] based on a copper(i) dpp complex. Thanks to
the electron-donor character of the MLCT excited state of the
complex fragment and the electron-acceptor properties of the
C60 moiety, electron transfer is likely to take place between
these two components.


shuttle 5 described by Kaifer, Stoddart and their
coworkers.[9] It is an interesting example of a
molecule whose shape and internal motions can
be externally controlled by electrochemical means.
The threaded ring is a tetracationic electron-defi-
cient cyclophane. The dumbbell component has two
stations able to interact with the ring, but differing
in their electron-donating properties: a benzidine


group, which is the stronger electron donor, and a biphenol-
based moiety. In the initial state, about 84 % of the macro-
cycles rest at benzidine stations. Upon electrochemical
oxidation of the latter, the macrocycle is shifted towards the
biphenol station. The process can be reversibly activated by
reducing the benzidine station back to its initial state.


The system of Figure 5b is the C60-stoppered rotaxane 6.[10]


It contains a central copper(i) complex, based on 2,9-diphenyl-
1,10-phenanthroline (dpp) chelates, whose metal-to-ligand
charge-transfer (MLCT) excited state, generated by visible
light irradiation (MLCT absorption band maximum around
500 nm), is a powerful electron donor. Electron transfer under
light irradiation is thus likely to take place between the
copper(i) central complex of the rotaxane and one of the C60


stoppers acting as electron acceptor.
Another nonporphyrinic rotaxane, 7, is represented in


Figure 6.[11] An electrochemical signal is used to set the
molecular system in motion. The ring incorporates a dpp
fragment and the molecular string consists of a terdentate
ligand (terpy� 2,2',6',2''-terpyridine) linked to a bidentate
coordinating unit (2,9-disubstituted-1,10-phenanthroline).
Trityl-derived stoppers are covalently attached to the extrem-
ities of the string. Initially the ring threaded onto the
molecular string coordinates copper(i) together with the
phenanthroline site of the string in a tetrahedral fashion.
Since CuII requires higher coordination numbers than CuI,


Figure 6. A rotaxane in motion (7) based on the redox-state dependence of the
stereoelectronic requirements of a transition metal (Cu: * CuI, * CuII).[11] The axle
incorporates a bidentate and a terdentate chelating site. The macrocycle coordinates CuI


together with the bidentate site of the linear component in a tetrahedral fashion.
Electrochemical oxidation of CuI to CuII triggers the transfer of the CuII-complexed ring
to the terdentate chelate of the thread.
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oxidation of CuI to CuII triggers a modification of the
coordination sphere of the copper atom, which results in the
transfer of the copper(ii)-complexed ring to the terpy site of
the string. This translation motion is slow (ca. 1 ± 2 h) but
complete under the experimental conditions used (CH3CN,
room temperature). The reversal to the starting state is
initiated by reduction of CuII to CuI and is somewhat faster
(minutes) than the forward motion. The presence of the
stoppers, that is, the rotaxane structure, is essential: when the
string has open ends, motions of the ring along the string are
accompanied by partial dethreading.


The use of porphyrins as rotaxane stoppers is obvious since
porphyrins are both voluminous (good stoppers) and electro-
and photoactive.[12] Our interest in photosynthesis has
prompted us to make porphyrin-containing rotaxanes as
models of precise fragments of the photosynthetic reaction
centre.[13] The two representative examples in Figure 7 under-
go fast photoinduced intramolecular electron transfer be-
tween the zinc(ii) porphyrin (singlet excited state) and the


Figure 7. a) A rotaxane containing zinc(ii) porphyrin and gold(iii) porphyr-
in as stoppers, 8.[13, 14] Photoinduced electron transfer takes place between
the Zn porphyrin component in its singlet excited state (*) and the Au
porphyrin component in its ground state. b) The same rotaxane complexing
a CuI cation with the chelate fragments incorporated in the dumbbell and
the macrocyclic components (9). The rate of electron transfer was found to
be increased by a factor of 20 by comparison with 8.


gold(iii) porphyrin (which is an electron acceptor in its ground
state). Interestingly, the electron transfer rate can be, to a
large extent, governed by the nature of the central metal or by
demetalation of the central coordination site.[14] In the case of
the uncomplexed rotaxane 8, photoinduced electron transfer
from the zinc to the gold porphyrin took place in 36 ps,
whereas for the CuI-complexed rotaxane 9, the same event
was accelerated by a factor of � 20. The rate enhancement
was explained in terms of a superexchange mechanism,
involving the virtual electronic states of the central copper(i)
complex fragment.


In the previous examples (rotaxanes 6, 8, 9) photoinduced
electron transfer takes place between covalently linked
photo- and electroactive components. In order to make
impossible electron transfer involving a bond sequence,
catenane[15] and rotaxane[16] systems in which the donor and
acceptor components are maintained in the same molecule by
mechanical bonds only seem to be ideal targets (Figure 8). In


Figure 8. Donor ± acceptor multiporphyrin conjugates. The donor por-
phyrin (empty diamond) and the acceptor porphyrin (hatched diamond)
are mechanically linked in either a) catenane or b) rotaxane structure. The
arrows show the direction of photoinduced electron transfer.


particular, this problem was addressed with rotaxane 10,
composed of a) a macrocycle incorporating a dpp chelate and
bearing a pendent gold(iii) porphyrin, and b) a dumbbell
component containing the same dpp chelate and stoppered by
two identical bulky zinc(ii) porphyrins (Figure 9). It was
obtained by demetallation of the copper(i)-complexed rotax-
ane (11). Structural studies in solution suggested that
demetallation leading to the template-free rotaxane induced
the translation motion of the dumbbell component towards
the gold(iii) porphyrin of the macrocycle. Preliminary photo-
physical studies showed that the fluorescence of the zinc
porphyrins was strongly quenched in both cases; with respect
to the uncomplexed rotaxane, this clearly indicated that
electron transfer from the zinc porphyrin (singlet excited
state) to the gold(iii) porphyrin component occurred. There-
fore electron transfer between mechanically bound species
has been achieved in this molecule.


In summary, the rotaxane framework can be used with
advantage for making molecules in which controlled motions
occur: translational motions of a molecular ring threaded onto
a molecular rod, through-bond or through-space electron
transfer from donor to acceptor electroactive components.
These molecular or electronic motions are driven either by a
redox process (by electrochemical means, for example) or by
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a photochemical event (triggered by light). The rotaxane
structure comes into play in different manners: a) stabilizing
heteroleptic transition metal complexes (two differently
substituted dpp fragments or a dpp and a terpy unit around
a copper centre) which could not be obtained otherwise
because of fast ligand exchange (scrambling), if the coordi-
nating fragments were independent and free to diffuse in
solution; b) allowing nondissociative, large-amplitude mo-
tions (translation of a ring threaded onto a rod); c) providing
mechanical bonds for studying through-space intramolecular
electron- or energy-transfer processes.
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Introduction


Synthetic nanotubes have been the subject of intense studies
lately due to their potential utility in chemical, biological, and
materials science settings. Recent scientific literature abounds
with reports of organic and inorganic tubular constructs such
as graphite[1, 2] and related boron nitride[3] and tungsten
disulfide nanotubes,[4] zeolites[5, 6] and similar mesoporous
inorganics,[7±10] polymeric lipid-based tubules,[11] tubular mes-
ophases,[12±14] carbohydrate-based nanotubes,[15±17] and other
organic systems.[18±20] In particular, the class of self-assembling
peptide nanotubes[21] highlighted herein has proven useful in
the design of solid-state porous materials,[22±24] soluble cylin-
drical supramolecular structures,[25±28] biologically relevant ion
channels and transmembrane pore assemblies,[29±32] solid
surface-supported ion sensors,[33] and in the fabrication of
inorganic nanocluster composites[34] (vide infra).


Conceptually, only a few fundamental approaches can be
employed in the design of open-ended hollow tubular
structures. Aggregation of rod- or stavelike subunits can be
used to form hollow-core bundle- or barrel-shaped frame-
works, respectively. Examples of this motif include membrane
channel proteins such as the a-helical subunit B of cholera
toxin,[35] , the potassium channel[36] as well as the b-barrel
structures of porins[37, 38] and a-hemolysin.[39] Another ap-


proach involves coiling of one or more linear molecule(s) into
a helical conformation. This motif is illustrated by b-helical
structures formed by the natural antibiotic gramicidin A[40]


and related synthetic peptides.[41, 42] A tubular structure can
also be made from a two-dimensional sheetlike starting
material, either by rolling or by closing its opposing edges.
Such processes have been noted in the formation of carbon
nanotubes from graphite.[2] Mineralization or polymerization
templated by aggregates of organic molecules constitutes the
method of choice for preparation of mesoporous silicates and
related materials.[7±10] Finally, extended tubular arrays can also
be prepared from the stacking of toroidal or disk-shaped
subunits. Self-assembly of the tobacco mosaic virus (TMV)
coat protein is perhaps the best known biological instance of
this motif.[43] Of these various approaches, the latter two have
thus far offered the most design flexibility and synthetic
convergence. As described here, certain cyclic peptides can
adopt the required flat ring-shaped conformational states with
self-complementary recognition surfaces that can be used to
direct noncovalent stacking and self-assembly of tubular
structures (Figure 1).


Discussion


A tubular assembly based on cyclic peptide stacking was first
suggested in 1972 by Hassal.[44] He proposed that cyclic
tetramers of alternating a- and b-amino acids would assemble
through backbone ± backbone hydrogen bonding to form
hollow cylindrical structures. This prediction was only parti-
ally validated by a 1974 crystallographic study of tetrapeptide
cyclo[-(l-Ser(OtBu)-b-Ala-Gly-b-Asp(OMe))-].[45] The pep-
tide subunits were found to adopt a ring-shaped conformation
and stack above one another in the crystal lattice, but only two
of the four amide groups participated in the expected
intersubunit hydrogen bonding. While the utility of mixed
a- and b-amino acid cyclic peptides in the design of tubular
assemblies awaits further scrutiny, cyclic d,l-a-peptides[22]


and cyclic b-peptides[46, 47] have already been successfully
employed in preparation of tubular constructs.


Tubular ensembles from cyclic d,l-a-peptides : Within the
context of a theoretical analysis of regular enantiomeric
peptide sequences, in 1974 De Santis et al. were the first to
suggest that cyclic peptides composed of an even number of
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Figure 1. (center) Appropriately designed cyclic d,l-a-peptides and b-
peptides can adopt a low-energy flat ring-shaped conformation in which the
amide backbone moieties lie nearly perpendicular to the plane of the ring
structure with side chains radiating around a central pore, the size of which
is determined by the number of amino acids employed (for illustrative
purposes only an eight-residue cyclic d,l-a-peptide is depicted). Depend-
ing on the peptide sequence and conditions employed, peptide subunits can
be assembled into: a) transmembrane ion channels and pore structures,
b) soluble cylindrical ensembles, c) solid-state tubular arrays, and
d) surface-supported composites. Other plausible applications are denoted
by the dashed arrow. The representations emphasize the antiparallel
hydrogen- bond -directed stacking of the d,l-a-peptide nanotubes.


alternating d- and l-amino acids would stack through back-
bone ± backbone hydrogen bonding to form extended cylin-
drical structures.[48] Initial attempts to verify this prediction
experimentally proved inconclusive.[49] A 1989 X-ray crystal-
lographic study by Lorenzi and co-workers of hexapeptides
cyclo[-(l-Phe-d-Phe)3-] and cyclo[-(l-Val-d-Val)3-] revealed
that the expected intersubunit associations were absent and
each peptide was found instead to be tightly hydrogen-bonded
to several cocrystallized solvent molecules.[50]


In 1993 our laboratory provided the first compelling
evidence of nanotube formation by ring stacking of cyclic
d,l-peptides (Figure 1c).[22] The sequence of octamer cyclo[-
(l-Gln-d-Ala-l-Glu-d-Ala)2-] was chosen to impart solubility
in alkaline aqueous media and prevent subunit assembly
through electrostatic repulsion. Controlled acidification gave
rise to high aspect ratio microcrystalline aggregates, which


were characterized by electron microscopy, electron diffrac-
tion, FT-IR and crystal structure modeling. These studies all
pointed to the expected structure in which cyclic peptide
subunits adopt flat, ring-shaped conformations and stack
through an extensive antiparallel b-sheetlike hydrogen-bond-
ing network to form nanotubes with an approximate 7 �
internal van der Waals diameter. Subsequent work in our
laboratory has also demonstrated that the larger dodecapep-
tide cyclo[-(l-Gln-d-Ala-l-Glu-d-Ala)3-] undergoes analo-
gous proton-triggered assembly to give microcrystalline
aggregates with an expanded 13 � pore size.[23] Several
uncharged cyclic octapeptides have also proven useful in
construction of solid-state nanotubular assemblies.[24] In all
cases cryoelectron microscopy and electron diffraction anal-
yses have indicated unit cell parameters fully consistent with
the expected tubular structures (Figure 2). In particular,
observed intersubunit distances of 4.8 � strongly support
the anticipated b-sheet-type arrangements. Furthermore, FT-


Figure 2. Calculated crystal structure model of a self-assembled cyclic
peptide nanotube viewed along the a axis (bottom), its electron diffraction
pattern (upper left) and a low-dose cryo-electron micrograph (upper right).
Striations in the cryo-TEM image, which are approximately 18 � apart,
denote side-by-side packing of nanotubes in the crystal.
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IR analysis has revealed amide I? , amide Ik , amide IIk , as well
as hydrogen-bonded amide A bands characteristic of anti-
parallel b-sheet structures. Recently, Karlström et al. have
explored dimerization of cyclic d,l-octapeptides in water
using a fluorescence quenching assay. Their results suggest
detectable association even in the strongly competing aque-
ous medium.[51]


Tubular ensembles from cyclic b-peptides : Seebach and
coworkers have reported that cyclic tetrapeptides composed
of chiral b3-amino acids can adopt similar disklike conforma-
tions and stack to form hollow tubular structures.[46] Analyses
of X-ray powder diffraction and molecular modeling of
tetrapeptides cyclo[-(b3-(S)-HAla)4-], cyclo[-(b3-(S)-HAla-
b3-(R)-HAla)2-] , and cyclo[-(b3-(S)-HAla)2-(b3-(R)-HAla)2-],
have indicated that all exhibit tubular structures in the solid
state. Most recently our laboratory has demonstrated that
appropriately designed cyclic b3-peptides self-assemble to
form transmembrane ion channels (vide infra).[47] Cyclic b-
peptides offer certain new structural and functional possibil-
ities and thus are expected to augment the potential utility of
self-assembling peptide nanotubes.


Self-assembling transmembrane ion channels and pore struc-
tures : Self-assembling peptide nanotubes possess two inher-
ent design advantages: the outside surface properties and the
tube�s internal diameter can be controlled simply by the
appropriate choice of the amino acid side chains and the
number of the amino acids employed, respectively. In
particular the ability to tailor surface characteristics of
nanotubes has enabled their use in settings in which the
physical properties of the media are of paramount impor-
tance. One such instance was encountered in the design of
transmembrane channels. It was hypothesized that the low-
dielectric-constant lipid bilayer would favor partitioning and
self-assembly of cyclic d,l- as well as b3-peptides bearing
appropriate hydrophobic side chains. A 1994 study from our
laboratory described the first self-assembling transmembrane
ion channels based on the cyclic d,l-peptide nanotube
framework (Figure 1a).[29] Since then several eight-residue
peptides have been studied by liposome-based proton trans-
port assays and single-channel conductance measurements.[52]


These studies have revealed prodigious channel-mediated ion
transport activities for K� and Na� ions in excess of
107 ions sÿ1, rivaling the activity of the related natural product
gramicidin A. In a recent study, polarized attenuated total
reflectance (ATR), grazing-angle reflection ± absorption, and
transmission Fourier transform infrared (FT-IR) spectroscopy
methods have demonstrated that the transmembrane peptide
nanotubes adopt an orientation nearly parallel to lipid acyl
chains, supporting our nanotube model of the active channel
species.[32] It is also noteworthy that the class of self-assem-
bling transmembrane peptide nanotubes exhibits significant
in vitro antibacterial activity[53] and as such may open avenues
for the discovery of antimicrobial and cytotoxic agents.


A recent report from our laboratory investigated ion
channel formation by two cyclic b3-tetrapeptides (Figure 3).[47]


Liposome-based proton transport assays and single-channel
conductance measurements with planar lipid bilayers indicate


Figure 3. Appropriately designed cyclic b3-peptides self-assemble inside
lipid membranes to form active ion channels. a) The chemical structure of
the peptide subunit cyclo[-(b3-HTrp)4-]; b) its molecular model in a flat-ring
C4 symmetrical conformation emphasizing the open pore of 2.6 ± 2.7 �;
c) the tubular transmembrane ensemble is represented with the expected
parallel ring stacking. The alignment of backbone amides may create net
dipoles at channel termini. d) K� single-channel conductance recorded at
60 mV. Sharp channel opening and closing events reflect rapid conforma-
tional changes or an assembly/disassembly process.


ion channel activities similar to those of cyclic d,l-a-peptides,
with K� transport rates of 1.9� 107 ions sÿ1. However, chan-
nel-forming cyclic b3-peptides are expected not only to
complement these other systems but should also exhibit
novel properties arising from the unnatural backbone struc-
ture. For instance, uniform alignment of amide groups in the
proposed channel structures should give rise to a macrodipole
moment reminiscent of an a-helix. This dipole is expected to
exert interesting effects on channel conductance such as
voltage gating and current rectification behavior.


As mentioned above, one of the unique advantages of self-
assembling peptide nanotubes is that the internal diameter
can be adjusted by varying the ring size of the peptide subunit
employed. We hypothesized that larger transmembrane pore
structures might be effective in mediating the transport of
hydrophilic molecules across lipid bilayers. Indeed, decapep-
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tide cyclo[-(l-Trp-d-Leu)4-l-Gln-d-Leu-], possessing a 10 �
van der Waals internal diameter, has been shown to transport
glucose efficiently, while the smaller octapeptide counterpart
lacks such activity.[30] These findings suggest that even larger
peptide macrocycles may be useful as drug delivery agents.


Solution-phase tubular assemblies : The minimal self-assem-
bled repeat unit of cyclic d,l-peptide nanotubes consists of
two stacked subunits hydrogen-bonded in an antiparallel
fashion (Figure 1b). This basic motif was studied with the aid
of selective backbone N-alkylation to block one face of the
peptide ring.[25±28, 54, 55] The resulting peptides have been
shown to self-assemble into soluble cylindrical dimers in
nonpolar organic solvents. The thermodynamics of the self-
assembly process and the structural details of eight-residue
cylindrical structures have been studied by a variety of 1H
NMR techniques and X-ray crystallography (Figure 4). A
recent study has examined scope and limitations of self-
association in twenty cyclic d,l-a-peptides varying in ring size,
location and identity of backbone alkyl substituents, and
amino acid composition.[28] These studies indicate that cyclic
octapeptides exhibit good rigidity and predisposition for


Figure 4. Top and side views of the X-ray crystal structure of a peptide
cylinder prepared from the self-assembly of cyclo[-(l-Phe-d-PrN-Ala)4-].
This structure indicates a tight hydrogen-bonded antiparallel b-sheet
structure and a cylindrical cavity filled with partially disordered water
molecules. N-Propyl moieties protect one face of the cylinder from
participation in extended hydrogen-bonding interactions.


nanotube assembly. The dimerization process was found to
tolerate a variety of N-alkyl substituents including methyl,
allyl, n-propyl, and pent-4-en-1-yl groups. Preliminary results
suggest that g-branched residues favor self-association, pre-
sumably by preorganizing the peptide backbone for dimeri-
zation-induced b-sheet formation.


Self-assembling peptide cylinders have also been used to
provide the first experimental model system for the study of
parallel and antiparallel b-sheet formation in a given peptide
sequence.[26] Measurement of solution equilibrium constants
revealed that the antiparallel orientation is favored over
parallel by 0.8 kcal molÿ1. These findings corroborate results
from computational studies.[56, 57]


In an effort toward design of polymeric tubular biomate-
rials, the feasibility of covalent capture of supramolecular
cylindrical assemblies was studied (Figure 5). An olefin-


Figure 5. Schematic illustration of the covalent capture process in the
stabilization of a noncovalent cylindrical assembly. The peptide subunit
cyclo[-(l-Phe-d-MeN-Ala-l-Hag-d-MeN-Ala)2-], bearing two homoallyl side
chains, self-assembles in solution to give two equally populated intercon-
verting cyclindrical dimers. Only the productive complex (shown) can
undergo olefin metathesis to afford the covalent product shown.


bearing octapeptide cyclo[-(l-Phe-d-MeN-Ala-l-Hag-d-MeN-
Ala)2-] was shown to undergo selective hydrogen- bond
mediated olefin metathesis to afford a covalently stabilized
b-sheet peptide cylinder.[27] Subsequent work has extended
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this general strategy to
include other covalent
chemistries such as disul-
fide bond formation.[58]


Computational studies :
Recent computational
studies have explored
various properties of
d,l-a-peptide nanotubes.
A transmembrane chan-
nel model structure was
studied by means of mo-
lecular dynamics simula-
tions which suggested
that a particular ordering
of water molecules inside
the channel lumen may
be responsible for the
observed high rates of
transport (Figure 6).[31]


In another study, Carloni
et al., using density func-
tional theory with calcu-
lations employing gradi-
ent-corrected exchange-
correlation potentials,
have predicted a large
gap in the low-energy
electronic excitation
spectrum, with both ex-
tended and localized
states near the gap.[59]


On the basis of ab initio
calculations, Fukasaku
et al. have suggested that
intersubunit hydrogen
bonding may delocalize
electrons and holes to-


ward the tube axis, so that band conduction might occur
through the inter-ring hydrogen bonds.[60] Finally, the results
of Lewis et al. indicate a wide (� 5 eV) HOMO ± LUMO gap
for the nanotube structure, consistent with a transparent
material and suggesting interesting bioelectronic device
applications for peptide nanotube systems.[61]


Design of novel materials based on self-assembling peptide
nanotubes : As an approach toward the design of diffusion-
limited sensors, a cyclic eight-residue d,l-a-peptide has been
assembled into oriented tubular structures and supported in
organosulfur self-assembled monolayers (SAM) on gold
films.[33] The structural properties of SAM-supported peptide
nanotubes have been analyzed by grazing-angle FT-IR and
their functional properties by cyclic voltammetry and impe-
dance spectroscopy. These studies have demonstrated the
feasibility of diffusion-limited size-selective ion sensing based
on supported tubular biomaterials (Figure 1d).


We have also investigated the utility of peptide nanotube
surfaces for the formation and stabilization of transition metal


nanoclusters.[34] These studies were inspired by the natural
biomineralization process, which is thought to be in part
dependent on the display of oriented functionalities on
protein and oligosaccharide matrices. In our initial work the
crystalline surface of a peptide nanotube displaying an
organized array of carboxylic acid functionalities has been
used for nucleated deposition of � 3 nm copper(i) oxide
nanoclusters at room temperature (Figure 7). High-resolution
transmission electron microscopy and electron energy-loss
spectroscopy (EELS) have been used to characterize this
novel nanocomposite material.


Figure 7. High-resolution cryo-transmission electron micrograph of copper
oxide nanocomposite deposited on cyclo[-(l-Gln-d-Ala-l-Gln-d-Ala)2-]
self-assembled microcrystal. The copper(i) clusters have an average radius
of 1.5 nm.


In summary, a number of peptide nanotubes have been
constructed in recent years. Their possible applications range
from preparation of novel antibacterial, cytotoxic, and drug
delivery agents to catalytic and materials science applications.
Future studies will likely focus on design of photoswitchable,
polymeric, and liquid crystalline tubular biomaterials.
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Introduction


Molecular recognition is based on complementarity in size,
shape, and functional groups between host molecules and
substrates. For cavities tailored around spherical or globular
targets, positioning of binding sites requires the controlled
formation of a number of covalent bonds in long, often
impractical multistep syntheses. As sizes needed to encapsu-
late even relatively small substrates increase, the covalent
approach to artificial receptors becomes prohibitive from the
synthetic point of view. Moreover, in molecular cavities based
on covalent frameworks the windows allowing substrates to
penetrate and to exit are frequently smaller than the inner
volumes available, so encapsulation (or decomplexation)
becomes too slow or simply not possible. Thus, energy
barriers separating free and complexed species are directly
related to the size of the openings.


Replacement of some covalent bonds in a cavity by
noncovalent, complementary interactions, such as hydrogen
bonds or those between metal centers or hydrophobic
surfaces, may result in smaller, simpler fragments with enough
molecular information to spontaneously reassemble into the


desired cavity under favorable conditions, such as in the
presence of suitable solvents or substrates. The economical
use of a maximum of information in a minimum of structural
complexity is a common lesson learned from nature, viral
capsides or the quaternary structures of many proteins being
classical examples. However, since noncovalent interactions
are generally much weaker than covalent bonds, large areas of
complementarity are necessary to allow the self-assembling
process to occur, overcoming the entropic cost of the
organization of components into the final ordered state.
Some of the most fascinating designs in the field have been
based on hydrogen bonds, whose selective and directional
nature is ideally suited for the construction of complex
molecular architectures.[1, 2] The formation of cavities by the
use of components designed to hydrogen-bond together is
discussed in this Concepts article.


Discussion


Dimerization of bowl-shaped molecules, mostly calixarenes or
resorcinarenes endowed with sticky edges, has been demon-
strated in a number of cases over the last few years. The first
example was reported by Aoyama, who showed in 1992 that
glucopyranosil derivatives were encapsulated between two
resorcinol tetramers 1 (R� undecyl) by means of hydrogen
bonds.[3] Somewhat later, Sherman and co-workers reported
the inclusion of N-methylpyrrolidin-2-one and other small
molecules, such as dioxane, DMSO, or pyridine, within a
cavity formed by two cavitand tetrols 2, whose semideproto-
nated forms dimerized through hydrogen bonding.[4] The
substrates acted as templates to covalently link both halves
into a carcerand cavity, pyrazine being the most effective
guest.


A number of calixarene derivatives have been shown to
self-assemble through hydrogen bonding in apolar solvents.
The fruitful combination of pyridine and carboxylic acid
functionalities has been exploited for the assembly of two
calix[4]arenes in either lower-rim/upper-rim[5] or in upper-rim/
upper-rim[6] modes, although encapsulation of substrates has
not been reported for such systems. More recently, dimeriza-
tion of the larger calix[6]arenes bearing three carboxylic acids
in alternate positions at the upper rim has been observed.[7]


The cavity is large enough to encapsulate simple pyridinium
salts.
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Dimerization of calix[4]arenes containing ureas at the
upper rim (i.e. 3) has been thoroughly studied by Rebek and
Böhmer independently.[8] All eight ureas interdigitate in a
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head-to-tail directional array of 16 hydrogen
bonds, leaving a sizable cavity where small guests,
no larger than benzene, can be accomodated, as
has been demonstrated both in the solid state (X-
ray crystallography) and in solution (NMR).
Interestingly, the 1H NMR spectrum of a 1:1
mixture of two different calix[4]arene tetraureas
in apolar solvents (CDCl3 or C6D6) shows inde-
pendent signals for each of the three different
combinations (two homodimers and the hetero-
dimer), owing to the slow rates of assembly and
dissociation. Only two compounds were observed
in a more polar solvent ([D6]DMSO), where
hydrogen bonds are broken.


The successful combination of curvature and
complementary hydrogen bonds has been ex-
ploited in the design of capsular dimers based on
glycoluril. The first example was described in


1993 by Wyler, de Mendoza, and Rebek.[9] Structure 4
features two diphenylglycoluril subunits attached to a central
durene spacer. In the self-assembled dimer, maintained by
eight hydrogen bonds along the seam of a quasispherical
structure that resembles a tennis ball (Scheme 1), a cavity of
50 ± 55 �3 inner volume results. The cavity has been shown by
Rebek and co-workers to encapsulate xenon, methane, and
other small molecules in nonpolar solvents, such as chloro-
form. Assembly of the dimer can be also observed in more
competitive solvents, such as DMF, provided suitable guests
that could act as nucleators are present. Also, small variations
on the size of the central spacer (within 1 ± 2 �) permit the
preparation of heterodimers by recombination.


To develop self-assembling dimers capable of encapsulating
larger molecules, Rebek and co-workers further expanded the
spacer between the two glycoluril units while keeping the
curvature and hydrogen-bonding features necessary for
dimerization.[10] In this softball design (compound 5, R�H),
eight strong hydrogen bonds (of DD ± AA type) are again
involved, but dimerization can be further favored over other
forms of aggregation by incorporation of suitable phenolic
groups (5, R�OH), which results in an additional set of eight
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hydrogen bonds. The dimeric capsules are roomy enough to
complex guests the size of adamantane. More interestingly,
encapsulation of guests is entropically driven by the liberation


of more than one solvent molecule (i.e. benzene). This opened
the possibility of using the capsules as reaction chambers to
accelerate a reaction. Thus, the reaction of p-quinone and
cyclohexadiene takes place with a 200-fold rate acceleration
(Scheme 2), although no turnover was observed, the resulting
Diels ± Alder adduct causing strong product inhibition.


Up to three glycoluril subunits have been attached to a
central triphenylene scaffold (compound 6). The shape of the
resulting structure resembles a jelly doughnut, and the
aromatic surfaces are linked together through 12 strong
hydrogen bonds. The cavity was shown to display selectivity
for disk-shaped guests such as cyclohexane.[11]


The interesting possibility of using self-assembling capsules
for chiral recognition has been recently adressed by Rebek in
three different ways: asymmetric outer surfaces, asymmetric


cavity linings and asymmetric cavities.[12] The former
were illustrated by softballs 7 with differently substituted
glycolurils at each end.[12a] The resulting capsules are
chiral (they contain a C2 axis but no longer the typical
planes of symmetry of softballs with the same glycolur-
ils). Although diastereomeric complexes were formed
with camphor, no chiral recognition was evidenced.
Presumably, the asymmetry of the system is limited to
the outer surface and does not extend inside the cavity.


The second approach was based on heterodimeric
calix[4]arene tetraureas, that is, capsules with chemically
nonequivalent top and bottom halves, like 8. As a result
of the directionality of the circular array of hydrogen
bonds, these capsules are chiral too (Scheme 3). As for
the softball examples mentioned above, well-positioned
diastereomeric complexes are formed with chiral sub-


strates, such as nopinone, but no enantioselectivity was
proven.[12b] Finally, a substantial discrimination was observed
with chiral cavity-shaped capsules, made of softball-like
structures such as 9 with two different spacers in the same
monomer. Although the monomers are achiral (they maintain
a plane of symmetry), the dimers are chiral (Scheme 4), and
one enantiomer is formed preferentially in the presence of
enantiomerically pure guests, with differences in stabilities of
up to 0.4 kcal molÿ1 (ca. 35 % diastereomeric excess) in the
most favorable cases.[12c]


Conclusions


Future progress in the field will be strongly dependent on the
degree of control chemists can achieve of the self-assembling
process and of the rules of the game for encapsulation.
However, the two phenomena appear to be closely related. So
far, the precise state of aggregation of monomeric entities is
poorly understood, although in most instances well-charac-
terized dimers are formed only in the presence of suitable
guests or solvents which act as nucleating species. As larger
capsules are to be designed, the lack of solvents of appropriate
size and shape constitutes a severe limitation. Also, most of
the cavities based on hydrogen bonding so far described are
just dimers, entropy conspiring against higher order oligomers
with such weak interactions. As larger cavities will probably
require more than two monomers, better enthalpic contribu-
tions should be employed.[13] As nature clearly shows in the
quaternary structures of proteins, a combination of different
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noncovalent interactions, such as hydrogen bonds, contacts
between hydrophobic surfaces, or even coordination with
metals,[2] could be the best strategy.


Molecule-within-molecule (covalent or self-assembling)
complexes have been shown to stabilize reactive intermedi-
ates, to provide new forms of stereoisomerism to the
incarcerated guests, or to act as molecular reaction vessels
to accelerate reactions. Application of such self-assembling
devices to transport drugs and other useful biomolecules
across membranes are challenging goals for the years to come.
Finally, the design of a capsule whose shapes and functional
groups could truly catalyse a chemical process, without
substantial product inhibition, is another dream in the field.
Certainly, increased attention should be paid in the future to


the forces oriented inwards into the cavities, and not only to
the binding sites at the edges of the monomers, designed
simply to allow the capsules to form.
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Introduction


Supramolecular chemistry is poised at a fascinating moment
in its history. Advances in synthesis, structural techniques and
computing allow us to devise and prepare complex systems at
will, study their structures and dynamics in exquisite detail,
and rationalise the observations afterwards. So why, amongst
the myriad of new supramolecular building blocks and arrays,
do we see so few effective catalysts? How is it that we can
apparently understand so much and yet fail the practical test
of producing even rudimentary catalysis in any reliable way?


There are several motivations for attempting supramolec-
ular catalysis: the most profound is probably that the essence
of chemistry is to tame the molecule and so demonstrate our
mastery over matter. It is only when we can predict behaviour
and then demonstrate in the laboratory the accuracy of our
prediction that we can truly claim to understand. In supra-
molecular chemistry, success and failure depend on the
delicateÐand still unpredictableÐbalance between weak
and opposing noncovalent interactions; in the absence of
reliable prediction, we usually fail. Yet we know it can be
done: enzymes represent the highest expression of chemical
catalysis, and therefore they are a key source of inspiration for
supramolecular chemists. They achieve astonishing selectiv-
ities and catalytic efficiencies by deploying intermolecular


forces to guide captured substrates very precisely along a
reaction pathway towards the transition state and beyond.
Additional binding interactions in the transition state ensure
that the activated complex of the reaction is stabilised to a
larger extent than the enzyme ± substrate complex itself, so
enzymes can be thought of as complementary in structure to
the transition state of the reaction they catalyse. These
binding properties, coupled with catalytic functionalities
strategically placed within the enzyme active site, decrease
the activation energy for reaction. If enzymes can achieve all
this, surely so can we? In this brief review I attempt to
highlight some recent successes,[1] explore why success is so
elusive, and suggest some likely directions for future explora-
tion.


Discussion


Successful design approaches : Figure 1 summarises the types
of reactions one might hope to catalyse or influence. The
simplest, and therefore the most common, are those that
operate on a single substrate, catalyzing a chemical trans-
formation such as an oxidation or a ring opening or closing
reaction (Figure 1a). In such reactions, product binding is not
likely to be stronger than substrate binding and catalytic
turnover should be achievable except where the host molecule
becomes covalently modified in the process. In practice it is
proving much easier to achieve regio- or stereoselectivity in
such reactions, by directing the substrate along one pathway
rather than another, than it is to achieve catalytic turnover.
For example, ring opening of cyclic phosphodiesters has been
controlled in a specific direction (Figure 2) by Breslow,[2] who
used modified cyclodextrins, and by Hamilton, who used
[Cu(bipy)] complexes,[3] but in each case the catalyst is used in
excess; turnover has not been demonstrated, presumably
because product binding is comparable with, or even stronger
than, substrate binding.


Nevertheless, there are now some oxidation systems that do
show catalytic turnover. For example, Breslow[4] has reported
a manganese porphyrin equipped with four hydrophobic
binding sites in the form of cyclodextrins; this mimic of
cytochrome P450 selectively oxidises unactivated carbon
centres that are placed near the metal centre by virtue of
the binding geometry (Figure 3). Catalytic turnover is ob-
served, but oxidative self-destruction of the catalyst competes
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Figure 1. Schematic depiction of host-catalyzed reactions: a) simple chem-
ical transformation; b) fission of a single substrate; c) fusion of two
substrates; d) group transfer from one substrate to another via doubly
bound transition state or intermediate.


with the desired chemistry; use of a more robust, halogenated,
porphyrin has now solved this problem.[4b] Even more impres-
sive is Diederich�s pyruvate oxidase mimic based on a cyclo-
phane (Figure 4):[5] in methanol this host can bind an aromatic


Figure 4. Diederich�s model pyruvate oxidase system.[5]


aldehyde within its cavity, create a covalent intermediate by
reaction with its attached thiazolium group, oxidise this
tethered intermediate by intramolecular transfer of a hydride
equivalent to the appended flavin, and then release the
methyl ester product by solvolysis. Catalytic turnover is
achieved by electrochemical regeneration of the flavin. This
system achieves a turnover number of around 100, andÐ
unlike most supramolecular systems described to dateÐcan


operate on a genuinely
preparative scale. The
systems in Figures 3 and
4 are both excellent ex-
amples of supramolecu-
lar catalysis in which
several building blocks,
each with its own specif-
ic function, are brought
together to function in a
coordinated and syner-
gistic way.


Fission processes as
illustrated in Figure 1b
should be a relatively
easy type of reaction to
catalyse with turnover as
the products will neces-
sarily be less well bound
than the starting materi-
al. Once more Breslow
has presented an effec-
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tive system based on hydrophobic binding to cyclodextrins
(Figure 5);[6] a functional metal ion is again the engine of
chemical change, this time activating a bound water by
enhancing its nucleophilicity. The substrate is a highly
activated p-nitrophenyl ester.


S
N N


S


Cu2+


HO


O


O
NO


Figure 5. Breslow�s hydrolysis system based on hydrophobic binding
within the cyclodextrins and nucleophilic attack by a metal-bound,
activated water molecule.[6]


Baltzer�s group has recently described a fully synthetic
protein that is also capable of hydrolysing p-nitrophenyl
esters:[7] the polypeptide, which contains 42 amino acids, was
designed to fold into a hairpin helix ± loop ± helix motif that
dimerises into a four-helix bundle. The dimer is predicted to
present on its surface a shallow reactive site containing several
histidine residues. The spectroscopic properties of the peptide
are consistent with the predicted folded structure, and the
molecule does indeed catalyse ester hydrolysis (and trans-
esterification) more effectively than 4-methylimidazole does.
However, there is little substrate selectivity, and not much
turnover. The histidine array does not seem to act by general
acid ± base catalysis, but rather to bind and stabilise ester
oxygens in the transition state. We will return to this molecule
below.


Catalysis of bimolecular reactions is difficult to achieve
because two substrates need to be recognised and correctly
oriented at the same time. In fusion reactions leading to net
bond formation (Figure 1c) there is the additional problem
that turnover is likely to be inhibited by strongly bound
product unless a geometry-modifying event can be engineered
after the host-catalysed step. However, one can still accelerate
the reaction[8] and influence regio- or stereochemistry using
stoichiometric amounts of host to direct the outcome of the
reaction. For example, subtle changes in host structure can
lead to dramatic changes in the stereochemical outcome of a
Diels ± Alder reaction where two finely balanced pathways
compete (Figure 6).[9] The reversal of stereoselectivity be-
tween the two cyclic trimers at 30 8C is the result of two
separate effects, one predicted and one not: the large (500-
fold) endo acceleration induced by the smaller 1,1,2-trimer
was expected but the fact that this smaller trimer is ineffective
at 30 8C at accelerating the exo reaction and binding the exo
adduct was a surprise. The key difference appears to lie in the
greater flexibility of the larger 2,2,2-system: neither of the
trimer hosts has the ideal equilibrium geometry to bind the
exo transition state or adduct, but at 30 8C the larger trimer is
more flexible and so is better able to respond to the
geometrical demands of the exo pathway. One might claim
that the stereochemical reversal at 30 8C is a major success for
the design approach, but it is important to note that at 60 8C
the small trimer becomes more flexible and loses its stereo-
selectivity. As in templated synthesisÐwhich depends cru-
cially on concentration effectsÐthere is a narrow line
between spectacular success and dismal failure.[10] The even
more difficult tasks of changing regiochemistry and engineer-
ing catalytic turnover remain a challenge.


Self-replicating systems in which two components bind to a
template and then react to yield a further molecule of the
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Figure 6. Redirection of a Diels ± Alder reaction by means of the geometrical constraints of a host cavity.[9]
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template represent a particularly interesting set of fusion
reactions. Wang and Sutherland have recently reported an
elegant fully synthetic system using a Diels ± Alder reac-
tion,[11] and there have also been notable successes with
peptides:[12, 13] through the use of hydrophobic and comple-
mentary electrostatic interactions, short a-helical synthetic
peptides catalyse the condensation of two shorter peptide
fragments. A cysteine at the end of one of the shorter peptide
fragments participates in an initial transthiolesterification
with a thioester of the other fragment; this is then followed by
a rearrangement to give the final native peptide. Incorpo-
ration of ionisable groups into the sequence allows pH control
over assembly of the correct shape for templated replica-
tion,[12] while Ghadiri discovered unexpectedly that a mixture
of complementary peptides can lead to a cross-catalytic,
symbiotic hypercycle in which each long peptide acts as
template for the synthesis of the other.[13] Rate enhancements
are very modest, but this beautiful result surely points one
way forward for supramolecular catalysis, and may well have
relevance for discussions on the origin of life.[14]


Finally in this survey of success we come to transfer
reactions of the type shown in Figure 1d; these should be ideal
for demonstrating catalysis and turnover, as the products
should be only weakly bound and also because the inter-
mediates or transition states are stabilised by being doubly
bound. Oxidation and ester hydrolysis reactions of the type
described above could be considered in this category; other-
wise there are few recent successes, probably because most
transfer reactions also require the involvement of a catalyst or
reagent. We reported some time ago[15] an acyl transfer
reaction that is catalysed by the 2,2,2-porphyrin trimer shown
in Figure 6, and we presented preliminary evidence consistent
with the idea that the reaction proceeds through a tightly
bound intermediate. More detailed kinetic study has revealed
that the observed catalysis and turnover owe as much to the
action of subtle cavity effects on concentration and reactivity
as to the stabilisation of putative intermediates.[16]


Why aren�t design approaches more successful? With rare
exceptions,[4] synthetic systems achieve rate accelerations that
are tiny by comparison with enzymes; furthermore, anecdotal
evidence suggests that so far most synthetic systems have
turned out to be inactive, however carefully they have been
designed. It may be argued that it is too early in the
development of the field to expect any better: enzymes have
had millions of years in which to optimise their activities,
while we have been trying for less than 50. It must of course be
true that future work using a design approach with large
building blocks will lead to major improvements, but collec-
tively we have perhaps placed too much faith in our current
powers of design. We may also have become too wedded to
large building blocks by our fear of entropy: efficient binding
requires maximising the enthalpic benefit of nonbonded
interactions between host and guest while at the same time
minimising the entropic cost. Fear of this escalating entropic
cost has led many supramolecular chemists to regard host
preorganisation by means of structural rigidity as the top
priority. As a result we have tended to create highly
engineered structures from large conformationally restricted


building blocks that are of-
ten decorated with buttress-
es and braces in order to
inhibit any flexibility or re-
sponsiveness.[17]


However, we saw above
that host flexibility is the
key to exo selectivity in the
Diels ± Alder reaction of
Figure 6. Indeed the linear
porphyrin dimer in Figure 7
retains all the stereoselec-
tivity and much of the ac-
celerating power of its cyclic
analogue even though the
porphyrin units can sweep
out great circles in confor-
mational space by rotation
about the alkyne linkers.[9] Therefore, I suggest that, in the
search for catalysis, the pursuit of rigidity through large
building blocks is, in part at least, a mistaken strategy:
a) a genuinely rigid structure with a slight mismatch to the


transition state will not be an effective catalyst;
b) the desired rigidity is rarely achieved anyway, but the


flexibility is often in a direction that was not anticipated
and that frustrates the designer;


c) the synthetic effort required to improve these elaborate
structures is often so large that we prefer, or are forced, to
study poor catalysts rather than to improve them;


d) it is difficult to achieve sub-�ngstrom adjustments using
components that are large and rigid.


This is not to argue that we should abandon large building
blocks in supramolecular chemistry: they will continue to
provide us with beautiful structures and unexpected new
insights.[18] But I do believe that in the search for catalysis
there are certainly two, and perhaps three, lessons we should
learn from looking at real enzymes. Firstly, effective preorga-
nisation can be achieved in a single molecule by using a large
number of small flexible building blocks with many competing
weak noncovalent interactions; secondly, such a structure can
be flexible and respond to the geometrical demands of substrates
and transition states without excessive entropic cost.[19] The
promising results that have been obtained with designed
peptide helices[7, 12, 13] and with other repetitive oligomers[20] show
that some chemists are indeed learning these lessons, although
it will be a long hard road from simple helices to sophisticated
three-dimensional active sites. Our own experience with a
variety of systems[9, 21] suggests that the optimum synthetic
strategy for macrocycles might be to combine building blocks
with linkers to give systems that are sufficiently flexible to
allow responsiveness but not so flexible as to unleash anarchy.


The strategy of placing many small components in a linear
string while moving away from amino acid building blocks is
an even bigger challenge for design and modelling. It also
brings us to the third lesson from nature. There are so many
possible structures to explore, and we are so poor at
prediction, that selection of a good structure from a combi-
natorial mixture, or evolution under selective pressure, may
prove a far more effective strategy.


Zn


Zn


TMS


TMS


Figure 7. A rotationally free linear
porphyrin dimer that effectively and
exo-selectively accelerates the
Diels ± Alder reaction in Figure 6.[9]
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Evolutionary and selection approaches : Given that enzymic
catalysis implies selective recognition of the transition state, a
suitable transition state analogue (TSA) should be able to
elicit or select good catalysts from a mixture of many different
molecules. Current approaches sharing this idea include
molecular biology, organic and inorganic synthesis, and
polymer and solid-state chemistry. The literature to early
1997 has been summarised elsewhere[22] so the remainder of
this review is mainly restricted to very recent advances and
some concluding thoughts.


Molecular biological approaches include catalytic antibod-
ies, ribozymes based on RNA, and DNAzymes. In each case a
large pool of structures is generated chemically or biolog-
ically, and the most active is selected by some kind of TSA. All
have the enormous advantage over chemical approaches that
generic replication and mutation methods are available, so
that tiny quantities of material can be identified, amplified
and then subjected to further selection pressures. Very recent
examples include DNAzymes that metallate porphyrins[23]


and a catalytic antibody that promotes regio- and enantio-
selective Robinson annelations.[24] Biological approaches
tend to lack the structural diversity that the synthetic chemist
is so good at providing, although there are reports of
antibody ± metalloporphyrin complexes that are capable of
peroxidaselike activity.[25] There also appear to be thermody-
namic limits on what can be achieved by a biological
system.[26]


A conceptually related scheme that appears to be suitable
for synthetic supramolecular chemistry is shown in Figure 8: a
TSA is used as a template for the optimum receptor or
binding site. Several groups have been pursuing this type of
approach through molecularly imprinted polymers: Wulff has
recently shown that a mixture of amidine-containing mono-
mers (for functional group binding and catalysis), ethylene
dimethylacrylate (as a cross-linker) and a phosphonic acid
monoester TSA gave, after TSA removal, an imprinted
polymer catalyst that accelerates an unactivated ester cleav-
age around 100-fold and demonstrates Michaelis ± Menten
kinetics.[27]


Figure 8. A general selection scheme for generating receptors or polymer
cavities capable of recognition and catalysis.


However, it will always be difficult to obtain homogeneous
binding sites or make systematic rational changes by such a
polymerisation approach. We have therefore been pursuing a
solution-state equivalent in which the bond-formation step is
covalent but reversible, and the TSA is tethered to a bead to
allow recovery of good receptors.[21, 28] The most effective
receptors will be stabilised by binding to the TSA template,
while other species in solution will be proof-read and
consumed. We believe that in this way it will be possible to
isolate good TSA binders (and therefore catalysts) from
complex combinatorial mixtures, but it is too early to predict


if this approach will prove successful: major technical
difficulties still remain to be overcome.


These selection approaches acknowledge that a) truly
effective design is currently beyond us, and b) even if we
were better designers, there is insufficient time to explore the
multidimensional conceptual space that contains all possible
catalytic receptors. Selection approaches provide the means
to explore that space most efficiently.[14] However, selec-
tion schemes using TSAs are prisoners of the approach,
in that the real transition state is inevitably different from the
TSA. The correlation between TSA bonding and catalytic
activity is not as clear-cut as one would like,[29] and ways
must also be found for inducing catalysts for multistep
reactions. For the moment, therefore, the results of this type
of selection experiment should be seen as providing a lead
compound that can then be optimised by synthetic modifica-
tion.


An alternative approach is to use the reaction itself
as the tool for selection. Thus a catalytic RNA for the
Diels ± Alder reaction has been isolated by allowing it to
covalently attach itself to a support by the Diels ± Alder
reaction;[30] similarly, an RNA that can make peptide bonds,[31]


a DNA that can cleave RNA[32] and a catalytic antibody have
been selected by covalent trapping with their own reaction
products.[33]


Conclusions


This review has highlighted recent progress in supramolecular
catalysis, and has indicated new directions in which the field
could move. In particular I have suggested that the fear of
entropy has taken supramolecular chemists too far in the
direction of rigidity and preorganisation, and that the future
may lie in more flexible systems that rely on noncovalent
interactions to impose order on three-dimensional structure. I
have also suggested that selection approaches may in the
long run provide a better route than design for exploring
the almost infinite number of possible catalyst structures,
even given that modelling will inevitably become more
reliable.


However, we the scientists, and our paymasters in govern-
ment and industry, are impatient for results. For many
different reasons, some more justifiable than others, we want
to demonstrate success, value for money, and a role in society
for our kind of science. Supramolecular catalysis has not
yet produced new industrial catalytic processes and it has
made little impact in the world of synthetic methodology,
so by these short-termÐand short-sightedÐcriteria it is a
failure.


We must resist this way of thinking. Every supramolecular
system has the potential to teach us something new and
fundamental about the behaviour of molecules. The great
paradox is that although we aspire to successful prediction,
achieving such success would leave us with nothing to learn.
So, we should not be afraidÐor ashamedÐof unpredicted
failure: we must have the wit to recognise when a failure is
more instructive than success, for it is only through the
unexpected discovery that we can break truly new ground.
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Metal-Containing Rigid Concave Surfaces:
An Entry to the Confinement of Globular Molecules


Philip C. Andrews, Jerry L. Atwood, Leonard J. Barbour,
Peter J. Nichols, and Colin L. Raston*


Abstract: The nickel macrocycle 5,7,12,14-tetramethyldibenzo[b,i]-[1,4,8,11]tetra-
azacyclotetradecinenickel(ii), which possesses two divergent concave surfaces, is a
versatile receptor molecule for the formation of supramolecular arrays with globular
molecules. This is demonstrated for three disparate main group cage molecules C60,
1,2-dicarbadodecaborane(12) and P4S3: the macrocycle interacts with two cages, or
one cage perched in each cavity, or self-associates as a dimeric divergent receptor
with a cage perched in the available cavity of each macrocycle.


Keywords: cage compounds ´ full-
erene ´ host ± guest chemistry ´
macrocycles ´ nickel ´ supramolec-
ular chemistry


Introduction


The self-assembly of globular molecules is important for the
formation of complex inclusion nanostructures, in their crystal
engineering, and in their purification.[1±4] A major challenge in
the formation of supermolecules that involve clusters of this
type is to gain control over the inherently weak host ± guest
interactions. Some advances have recently been made in
fullerene[1, 3±11] and carborane[2, 11] host ± guest complexation


which use container mole-
cules, such as calixarenes,[1, 3±8]


cyclotriveratrylene[7, 9, 10] and
cyclodextrins.[11, 12] We now re-
port on the nickel(ii) macro-
cycle 5,7,12,14-tetramethyldi-
benzo[b,i][1,4,8,11]tetraazacy-
clo-tetradecinenickel(ii), [Ni-
(TMTAA)] (1), which has
two divergent concave surfa-
ces[13] and is a versatile recep-
tor molecule. It can act as a
divergent heterotopic recep-
tor, or in its self-associated


dimeric form, as a divergent homotopic receptor. Complex-
ation with three disparate classes of globular main-group cage


molecules, namely C60, 1,2-dicarbadodecaborane(12), and the
phosphorus chalcogenide P4S3, results in either a bent
sandwich supermolecule in which two macrocycles shroud a
single cage, or a polymeric structure containing cage ± cage
interactions. The P4S3 complex is particularly noteworthy as it
is, to our knowledge, the first authenticated inclusion complex
of a Group 15 chalcogenide cage species. This new approach
offers a wide applicability for the confinement of globular
species in general, and the ability to form an inclusion
complex with a chalcogenide species is particularly significant
for a possible use of such molecules with rigid curved surfaces
in the regulation and stabilisation of nanoparticles of binary
compounds that exhibit size-dependent functionality.[14]


The two divergent concave surfaces of [Ni(TMTAA)],
Figure 1, arise from otherwise unfavourable non-bonding
interactions between the methyl groups and the hydrogen
atoms on the aromatic rings ortho to the N atoms. The binding
of globular cage molecules that have a complementary
curvature to these shallow saddle-shaped voids is favoured
entropically over the binding of solvent molecules, and
importantly, no energy is required for the pre-organisation
of the rigid macrocycle prior to complexation with such
species. Fullerene C60, 1,2-dicarbadodecaborane(12) (o-
C2B10H12), and P4S3 are cage molecules that have a compa-
rable surface complementarity with [Ni(TMTAA)].


Results and Discussion


Slow evaporation of toluene solutions of the macrocycle and
these clusters affords discrete crystalline complexes; either
as a 1:1 complex, [(C60)Ni(TMTAA)], or as a 1:2 com-
plex, [X{Ni(TMTAA)}2], (where X� o-C2B10H12 or P4S3)


[*] Prof. C. L. Raston, Dr. P. C. Andrews, Dr. P. J. Nichols
Department of Chemistry, Monash University
Clayton, Melbourne, Victoria 3168 (Australia)
Fax: (�61) 3-9905-4597
E-mail : c.raston@sci.monash.edu.au


Prof. J. L. Atwood, Dr. L. J. Barbour
Department of Chemistry, University of Missouri ± Columbia
Columbia, Missouri 65211 (USA)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1384 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 81384







1384 ± 1387


Chem. Eur. J. 1998, 4, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1385 $ 17.50+.25/0 1385


Figure 1. Synthesis of [(C60)Ni(TMTAA)], and [X{Ni(TMTAA)}2], X�o-
C2B10H12 or P4S3.


(Figure 1). In all three solid state structures the cage
molecules reside, at the van der Waals limit, in the saddle of
two [Ni(TMTAA)] molecules to produce bent, sandwich-like
supermolecules with the two host molecules adjacent to each
other.[15] The dihedral angle subtended by the two nickel
centres and the centroid of the clusters is significantly less
than 1808, that is 83.4, 109.2 and 102.38, respectively, for
encapsulated C60, o-C2B10H12 and P4S3. The interplay of the
supermolecules in the extended structures differs for the 1:1
and 1:2 complexes. In the 1:1 complexes, the asymmetric unit
is [(C60)Ni(TMTAA)] such that crystallographic symmetry
places the fullerene in the saddle of one [Ni(TMTAA)]
molecule with the methyl groups directed towards it and in
the opposite saddle of another [Ni(TMTAA)] molecule so
that the overall host ± guest contacts form a continuous zig-
zag array (Figure 2 top). Molecular mechanics[16] show that for
the 1:1 complex, and indeed, for the 1:2 complexes (see
below), there is sufficient space on the surface of the cluster to
bind a third [Ni(TMTAA)] macrocycle. However, only a
phenyl ring of a third [Ni(TMTAA)] molecule is at the
van der Waals limit, and it is nearly coplanar with a C5 ring of
C60; the ring centroids are separated by 3.50 �. The remaining
space around each fullerene is associated with inter-fullerene
interactions. Each fullerene has contacts to five other full-
erenes, with centroid ± centroid distances of 9.98 ± 10.07 �
(Figure 2 bottom). There is a sixth fullerene at a distance of
12.81 �, which, together with the corrugated rather than
planar structure of the fullerene sheets, is a departure from
the hexagonal close packing of the fullerenes. The structure
embodies a balance between host ± cage interactions, utilising
both concave surfaces and cage ± cage interactions, as found in
cyclotriveratrylene[9, 10] and calix[6]arene[4] complexes of C60.
It is the first structurally authenticated metal ± macrocycle
complex of C60 in which the metal centre is not directly bound
to the fullerene. Interestingly, the use of a supported
porphyrin ± zinc(ii) complex for the separation of endohedral
metallofullerenes has been reported.[17]


The 1:2 complexes, [X{Ni(TMTAA)}2], X� o-C2B10H12 or
P4S3, are isostructural, crystallising in the same space group,


Figure 2. Projections of the structure of [(C60)Ni(TMTAA)] showing the
supramolecular arrays based on host ± guest interactions (top), and cage ±
cage interactions (bottom).


Pnma, and have similar
cell dimensions. The sand-
wich supermolecules form
extended structures by the
locking together of pend-
ant phenyl rings of adja-
cent [Ni(TMTAA)] super-
molecules; the methyl
groups are all directed
towards the cage (Fig-
ure 3). The open surfaces
of the clusters in the 1:2
supermolecules now in-
volve van der Waals con-
tacts with the hydrogen
atoms of four [Ni(TM-
TAA)] moieties and are
without contacts to other
cages (Figure 3). Alterna-
tively, the structures can
be viewed as two associ-
ated [Ni(TMTAA)] mole-
cules which act as a recep-
tor for two cage molecules
(see below).


The carborane is disor-
dered with about 70 and
30 % occupancy of two


Figure 3. Projection of the supramo-
lecular arrays found in [X{Ni(TM-
TAA)}2], (top) and (center) X� o-
C2B10H12 and (bottom) X�P4S3.
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sites. The dominant orientation is shown in Figures 3 top and
3 center. Hydrogen atoms were not located and are not
included in the structure calculations. However, if the H
atoms are placed in idealised positions, the distances C ± H ´´´
N� 3.0 � and B ± H ´´´ N� 2.7 � (equidistant to two N atoms)
for a single triangular face of the cluster to one N4 plane, and
B ± H ´´´ N � 2.9 and 3.4 � (each equidistant to two N atoms)
for an edge of the cage to the N4 plane of the other
macrocycle. These distances are significantly longer than
those for H atoms of o-C2B10H12 interacting with N and O
donors of a crown ether as hydrogen bonds: BH ´´´ N�
2.34 �, CH ´´´ O� 2.36 and 2.49 �.[18]


Disorder was also evident in the P4S3 complex which was
resolved into two components related by a mirror plane
through a P ± P bond perpendicular to the crystallographic
mirror plane through the P(unique) ± S bond. In the dominant
orientation (Figure 3 bottom, 66 % of clusters) a sulfur atom
and the unique phosphorus are closest to the metal centre of
one [Ni(TMTAA)] molecule at 3.22 and 3.77 �, respectively.
A phosphorus in the P3 ring of P4S3 is 3.32 � from the metal
centre in the second [Ni(TMTAA)] molecule. The other two
phosphorus atoms of the P3 ring are 3.24 � from the methyl
hydrogen atoms of this second [Ni(TMTAA)] molecule. The
third and fourth [Ni(TMTAA)] molecules have phenyl
hydrogen atoms close to the two phosphorus atoms of the
P3 ring (3.57 �) and the two adjacent sulfur atoms (3.43 �),
respectively. In the other orientation the positions of the
unique phosphorus and the sulfur atom closest to the first
[Ni(TMTAA)] are exchanged: the phosphorus atom closest
to the second [Ni(TMTAA)] moves across the mirror plane
and is replaced by two sulfur atoms. For comparison we note
that the same cage molecule in [Ni(P4S3){tris(2-(diphenyl-
phosphino)ethyl)amine)}] is in fact bound to the metal centre
through the unique phosphorus of the cage molecule with
Ni ± P� 2.072(5) �.[19] Other attempts to complex this cage
resulted in cluster fragmentation.[20] Any metal-to-cage inter-
action in the present structure is weak, and the P4S3 cage-to-
[Ni(TMTAA)] contacts are close to the van der Waals limit.


The self-assembly of two [Ni(TMTAA)] moieties at 908 to
each other is interesting in its own right and is driven by the
complementarity of curvature of the interlocking compo-
nents, as well as by Ni ´´ ´ p-arene interactions previously
overlooked in the structure of [Cu(TMTAA)].[21] The Ni atom
of one macrocycle sits below a phenyl ring of the other
macrocycle. For [X{Ni(TMTAA)}2], X� o-C2B10H12 and P4S3,
and [Cu(TMTAA)][21] Ni/Cu ´´ ´ phenyl centroid� 3.55,3.51
and 3.49 � with Ni/Cu ´´´ C� 3.78 ± 3.85, 3.73 ± 3.84 and
3.67 ± 3.83 �, respectively. The second Ni atom sits above
the p-imine system of the first macrocycle. For [X{Ni(TM-
TAA)}2], X� o-C2B10H12 and P4S3, and [Cu(TMTAA)][21] Ni/
Cu ´´ ´ p-imine geometric centre� 3.66, 3.60 and 3.29 �; Ni/
Cu ´´ ´ C� 3.84 ± 3.85, 3.76 ± 3.77 and 3.23 ± 3.53 � and Ni/Cu ´´
´ N� 4.03, 4.01 and 3.83 �, respectively.


Even for an excess of [Ni(TMTAA)], the 1:1 complex of C60


is formed, rapidly crystallising from solution as a result of its
low solubility in toluene. This is consistent with the polar-
isation of the fullerene on host ± guest formation in solution
and results in the aggregation of the fullerene,[6, 7, 10] to give a
solid-state structure containing both host ± guest and full-


erene ± fullerene interactions. The 2:1 complexes of o-
C2B10H12 or P4S3 are favoured, even for an excess of the cage,
and indeed these conditions are best for driving the precip-
itation of the complexes from solution, because the complexes
are more soluble than [Ni(TMTAA)] itself.


Conclusion


[Ni(TMTAA)] is an adaptable molecule as it forms both 1:1
and 2:1 complexes with globular molecules. We note that C60


has curvature complementarity more closely matched to the
phenyl face of the macrocycle and that for the smaller cages,
o-C2B10H12 and P4S3, curvature complementarity is closer for
the methyl face (Figure 1). It may be that the 1:1 complex is
formed for C60 because the favourable docking of a fullerene
with the phenyl face of the macrocycle blocks the association
of the macrocycles, which is favoured through this face. In
contrast, any preferential binding of the smaller cages with the
methyl face could leave the phenyl face free for association
with another macrocycle.


The self-assembly of three types of cage molecules with
[Ni(TMTAA)] demonstrates that this macrocycle is a versa-
tile receptor molecule for globular species, and has the added
concomitant capability of self-dimerisation. In establishing
ground rules, the use of more easily oxidised metal(ii)
derivatives of TMTAA2ÿ offers a direct electron-transfer
route to supramolecular arrays of reduced cages
with the oxidised macrocycle as the counterion,
M2�(TMTAA)![M2�n(TMTAA)]n�, and the prospect of
generating materials with novel functions.


Experimental Section


Synthesis of [(C60)Ni(TMTAA)] and [X{Ni(TMTAA)}2] (X� o-C2B10H12


or P4S3): Equimolar amounts of cage compound and [Ni(TMTAA)] were
dissolved in warm (60 8C) toluene. The solutions were mixed, cooled to
room temperature and allowed to evaporate slowly. The title compounds
precipitated and were collected and washed with toluene or hexane.
[(C60)Ni(TMTAA)] precipitated in the presence of excess [Ni(TMTAA)],
whereas the other cage compounds are more soluble than [Ni(TMTAA)].
[(C60)Ni(TMTAA)]: M.p. >400 8C; anal. calcd: C 87.79, H 1.98, N 5.00;
found: C 88.16, H 1.62, N 5.35.


[(P4S3){Ni(TMTAA)}2]: M.p. >200 8C (decomp); anal. calcd: C 51.69, H
4.34, N 10.96; found: 51.76, H 4.39, N 11.00.


[(o-C2B10H12){Ni(TMTAA)}2]: M.p. 218 8C (decomp); anal. calcd: C 58.37,
H 5.96, N 11.84; found: C 58.89, H 6.39, N 12.20.
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Trinuclear Fragments as Nucleation Centres: New Polyoxoalkoxyvanadates
by (Induced) Self-Assembly
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Abstract: The presence of pentaery-
thritol (C(CH2OH)4) in an aqueous
vanadate solution leadsÐdepending
on the pH value and other specific
reaction conditionsÐto the formation
of (CN3H6)4Na2[H4VIV


6 P4O30{(CH2)3-
CCH2OH}2] ´ 14 H2O (1), Na6[H4VIV


6 P4-
O30{(CH2)3CCH2OH}2] ´ 18 H2O (2),
(NH4)7[H7VIV


12 VV
7 O50(CH2)3CCH2OH] ´


11.5 H2O (3), (CN3H6)4[VIV
3 VV


4 O19F-
(CH2)3CCH2OH] ´ 5.25 H2O (4),
Na6[VIV


10 VV
2 O30F2{(CH2)3CCH2OH}2] ´ 22-


H2O (5) or (CN3H6)4[VIV
2 VV


8 O28F2-


{(CH2)3CCH2OH}2] ´ 4 H2O (6). The
corresponding anions contain as basic
structural elements trinuclear {V3O13}
or {V3O12F} units, which are stabilized
by the organic substituent acting as a
tripod ligand. It can be assumed in
principle that these units act as nucle-
ation centres during the formation


processes of the cluster anions. In this
context it is remarkable that the trinu-
clear units can even occur in a quasi-
isolated state, as in the anions of 1 and 4.
The compounds were characterized by
IR, UV/Vis/NIR and EPR spectroscopy
as well as by magnetochemical inves-
tigations and single-crystal X-ray struc-
ture determinations. Susceptibility data
are especially useful for identifying the
trinuclear units as well as the nature of
their magnetic coupling with the rest of
the structure.


Introduction


The planned synthesis and modification of large transition
metal clusters is a challenge of modern inorganic chemistry,
particularly when the intention is to obtain materials with
tailor-made properties. In the special case of polyoxometal-
lates, the basic principles of organization for synthetic
chemistry are gradually becoming better understood.[1] Gen-
eral problems in this context are the generation in the reaction
solution of intermediates which can be linked in various ways.
Of special importance is the optimal control of steric and
electronic influences which determine not only their forma-
tion but also the type of linkage. During the last 20 years the
structures of a large number of polyoxometallates have been
determined; the overwhelming variety of topologies and
electronic structures of the corresponding cluster anions is
most unusual in the field of inorganic chemistry.[2] Among the
great variety of different structures, certain frequently occur-
ring fragments can be identified which represent basic


building blocks. An example is the trinuclear {M3O13} unit,
which dominates the chemistry of polyoxotungstates and
which is also common to a smaller extent among polyoxo-
molybdate structures. This unit is built from three {MO6}
octahedra which are joined at the edges and have one
common m3-O atom (Figure 1). Formally, it can be regarded as


Figure 1. Ball-and-stick model of a trinuclear {VIV
3 O13L} (�{V3L}) or


{VIV
3 O12F L} (�{V3L}') unit (V: black; O: grey; C: light grey, hatched; m3-O


or m3-F, respectively: white, crosshatched).
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part of one of the well-known Keggin-type ions
[M12O36(PO4)]3ÿ(M�Mo, W) in which four {M3O13} units
share corners with a central {PO4} tetrahedron. The corre-
sponding structure is not known for M�V.


Among the polyoxovanadates, cluster anions containing
trinuclear fragments (�{V3}) are rare. The main reason for this
is the high negative charge density, and therefore high
nucleophilicity, of the naked {V3} unit (formally, {V3O13}nÿ ;
n� 14 for VIV, n� 11 for VV), which has a correspondingly
high affinity for electrophilic groups such as {VO}m� (m� 2,
3), so that larger condensed cluster aggregates are formed.
Examples are species of the type {V14O38(EO4)} (E�P, V)[3]


and {V18O42(EO4)} (E� S, V)[4] , which can be regarded as
enlarged Keggin ions with characteristic {VO} caps and which
exist with different electron populations.


To prevent this type of growth to higher nuclearity cluster
systems, it appears to be possible to trap or stabilize the {V3}
fragments, for example by appropriate ligands, which should
fulfil two important prerequisites:
1) Their geometry has to correlate with the geometry of the


{V3} units.
2) They should contribute to the decrease in the high charge


density.
A possible choice would be trifunctional alcohols of the


(HOCH2)3CR type (tris(hydroxymethyl)methane deriva-
tives),[5] which, because of their steric requirements, coordi-
nate without strain with the trinuclear arrangements of the
{V3} type (Figure 1) but also reduce the overall charge of the
cluster according to the formal Equation (1), where E is a
heteroelement such as P. The electronic properties of the
ligands can also be varied within certain limits by changing the
organic residue R (see ref. [5 a]).


[VuOvEw]yÿ� {(CH2)3CR}3� ÿ! [VuOvEw(CH2)3CR](yÿ3)ÿ (1)


We now report the synthesis and characterization of several
polyoxoalkoxyvanadates, some of which have novel types of
structure. Their formation apparently involves {V3} units as
nucleation centres in the presence of a pentaerythritol ligand
(R�CH2OH).


Results and Discussion


The compounds 1 ± 6 were prepared from aqueous vanadate
solutions in the presence of pentaerythritol under various
reaction conditions (see Experimental Section). They all
contain, as a common structural element, trinuclear fragments
of the type {VIV


3 O13(CH2)3CCH2OH} (�{V3L} in 1 ± 3 with L�
(CH2)3CCH2OH) or, in the presence of Fÿ, {VIV


3 O12F-
(CH2)3CCH2OH} (�{V3L}' in 4, 5) and {VIVVV


2 O12F-
(CH2)3CCH2OH} (�{V3L}'' in 6), respectively, which share
corners and edges with other {EOx} polyhedra (E�V, P;
x� 4, 5, 6; see Figure 2). In the {V3L}' and {V3L}'' units the m3-
O atom of the {V3} unit is substituted by a m3-F atom
(Figure 1). As it can be assumed that these units act as
nucleation centres which induce or influence the type of
aggregation of the {EOx} polyhedra, the term (induced) self-


assembly is justified because a core initially formed in the
solution directs the subsequent steps of assembly leading to
the final clusters.


Thus the compounds 1 ± 6 are represented by the following
abbreviated formulae, where [CN3H6]�� guanidinium cation
and {V3L}, {V3L}' and {V3L}'' are defined above.


[CN3H6]4Na2[H4{V3L}2P4O4] ´ 14 H2O 1


Na6[H4{V3L}2P4O4] ´ 18 H2O 2


(NH4)7[H7{V3L}{V3}VIV
6 VV


7 O24] ´ 11.5 H2O 3


(CN3H6)4[{V3L}'VV
4 O7] ´ 5.25 H2O 4


Na6[{V3L}'2VIV
4 VV


2 O6] ´ 22H2O 5


(CN3H6)4[{V3L}''2VV
4 O4] ´ 4 H2O 6


Green crystals of 1 (space group P1Å) can be isolated from a
solution containing hydrogenphosphate ions at pH 8 (Ta-
ble 1). The centrosymmetric anion [H4{V3L}2(PO)4]6ÿ (1 a)
consists of two {V3L} units which can be transformed into each
other by a (crystallographic) inversion centre and which are
linked by four {PO4} tetrahedra (Figures 2, 3). The distances
within the trinuclear units are 320 (V1 ± V2'), 321 (V1 ± V3)
and 336 pm (V2' ± V3), respectively. The reason for the
significantly greater distance between V2' and V3 can be
attributed to the fact that the oxygen atom bridging the two
metal centres (O5) also interacts strongly with a sodium
cation of the crystal lattice (see Figure 3). The shortest
distance between the vanadium atoms of two different
trinuclear units is 462 pm. The oxidation states of the metal
centres as well as the positions of the protons are evident from
bond valence sum calculations[6] (Table 2). Permanganometric
redox titrations confirm the presence of six VIV centres. Two
of the four protons are located at the two m3-O atoms of the
two trinuclear units and the other two (disordered) at two of
the four terminal oxygen atoms belonging to the phosphate
groups. The sodium and guanidinium cations can be deter-
mined unambiguously from difference Fourier maps; the
sodium atoms coordinate with three bridging oxygen atoms of
the two {V3P2O5} rings of the cluster anion and complete their
octahedral-type ligand sphere by coordinating with three
oxygen atoms of the crystal water molecules (Figure 3).


The structure of the anion of 2 is nearly identical to that of
1, but the replacement of the guanidinium cations leads to a
different organization of the crystal packing. The anions of 2
are linked along the crystallographic c axis by four sodium
cations, thus forming a chain motif (Figure 4), with the
consequence that the cluster anions are more densely packed
in the crystal lattice than in 1. The shortest distance between
the inversion centres of neighbouring anions is 1092 pm in 1,
but only 558 pm in 2.


Compound 3 crystallizes in the acentric space group P212121


and can be regarded formally as a derivative of the known
mixed-valence isopolyvanadate (NH4)7[H10VIV


12 VV
7 O50] ´


12 H2O (7).[7] The anions of 3 and 7 are built from a total of
seven {VVO4} tetrahedra and twelve {VIVO6} octahedra, six of
which form two {V3} units located at the poles of the
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Figure 2. Polyhedral representation with ball-and-stick ligands of a) the anions 1 a and 3a ; b) two different views of 4a ; c) 5a (proposed structure) and 6a.
Trinuclear {V3O13} (1 a, 3a) and {V3O12F} (4 a ± 6a) fragment(s) are dark blue; {PO4} tetrahedra are yellow; different types of {VOx} polyhedra of the
(complementary) cluster fragments are light blue. Additionally in c) (center), the solid (elongated triangular gyrobicupola[10]) spanned by the 18 bridging
oxygen atoms of the cluster anions 5a and 6 a is shown, in which the crosshatched (5 a and 6a) and white spheres (5a) symbolize the {VO} caps. In 1a and 4a
the trinuclear units are quasi-isolated (see text).
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ellipsoidal cluster and twisted with respect to each other by
608 (Figures 2, 5). The trinuclear units are linked by the other
six {VIVO6} octahedra as well as six {VVO4} tetrahedra. The
centre of the cluster is occupied by a tetrahedrally coordi-
nated VV atom, which is disordered over two positions in a 1:1
ratio in the crystal. Whereas in the case of 7 the six m2-O atoms
of the two trinuclear units are protonated, this is only true for
one of the trinuclear units in 3 as the other unit is alkylated by
the organic {(CH2)3CCH2OH}3� residue. Further protons are
located at all the m2-O positions, where two VIV centres are


bridged (O34, O37, O39; Figure 5), and at the m3-O
atom of the trinuclear unit that is not linked to the
central vanadium atom (O24 or O44, respectively,
depending on the disorder). Bond valence sum
calculations reveal that all vanadium atoms with
octahedral coordination (mean valence sum: 4.05)
are of the VIV type and those with tetrahedral
coordination are, as expected, of the VV type (mean
valence sum: 4.95, not considering the central,
disordered vanadium atom V19/V19a for which the
bond valence sum cannot be determined precisely).
A remarkable structural feature of the anions of 3
and 7 is the presence of six VIV ± VIV pairs with short
V ± V distances (mean value: 296 pm).


In the novel, aesthetically pleasing structure of
the anion [{V3L}'VV


4O7]4ÿ (4 a) of the mixed-
valence compound 4 (space group C2), the m3-O
atom of the trinuclear unit in 1 ± 3 is substituted by a
m3-F atom. The resulting {VIV


3 O12F} (�{V3L}') frag-
ment is linked by six corners to three {VVO4}
tetrahedra (Figures 2, 6) which are further con-
nected through corners to a fourth {VVO4} tetrahe-
dron in such a way that the entire anion adopts
approximately C3v symmetry when the terminal
{CH2OH} groups of the ligand are neglected. In
contrast to the situation in the anion 1 a, the V ± V
distances within the trinuclear unit (with VIV


centres) are nearly identical (approximately 333 pm).
In the case of 5, a single-crystal X-ray structure analysis


could not be performed because of the insufficient quality of
the crystals. However, comparison of the analytical, the
spectroscopic and especially the magnetochemical data with
those of the structurally closely related compound
Na6[H6VIV


10 VV
2 O30F2] ´ 22 H2O (8),[8, 9] obtained under nearly


identical experimental conditions in the absence of pentaery-
thritol, unambiguously proved the proposed structure of the
anion 5 a (Figure 2), in which two {V3L}' units are situated


Table 1. Data collection, intensity measurements and refinement parameters for 1 ± 4 and 6.


Compound 1 2 3 4 6


space group P1Å C2/c P212121 C2 P21/n
a [pm] 1091.7(4) 2690.7(13) 1325.6(3) 1779.3(4) 1198.8(2)
b [pm] 1232.9(5) 1116.7(6) 1368.8(3) 1146.3(2) 1621.2(5)
c [pm] 1251.2(5) 1703.9(5) 3697.5(7) 1906.2(4) 1236.9(2)
a [8] 65.95(3) 90 90 90 90
b [8] 84.57(3) 98.38(3) 90 102.88(3) 102.45(1)
g [8] 65.42(3) 90 90 90 90
V [106 pm3] 1393(1) 5065(4) 6709(2) 3790(1) 2347(1)
Z 1 4 4 4 2
1calcd [g cmÿ3] 1.93 2.03 2.17 1.93 2.09
m (MoKa ; l� 71.073 pm) [mmÿ1] 1.22 1.37 2.63 1.76 2.01
scan range (2q) [8] 4 ± 50 5 ± 54 4 ± 52 4 ± 50 4 ± 50
scan speed [8 min-1] [a] 3.9 ± 29.3 3.9 ± 29.3 3.90 ± 29.3 3.9 ± 29.3 3.9 ± 29.3
temperature [K] 193 294 294 188 193
no. of meas. refls. [b] 5393 5836 7549 3900 4474
no. of indep. refls. 4926 5530 7318 3546 4124
no. of unique obs. refls.
(F> 4s(F)) 4131 4699 5426 2812 3086
no. of variables 360 343 764 466 326
R� S j jF0 jÿjFc j j /S jF0 j [c] 0.067 0.054 0.079 0.083 0.046


[a] Scan mode: w scan. [b] Check reflections measured every 97 reflections. [c] Flack parameters ÿ0.02(7) (3) and ÿ0.03(8) (4).


Figure 3. Ball-and-stick representation of the centrosymmetric anion of 1 including the
Na� ions and the oxygen atoms of the crystal water molecules coordinated with the latter.
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above and below an equatorial belt built from six
{VO5} square pyramids (four {VIVO5} and two {VVO5})
and twisted with respect to each other by 608. Formally,
5 a can be derived from the anion of 8 by replacing the
six protons on the m2-O atoms of the two trinuclear
units by two {(CH2)3CCH2OH}3� moieties. The sim-
ilarities in the temperature-dependent magnetic be-
haviour of 5 and 8[9] prove that the distribution of the
VIV and VV centres within the cluster structure is identi-
cal. Bond valence sum calculations for 8 show that the
two VV centres are situated at two opposite positions
of the equatorial ring of the six {VO5} square pyramids.


A common structural feature of all the anions
mentioned so far is the coordination of the ligands to
all three VIV centres of the trinuclear units. If the
charge density of the latter is reduced as a result of
partial oxidation (VIV!VV), other coordination pat-
terns may occur. An example is the structure of the
anion [{V3L}''2V4O4]4ÿ (6 a) of the mixed-valence
compound 6 ; this anion is built from two {VIVVV


2 O12F-
(CH2)3CCH2OH} (that is, {V3L}'') fragments twisted
with respect to each other by 608 and linked by four
equatorial {VVO5} pyramids (Figures 2, 7). In the
present case, the tripod ligand connects two vanadium
centres (V2, V3') of the trinuclear unit with vanadium
atoms of the equatorial belt. Bond valence sum


Table 2. Characteristic physical data for compounds 1 ± 6.


Compound 1 2 3 4 5 6


Colour green blue black black black black


IR nÄ [cmÿ1]
ns,as (CH2) 2920 (w) 2920 (w) 2860 (w) 2920 (w) 2920 (w) 2925 (w)


2850 (w) 2860 (w) 2860 (w) 2860 (w) 2850 (w)
d (H2O) 1660 (s) 1645 (s) 1625 (m) 1660 (vs) 1630 (s) 1655 (vs)
d (CH2) 1465 (w) 1470 (w) 1465 (w) 1470 (w) 1475 (w)


1440 (w) 1450 (w) 1445 (w) 1445 (w) 1445 (w)
1405 (w) 1405 (w) 1410 (w) 1405 (w) 1390 (w)


nas (PO4) 1250 (w) 1250 (br, w)
n (C ± O) 1095 (sh) 1110 (s) 1120 (m) 1120 (m) 1120 (m) 1115 (m)


1070 (s) 1070 (s) 1060 (w) 1065 (w) 1065 (w) 1065 (m)
1020 (vs) 1025 (s) 1025 (w) 1030 (w) 1030 (w) 1035 (w)


z�������
���}|���


�������{


n (V�O) 925 (vs) 960 (vs) 970 (vs) 960 (s)
930 (m)


960 (vs) 965 (vs)


nas {mn-O ± Vn} 840 (m) 855 (m ± s) 860 (m) 825 (vs) 645 (sh) 760 (s)
(n� 2 ± 4) 735 (m) 735 (m) 845 (m) 710 (m) 620 (s) 610 (s)
nas{P ± m2-O ± V} 650 (m) 655 (w) 825 (vs) 535 (m) 490 (s) 530 (m)
nas{V ± m2-OH ± V} 515 (m ± s) 525 (s) 725 (vs)
nas{V ± m2-OR ± V} 470 (m) 480 (s) 525 (s)


UV/Vis/NIR[a]


lmax [nm]
p(O)!d(V) 270 270 310 310 350 310
d!d 640, 900 650, 900 410 � 550 (br) 560, 800 � 700 (br)
IVCT � 1300 (br) � 1050 (br) � 1150 (br)


ESR (4 K)
gk/g? 1.84/1.98
Ak/A? [G] 182/65


Characteristic bond valence sums
VIV 3.92 ± 4.16 3.99 ± 4.05 3.98 ± 4.15 3.93 ± 4.18 4.41
VV 4.81 ± 5.04[b] 4.97 ± 5.23 4.86 ± 4.98
m-OH 1.02 ± 1.36 0.98 ± 1.35 1.01 ± 1.07[b]


[a] Solid-state spectra (see Experimental Section). [b] Exception: disordered, central VV atom (V19 and V19a) and disordered m3-OH group (O24 and O44)
of the trinuclear units (see text).


Figure 4. Representation of the stacking along the crystallographic c axis of the
cluster anions of 2 (V: crosshatched; C: hatched; O: white spheres; P: small dark
spheres) which are linked by the Na� ions (largest spheres). The oxygen atoms of the
crystal water molecules completing the coordination sphere of the Na� cations are also
shown.
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Figure 6. Ball-and-stick representation of the anion 4 a.


calculations are consistent with the oxidation state� iv for V5
and V5' atoms.


The anions 5 a and 6 a can be related topologically to each
other by an interesting solid (an elongated triangular gyrobi-
cupola), spanned by the 18 bridging oxygen atoms of the
clusters, which has 12 square and six triangular planes
corresponding to a hexagonal prism capped by two triangular
cupolae twisted with respect to each other by 608 (Figure 2;
see also ref. [10]). The structure of 5 a can be derived from this
solid by capping all 12 square planes by {VO} groups and the
two (001) triangular planes by the {(CH2)3CCH2OH} ligands.
In 6 a two opposite square faces remain uncapped, whereas
the organic ligands cap two of the six symmetry-equivalent
triangular faces.


The IR spectra (see Table 2) are dominated by features
attributed to vibrations of the V ± O framework. The incor-


poration of the organic component is confirmed
by bands assigned to ns,as(CH2) (around
2900 cmÿ1), d(CH2) (around 1450 cmÿ1) and
(less characteristic) n(C ± O) vibrations (at ap-
proximately 1120, 1070 and 1030 cmÿ1). The
alkylation of the trinuclear {VIV


3 O12F} units in
the case of 5 is apparent when the spectra of the
latter are compared with those of the non-
alkylated compound 8 : the exchange m2-
OH!m2-OR leads to the shift of a band
(attributed to a vibration mainly localized in
the {V ± m2-O(H,R) ± V} fragment) from
670 cmÿ1 in the spectrum of 8 to 645 cmÿ1 in
the spectrum of 5. The influence of the cations
on the vibrational frequencies of the cluster
anion is apparent by comparison of the spectra
of 1 and 2, as the most intense n(V�O)-type
band at 960 cmÿ1 in the spectrum of 2 is shifted
to 925 cmÿ1 in the spectrum of 1. The lower
frequency in the case of 1 can be attributed to
hydrogen bonds between the guanidinium cat-
ions and the terminal oxygen atoms of the
{V�O} groups.


Figure 7. Ball-and-stick representation of the anion 6a.


The bands in the electronic spectra can be assigned to
charge-transfer (CT) transitions of the type p(O)!d(V)
(between 250 and approximately 400 nm), d!d and (high-
energy) intervalence charge transfer (IVCT) transitions
(between 400 and 950 nm) and low-energy IVCT transitions
above 950 nm (Table 2).


The investigation of the interaction between the VIV centres
by measuring the magnetochemical properties is especially
interesting (Table 3) and makes it possible to determine
whether the trinuclear units are electronically isolated.
Figures 8 ± 10 show the temperature dependence of the
measured susceptibilities of the compounds 1, 3 and 4 ± 6. In
all cases antiferromagnetic coupling occurs, but there are


Figure 5. Ball-and-stick representation of the anion 3 a (disordered atoms marked ªaº).
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Figure 8. Temperature dependence of cMT for 1 (*) and 4 (&).


Figure 9. Temperature dependence of cMT for 3 (*).


characteristic differences. Whereas the cMT value at 300 K
(2.18 emu K molÿ1) for 1 is approximately identical to the spin-
only value for six independent VIV (d1) centres
(2.23 emu K molÿ1), reduction of the temperature leads to a
decrease in cMT, which reaches a plateau below 20 K
(Figure 8). [In the high-temperature region, 1 exhibits ap-
proximately Curie ± Weiss behaviour (V�ÿ49 K)]. The value
corresponding to the plateau (0.72 emu K molÿ1) is a clear
indication of the presence of two electrons with essentially


Figure 10. Temperature dependence of cMT for 5 (*) and 6 (&).


uncorrelated spins. The corresponding spin ground state for
each of the two individual triangles, composed of three
interacting spins, is expected to be a degenerate S� 1/2 state.
The results of an EPR-spectroscopic investigation shown in
Figure 11 confirm this expectation. Whereas above 40 K only
one broad signal at g� 1.90 can be detected, a hyperfine
splitting of this signal into eight lines occurs when the
temperature is lowered. The spectrum at 4 K is typical of an
uncorrelated spin, being located mainly at one 51V (I� 7/2)
centre. A simulation of the spectrum gives gk� 1.84, g?� 1.98,
Ak � 182 G, A?� 65 G.


Comparable magnetic behaviour is observed in the case of
4. The graph of cMT versus T has a plateau at 0.33 emu K molÿ1


below approximately 40 K, indicating the presence of one
electron with an uncorrelated spin within the triangle spanned
by the VIV centres (Figure 8). The high-temperature data
(100 K<T< 300 K) indicate Curie ± Weiss behaviour (V�
ÿ215 K).


The cMT value at 260 K (1.34 emu K molÿ1; Figure 9) of 3 is
much lower than the spin-only value for the 12 VIV centres
(4.46 emu K molÿ1). This observation has to be attributed to a
very strong antiferromagnetic interaction within the six VIV ±
VIV pairs in the cluster with a mean distance of 296 pm (see
the structural data above). The strong antiferromagnetism is
also apparent from the fact that cMT decreases dramatically
with decreasing temperature in the region 100 K<T< 260 K
(for a discussion, see ref. [11]).


Table 3. Magnetochemistry as an analytical tool for the characterization of polyvanadates with trinuclear {V3O13} or {V3O12F} units, respectively.


Compound 1 3 4 5 6


Number and type of trinuclear
units


2 {VIV
3 } 2 {VIV


3 } 1 {VIV
3 } 2 {VIV


3 } 2 {VIVVV
2 }


cMT (260 K) [emu K molÿ1] 2.12 1.34 0.83 2.13 0.74
cMT (260 K)/VIV [emu K molÿ1] 0.35 (� spin-only


value)
0.11 (strong antiferro-
magnetic interaction)


0.27 (weak antiferro-
magnetic interaction)


0.21 (strong antiferro-
magnetic interaction)


0.37 (spin-only value)


magnetic interaction of the VIV


centre(s) of the trinuclear unit with
other centres


very weak very strong quasi-isolated {V3}'
unit


strong negligible


plateau at T< 20 K
cMT [emu K molÿ1]


� 0.72 � 0.33 � 0.75


uncorrelated spins (T< 20 K) 2 1 2
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Figure 11. EPR spectrum of 1 at various temperatures.


Similarly, the room-temperature cMT value of
2.3 emu K molÿ1 measured for 5 is much lower than expected
for ten uncorrelated spins (3.75 emuK molÿ1), again indicat-
ing the presence of strong antiferromagnetic interactions
within the cluster. This is confirmed by the monotonic
reduction in cMT with decreasing temperature down to a
plateau at a cMT value of 0.75 emu K molÿ1 below 50 K
(Figure 10), which is a clear indication of the presence of two
electrons with essentially uncorrelated spins. As nearly the
same magnetic behaviour is observed for the non-alkylated
compound 8, the structure of which is known,[9] both anions
must be assumed to have a practically identical structure with
an identical spatial distribution of the paramagnetic centres.
This conclusion is important as it was not possible to apply
single-crystal X-ray structure analysis to 5 because of the
poor quality of the crystals. A detailed description and
interpretation of the magnetic behaviour of 8 is given in
reference [9].


The high-temperature cMT value of 0.75 emu K molÿ1


obtained for 6 confirms the presence of two VIV centres,
which is also consistent with the results of bond valence sum
calculations and redox titrations (Figure 10). Compound 6
exhibits Curie ± Weiss behaviour with a low value of the Weiss
constant (V�ÿ3 K), which indicates that the magnetic
exchange interactions between the two 3 d electrons are only
small. The results of the magnetochemical studies are
summarized in Table 3.


Conclusion


The elucidation of the basic principles responsible for the
formation of the overwhelming variety of complex polyox-


ometallate clusters is a challenge. Unfortunately, however, the
possibilities of investigating the related, rather complex,
reactions in solution are limited. Therefore, the only practi-
cableÐalthough not unproblematicÐmethod is to determine
a large number of the crystal structures of the precipitates and
to try to draw conclusions about possible situations in
solution.


Since trinuclear units of the type {M3O13} are abundant as
fragments in polyoxometallate structures it can be assumed
that these units can be generated in solutionÐat least when
they are attached to other fragmentsÐduring the primary
processes of structure formation. In the special case of
polyoxovanadate systems (M�V), the high charge density
of these units leads to a strong tendency towards the
formation of highly condensed clusters with the
{V12O36(VO)6} shell.[12] However, the presence of an organic
ligand with appropriate geometry favours the formation of the
trinuclear units, which are stabilized as fragments through a
partial reduction of the charge and shielded to some extent
from further capping with electrophilic {VO}n� units. In this
way cluster anions such as 1 a, 2 a or 4 a can be obtained, in
which the trinuclear units are present in a quasi-isolated form
sharing only corners (in contrast to 3 a, for example) with
other polyhedra. In the absence of the organic ligand,
structures of this kind have not been observed. The
high charge density of the trinuclear fragments can also be
reduced by multiple protonation. However, units of the latter
type are known so far only as integral parts of larger cluster
aggregates (as in the anions of 7 and 8). The data in Table 4
illustrate formally the nucleation process directed by the
trinuclear fragments.


Under the conditions used for the syntheses of the clusters
described here (in aqueous media with various pH values, in
the presence of a tripod ligand, at moderate reaction temper-
atures, at normal pressure) trinuclear units haveÐin the sense
mentioned aboveÐa high tendency to form and to induce or
influence, as nucleation cores, the aggregation of the other
building units by an (induced) self-assembly process. The
understanding of the charge control of the structure-forming
processes is of great significance, as mentioned in the
Introduction. The charge on the trinuclear units can vary to
a small extent because of changes in protonation, alkylation,
the number of reduced metal centres and the substitution of
O2ÿ by Fÿ. Interestingly, the sum of the charges on the other
building units completing each of the cluster structures also
has a relatively constant value corresponding to the related
(charge) complementary fragments (Table 4). Comparison of
the structurally related anions of 5 and 6 makes it apparent
that a higher negative charge on the trinuclear units favours a
higher nuclearity of the cluster. Another successful way to
increase the cluster size could be based on the possibility of
increasing the number of incorporated trinuclear units that
are stabilized by an organic ligand (consider, in this
context, the synthesis of (Me3NH)2(Et4N)Na4[Na(H2O)3H15-


Mo42O109{(OCH2)3CCH2OH}7] ´ 15 H2O[13]). In general, the
variety of aggregation patterns in the chemistry of polyoxo-
vanadates with vanadium in the oxidation states � iv and �v
seems to be much more diverse than in the case of
polyoxomolybdates or polyoxotungstates.
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Experimental Section


Materials : All reagents were obtained from normal commercial sources
and used without further purification. NaVO3 was prepared from NaOH
and V2O5.


Preparation of (CN3H6)4Na2[H4VIV
6 P4O30{(CH2)3CCH2OH}2] ´ 14H2O (1):


To a solution of VOSO4 ´ 5 H2O (3.2 g, 12.6 mmol) in a mixture of 85%
H3PO4 (3 mL, 44 mmol) and distilled water (50 mL), pentaerythritol (3.4 g,
25.0 mmol) and guanidine hydrochloride (CN3H6Cl) (1.2 g, 12.5 mmol)
were added and the solution was kept for 30 min at 70 ± 75 8C in a 100-mL
Erlenmeyer flask covered with a watch glass. The pH was subsequently
adjusted to approximately 8 with 10m NaOH solution. During the addition
of NaOH a grey precipitate was formed which redissolved at higher pH
values. After the reaction mixture had been kept for a further 5 h at 70 ±
75 8C, the green solution was filtered and the filtrate was allowed to stand at
20 8C for three days. The precipitated green crystals of 1 were filtered off,
washed with cold water and dried on filter paper. Yield 2.8 g (82 % based
on V); C14H74N12Na2P4O46V6 (1621.5): calcd C 10.36, H 4.56, N 10.36, Na
2.8; found C 10.41, H 4.58, N 10.15, Na 3.2.


Preparation of Na6[H4VIV
6 P4O30{(CH2)3CCH2OH}2] ´ 18H2O (2): The


method of synthesis was analogous to that of 1 but without the addition
of guanidine hydrochloride. The blue crystals, which precipitated after
three days, were washed with cold water and dried on filter paper. Yield
2.7 g (83 % based on V); C10H58Na6P4O50V6 (1545.5): calcd C 7.76, H 3.75,
Na 8.9; found C 7.73, H 3.76, Na 9.0.


Preparation of (NH4)7[H7VIV
12 VV


7 O50(CH2)3CCH2OH] ´ 11.5 H2O (3): A
solution of NH4VO3 (8.0 g, 68.4 mmol) in H2O (250 mL) was treated at
80 8C with hydrazine sulfate (N2H6SO4) (1.37 g, 10.5 mmol) and pentaery-
thritol (2.93 g, 21.5 mmol) in a 300-mL narrow-necked Erlenmeyer flask
covered with a watch glass. The resulting dark brown solution was stirred
for 10 min at 80 8C; the pH was subsequently adjusted with H2SO4 (10 %) to
5.3 ± 5.4. After 5 h the hot solution was filtered and the filtrate was allowed
to stand for three days to crystallize at 20 8C. The precipitated black,


octahedral crystals of 3 were isolated, dried on filter paper and stored under
argon. Yield 3.4 g (43 % based on V); C5H67N7O62.5V19 (2192.9): calcd C
2.74, H 3.06, N 4.47; found C 2.64, H 3.31, N 4.21.


Preparation of (CN3H6)4[VIV
3 VV


4 O19F(CH2)3CCH2OH] ´ 5.25 H2O (4): A
solution of NaVO3 (3.05 g, 25 mmol) in H2O (25 mL) was treated with
hydrazine hydrate (182 mL, 100 %, 3.75 mmol) at 80 8C and the resulting
dark brown solution was kept for 1 h at that temperature without stirring in
a 50-mL wide-necked Erlenmeyer flask covered with a watch glass.
Pentaerythritol (1.14 g, 8.4 mmol), guanidine hydrochloride (2.0 g,
20.9 mmol) and HF (660 mL, 38 ± 40%) were then added. After the
solution had been allowed to stand on a heating plate at 80 8C for 2.5 h
without being stirred, it was cooled to 40 8C and a blackish-grey precipitate
was filtered off; the filtrate was kept at room temperature for one day. The
precipitate of black needle-shaped crystals of 4 was isolated, dried on filter
paper and stored under argon. Yield 1.1 g (28 % based on V);
C9H43.5FN12O25.25V7 (1099.1): calcd C 9.83, H 3.96, F 1.7, N 15.26; found C
10.22, H 3.97, F 2.4, N 15.05.


Preparation of Na6[VIV
10 VV


2 O30F2{(CH2)3CCH2OH}2] ´ 22 H2O (5): A solu-
tion of NaVO3 (3.05 g, 25 mmol) in H2O (25 mL) was treated with
hydrazine hydrate (182 mL) (100 %, 3.75 mmol) at 90 8C and kept in a 50-
mL wide-necked Erlenmeyer flask covered with a watch glass for 1 h at this
temperature without being stirred. Pentaerythritol (1.71 g, 12.6 mmol) was
added, then the pH was adjusted to 7 with HF (38 ± 40 %) and kept constant
for the next 30 min by further addition of HF at intervals of approximately
3 min. The solution was allowed to stand at 90 8C for a further 1.5 h (during
which the pH value did not exceed 7.0), then filtered; the filtrate was kept at
90 8C again for 3 h before it was cooled to about 20 8C. After one day the
solution was filtered again to remove small amounts of a by-product. Small
black crystals of 5 were isolated after two further days, dried on filter paper
and stored under argon. Yield 0.5 g (13 % based on V); C10H62F2Na6O54V12


(1833.3): calcd C 6.55, H 3.38, F 2.1, Na 7.5, H2O 21.6; found C 6.70, H 3.83,
F 2.2, Na 7.5, H2O 22.0.


Preparation of (CN3H6)4[VIV
2 VV


8 O28F2{(CH2)3CCH2OH}2] ´ 4H2O (6):
Compound 4 (0.8 g, 0.7 mmol) was dissolved in distilled water (20 mL) at


Table 4. Trinuclear fragments and complementary fragments defined formally by their mononuclear building units { ´ ´ ´ ´ ´ ´ }n� corresponding to Figure 2 with
formal charge values in the second and third columns.


Species Type (and number) of trinuclear
fragment[a]


Complementary fragments { ´´ ´ ´ ´ ´ }n� as
defined by their mononuclear building
units[a]


Polyhedral representation of the
mononuclear building units ac-
cording to column 3[c]


Total
charge


1a {HVIV
3 O7L(OH)6}4ÿ (2)[b] {2H; {4OP(OH)3}}2� 6ÿ


3a {HVIV
3 O7L(OH)6}4ÿ (1)�


{H3VIV
3 O6(OH)7}4ÿ (1)[d]


{3H; 3 {OVIV(OH)2(OH2)3};
3 {OVIV(OH)3(H2O)2};
6 {OVV(OH)3}; {VV(OH)4}}�


7ÿ


4a {VIV
3 O6F L(OH)6}4ÿ (1) {4{OVV(OH)3}}0 4ÿ


5a {VIV
3 O6F L(OH)6}4ÿ (2) {4{OVIV(OH)2(OH2)2};


2 {OVV(OH)2(OH2)2}}2�
6ÿ


6a {VIVVV
2 O6F L(OH)6}2ÿ (2) {4{OVV(OH)3(OH2)}}0 4ÿ


7a[7] {H4VIV
3 O7(OH)6}4ÿ (1)�


{H3VIV
3 O6(OH)7}4ÿ (1)


{3H; 3 {OVIV(OH)2(OH2)3};
3 {OVIV(OH)3(H2O)2};
6 {OVV(OH)3}; {VV(OH)4}}�


7ÿ


8a[8] {H3VIV
3 O6F (OH)6}4ÿ (2) {4{OVIV(OH)2(OH2)2};


2 {OVV(OH)2(OH2)2}}2�
6ÿ


[a] The groups which are involved in the (formal) linking of structural elements are written in italics. The corresponding protons of the OH groups are no
longer present in the final cluster structure because the related condensation process occurs with concomitant loss of H2O. The H2O groups act as leaving
groups for m3 ± O connections and therefore do not appear in the balance (final formula). Protons occurring in the final structure are written at the beginning
of the bracket. [b] L� (CH2)3CCH2OH. [c] These occur in the final structure ({PO4} as a tetrahedron (yellow); {VOx} as tetrahedra, octahedra and square
pyramids (light blue)). [d] Formulated for one of the disordered positions of the central V atom.
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80 8C in a 50 mL wide-necked Erlenmeyer flask covered with a watch glass
and the pH of the solution was adjusted with HF (38 ± 40%) to about 3.5.
After addition of H2O2 (125 mL, approximately 30%) the reaction mixture
was kept at 80 8C for 30 min, cooled to room temperature and filtered.
From the filtrate black crystals of 6 were isolated after 2 ± 3 days and dried
on filter paper. Yield 0.1 g (17 % based on V); C14H50F2N12O34V10 (1477.4):
calcd C 11.37, H 3.38, F 2.6, N 11.37; found C 11.02, H 3.34, F 3.0, N 11.51.


Crystal structure analyses : The structures were determined from single-
crystal X-ray diffraction data (Siemens R3m/V four-circle diffractometer).
Crystal data and details concerning the intensity data collection and
structure refinement are given in Table 1. Unit cell parameters were
obtained by least-squares refinements of the angular settings of 15 high-
angle reflections (208< 2q< 308). An empirical absorption correction was
applied for all compounds and the data were corrected for Lorentz and
polarization effects. Structures were solved by direct methods (SHELXTL
program package).[14] Final least-squares refinements converged at values
given in Table 1. Atomic scattering factors for all atoms were taken from
standard sources[15] and anomalous dispersion corrections were applied to
all atoms. Further details of the crystal structure investigations may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein ± Leopoldshafen (Germany), on quoting the depository numbers
CSD-408259 (1), 408260 (2), 408261 (3), 408262 (4), 408263 (6).


Spectroscopic and magnetochemical investigations and chemical analyses :
Infrared spectra were measured on a Bruker IFS 66 FRA 106 instrument
and the electronic spectra on a Beckman Acta M IV instrument (UV/Vis by
solid-state reflectance by means of an Ulbricht sphere with cellulose as
calibration standard; NIR with KBr pellets in transmission). For the
magnetic susceptibility measurements, various SQUID magnetometers
were used (Metronique Ingenierie, University of Florence; Quantum
Design, Universität Bonn and Universität Bielefeld) with an applied field
of 10 kOe. The EPR spectrum was recorded on a polycrystalline powder at
X-band frequency on a Varian E-9 spectrometer. Variable temperatures
were achieved with a liquid-helium continuous-flow cryostat. Whereas the
C, H, N analyses were carried out in our laboratory using a Perkin-
Elmer 420 element analyser, the F analyses were performed by the
Microanalytical Laboratory Beller in Göttingen (Germany). The number
of VIV centres in the compounds was determined by potentiometric
titration with 0.02m KMnO4 solution using a Mettler DL 40 memotitrator
(Pt/calomel electrode). Crystal water was determined by TGA with a
Linseis L81 instrument.
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Binuclear Oxidative Addition of Hydrogen in Diamidonaphthalene-Bridged
Diiridium Complexes


M. Victoria JimeÂnez, Eduardo Sola, JoseÂ A. LoÂ pez, Fernando J. Lahoz, and Luis A. Oro*


Abstract: The complex [Ir2(m-1,8-
(NH)2naphth)(CO)2(PiPr3)2] (1) reacts
with triflic acid to give [Ir2(m-1,8-
(NH)2naphth)H(CO)2(PiPr3)2](CF3SO3)
(2), which contains a terminal hydride.
Complex 2 reacts with NEt3 to reform 1,
but it can also react with a second
equivalent of triflic acid to give the
asymmetric dihydride complex [Ir2-
(m-1,8-(NH)2naphth)(m-H)H(OSO2CF3)-
(CO)2(PiPr3)2](CF3SO3) (3). The triflate
ligand of 3 can be replaced by acetone or
acetonitrile to give [Ir2(m-1,8-(NH)2-
naphth)(m-H)H(OC(CH3)2)(CO)2-
(PiPr3)2](CF3SO3)2 (4) and [Ir2(m-1,8-
(NH)2naphth)(m-H)H(NCCH3)(CO)2-
(PiPr3)2](CF3SO3)2 (5), respectively. The
X-ray structure of 4 revealed the pres-
ence of a terminal and an asymmetric


bridging hydride. The hydrido ligands of
2 ± 4 undergo H/D exchange in D2O or
[D6]acetone. The monohydride 2 reacts
with H2 to give two isomeric com-
pounds of stoichiometry [Ir2(m-1,8-
(NH)2naphth)(m-H)H2(CO)2(PiPr3)2]-
(CF3SO3) (7 a, 7 b), in which a molecule
of hydrogen has been added to form a
terminal and a bridging hydride. In the
presence of NEt3, 7 a and 7 b isomerize
into the symmetric complex 8 which
presents a trans arrangement of the
hydrides. Oxidation of complex 1 allows
the preparation of the iridium(ii) species


[Ir2(m-1,8-(NH)2naphth)(OSO2CF3)2-
(CO)2(PiPr3)2] (9). The triflate ligands of
9 can be replaced by tetrahydrothio-
phene or acetonitrile to give complexes
10 and 11, respectively. The acetonitrile
complexes can exist as three different
isomers: two have C2 symmetry (11 a,
11 c) and one is asymmetric (11 b); the
latter has been characterized by X-ray
diffraction. The kinetic study of the
isomerization reactions reveals these
processes to be strictly intramolecular.
The reaction of 9 with hydrogen gives
different final products, depending on
the solvent. Thus, in CDCl3 the dihy-
dride 3 is obtained, whereas in acetone a
mixture of the trihydrides 7 a and 7 b is
formed.


Keywords: hydrido complexes ´ iri-
dium ´ metal ± metal interactions ´
NMR spectroscopy


Introduction


The expected cooperation between metal atoms to perform
novel chemical transformations is the basic idea that pro-
motes most of the research in binuclear complexes.[1, 2] Such
cooperation can result from electronic influences between
metal centers behaving essentially as in mononuclear com-
plexes[3, 4] or, alternatively, can be the consequence of an
overall change in the reactivity due to the proximity of both
metals.


Clear examples of the latter are found in the chemistry of
binuclear rhodium and iridium compounds, which very
frequently give rise to complexes in oxidation state ii,[5] and
which is very unusual for mononuclear species.[6] This may
have a positive influence for some transformations but may


also introduce limitations with regard to the mononuclear
complexes. Thus, whilst the activation of molecules such as
halogens or halocarbons by diiridium(i) complexes has been
extensively documented,[7] the reported examples of concert-
ed activations of H ± H bonds are very scarce.[8] This is in
contrast with the behavior of mononuclear IrI complexes, in
which the oxidative addition of hydrogen is perhaps the most
typical reaction. This lack of results in concerted oxidations
coincides with early theoretical investigations which indicated
that oxidative additions to diiridium d8 ± d8 centers are
difficult processes,[9] which should preferably take place at a
single metal atom. However, the same investigations pro-
posed that these additions could be more favorable in d7 ± d7


species, as suggested by the calculations on iron(i) models.
Due to the importance of oxidative additions in homoge-


neous catalysis[10] and following our interest in the catalytic
applications of binuclear complexes,[11] the present work
focuses on the study of concerted oxidative additions in
binuclear iridium complexes. From the variety of possible
reactions and reactants, we have restricted ourselves to simple
processes, such as protonations, oxidations, and additions of
hydrogen, which can model the behavior of other small
molecules of interest in homogeneous catalysis. The starting
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material employed in this study, the complex [Ir2(m-1,8-
(NH)2naphth)(CO)2(PiPr3)2] (1), contains a di-m-amido
bridge,[12, 13] which binds the metals in both bridging and
chelating modes. This is advantageous not only since it
reduces the possibility of fragmentation, but also since it
allows short intermetallic distances to minimize structural
strain. Furthermore, the combination of nitrogen donor
ligands and very basic phosphanes, such as PiPr3, allows the
formation of stable nucleophilic iridium complexes.


Results and Discussion


Preparation of [Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2] (1):
Compound [Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2] (1) can be
obtained in good yield from the reaction of the tetracarbonyl
complex [Ir2(m-1,8-(NH)2naphth)(CO)4][13] with two equiva-
lents of triisopropylphosphane. According to the spectro-
scopic data, the structure of 1 [Eq. (1); counterion CF3SOÿ


3 ] is


similar to that of its triphenylphosphane analogue, which we
reported previously.[12] The 31P{1H} NMR spectrum in CD2Cl2


shows a singlet at d� 37.40 which may agree with either a Cs


(cisoid) or with a C2 (transoid) symmetry. The proton
spectrum shows three resonances for the aromatic protons
of the diamidonaphthalene bridge, together with a single
broad peak for both NH protons at d� 4.73. This indicates C2


symmetry [Eq. (1)]. The 13C{1H} NMR spectrum is also
consistent with this symmetry. It is noteworthy that the signal
corresponding to the C1 and C8 quaternary carbon atoms of
the diamidonaphthalene bridge at d� 150.55 displays a
3J(C,P) coupling of 3.0 Hz, which is attributed to the trans
position of the phosphorus and nitrogen atoms. As will be
shown below, the presence or absence of this 3J(C,P) is a very
useful indicator for the determination of the phosphane ligand
positions within the binuclear framework.


At first sight, complex 1 should contain very nucleophilic
iridium(i) centers, provided that they coordinate very basic
phosphanes and a nitrogen donor bridge. In spite of these
apparently favorable conditions for oxidative addition, 1 does
not react with hydrogen under normal reaction conditions.


Protonation of complex 1: Complex 1 reacts with strong acids,
such as HBF4 or HO3SCF3, to give protonation products. The
reaction with one equivalent of trifluoromethylsulfonic acid in
THF led to the cationic complex [Ir2(m-1,8-(NH)2naphth)H
(CO)2(PiPr3)2](CF3SO3) (2).[14] Conductivity measurements of
solutions of 2 in nitromethane indicate a 1:1 electrolyte,[15]


whereas the analytical data agree with the proposed stoichi-
ometry.


Compound 2 is asymmetric, as evidenced by the 31P{1H}
NMR spectrum, which shows two singlets at d� 38.56 and


33.94. The signal in the proton spectrum attributed to the
hydrido ligand consists of a doublet of doublets at d�ÿ29.13
with J(H,P) couplings of 18.6 and 4.8 Hz. The former is typical
for a terminal hydride cis to a phosphane, whereas the latter
would suggest the presence of an Ir ± Ir bond which would
allow a 3J(H,P) coupling. The resonances of the C1 and C8
carbons of the diamidonaphthalene bridge in the 13C{1H}
spectrum, two doublets at d� 147.68 (J(C,P)� 3.7 Hz) and
147.71 (J(C,P)� 1.5 Hz), are consistent with a transoid ar-
rangement of the phosphanes. In CD2Cl2, the triflate 19F signal
is a singlet at d�ÿ78.8, which suggests that the anion is not
coordinated to iridium. In agreement with this, the NMR
signals of complex 2 in CD2Cl2 do not change in the presence
of small amounts of coordinating solvents such as acetone or
acetonitrile. The IR spectrum of 2 shows an absorption at
2197 cmÿ1, which corresponds to a n(Ir ± H) mode of a
terminal hydride. In view of the data mentioned above, the
structure of 2 depicted in Equation (1) can be considered as
the most plausible description of the compound.


Nevertheless, formulation of a structure for derivatives such
as 2 is not obvious, due to the different possibilities for the
assignment of charges and formal oxidation states. The
previously reported complex [Ir2(m-Pz)2(NO)(cod)2]BF4


(cod� cycloocta-1,5-diene, PzH� pyrazole), which is isoelec-
tronic to 2, was discussed as being possibly a d7 ± d7 or d6 ± d8


complex,[14b] whereas, on the basis of theoretical calculations,
isoelectronic reaction intermediates of rhodium have been
described as RhIII ± RhI derivatives containing a dative
metal ± metal bond.[5a] This particular aspect has also been
extensively discussed in the chemistry of binuclear gold
complexes.[16] In the case of complex 2, some experimental
observations suggest that the IrIII ± IrI description could be
more appropriate. In particular, the two infrared n(CO)
modes at 2025 and 1977 cmÿ1 are indicative of rather different
iridium centers, and the difference between these two n(CO)
modes is comparable to that found in well defined IrIII ± IrI


compounds.[4, 7f] In addition, the lack of coordination of the
triflate anion could be also claimed as an indication of d6 ± d8


character. In agreement with this, the structural and theoret-
ical studies performed on the complex [Ir2(m-Pz)2-
(CH3)(CO)2(PiPr3)2]ClO4, which is also isoelectronic to 2,
have indicated the presence of IrIII ± IrI centers connected by a
weak metal ± metal bond.[7g]


Complex 2 can react with NEt3 to reform 1, but also with a
second equivalent of triflic acid to give complex [Ir2(m-1,8-
(NH)2naphth)(m-H)H(OSO2CF3)(CO)2(PiPr3)2](CF3SO3) (3)
[Eq. (2); counterion in each case CF3SOÿ


3 ]. The 19F NMR


spectrum of 3 in CD2Cl2 shows two singlets at d�ÿ77.97 and
ÿ78.85,[17, 18] which indicates that only one of the anions is
coordinated to the bimetallic unit. In agreement with this, the
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solutions of 3 in CH2Cl2 display molar conductivities consis-
tent with a 1:1 electrolyte.[15] The 31P{1H} NMR of 3 in CD2Cl2


displays two singlets at d� 24.09 and 29.19, which under off
resonance conditions split into two doublets with hydride
couplings of J� 9.6 and 19.5 Hz respectively. The 1H NMR
spectrum contains two doublets corresponding to the hydride
ligands at d�ÿ22.25 (J(H,P)� 9.6 Hz) and at d�ÿ20.01
(J(H,P)� 19.5 Hz). The J(H,P) coupling of the latter is
consistent with a terminal hydride cis to the phosphane
ligand, whereas the small J� 9.6 Hz coupling suggests that
this hydride may bridge the metal centers in an asymmetric
fashion [Eq. (2)].[11, 19] A weak band in the IR spectrum at
2253 cmÿ1 can be attributed to the terminal hydride, whereas
the carbonyl stretching frequencies at 2076 and 2056 cmÿ1


agree with an IrIII ± IrIII complex.[20]


The triflate ligand of 3 can be substituted by weak Lewis
bases, such as acetone or acetonitrile, to give the solvato
complexes [Ir2(m-1,8-(NH)2naphth)(m-H)H(OC(CH3)2)-
(CO)2(PiPr3)2](CF3SO3)2 (4) and [Ir2(m-1,8-(NH)2naphth)-
(m-H)H(NCCH3)(CO)2(PiPr3)2](CF3SO3)2 (5) [Eq. (3); coun-
terion: CF3SOÿ


3 ]. Conductivity measurements of solutions of


both complexes give typical values for 2:1 electrolytes. In
agreement with this, the 19F NMR spectra of 4 or 5 in
[D6]acetone give a singlet at d�ÿ78.32, characteristic of a
noncoordinated triflate. The other spectroscopic parameters
of compounds 4 and 5 are very similar to those of complex 3
(see Experimental Section), which indicates that these three
IrIII dihydrides have similar structures. Figure 1 shows the
structure of the cation of 4, as determined by X-ray diffraction
and Table 1 lists the relevant distances and angles.


The cation of 4 is an asymmetric species in which both
metallic centers display approximately octahedral coordina-
tion environments. The binuclear unit presents transoid
arrangements of both carbonyl and phosphane ligands. The
intermetallic distance is 2.7659(5) �, which is considerably
shorter than that determined for the methylene-bridged
derivative [Ir2(m-1,8-(NH)2naphth)(m-CH2)I2(CO)2(PPh3)2][12]


(3.0306(4) �). The hydride ligands were located in the
difference Fourier maps. One of them (H101) occupies a
terminal position with an Ir ± H distance of 1.44 �, and the
other (H102) bridges the two metal centers with distances of
1.87 and 1.74 �.


Although the hydride positions must be interpreted with
some caution, they agree well with the interpretation of the
solution NMR spectra. As in other cases where an asymmetric
bridging hydride has been found,[11, 19] the asymmetry can be
attributed to the different trans influences of the ligands trans
to the bridge. The structural parameters of the acetone ligand
of 4 are similar to those found in the mononuclear complex


Figure 1. Molecular structure of the cation of complex 4.


[IrH2(Me2CO)2(PPh3)2]BF4,[21] the previously sole example of
an (acetone)IrIII complex determined by X-ray diffraction.
The Ir ± O distance (2.127(6) �) is considerably shorter than
those found in the above-mentioned mononuclear complex
(2.220(5) and 2.235(5) �), where the acetone ligands are trans
to terminal hydrides.


Complexes 3 ± 5 can be also obtained directly by reaction of
1 with an excess of triflic acid in CH2Cl2, acetone, or
acetonitrile, respectively. At short reaction times, the reaction
of 1 in CD2Cl2 with a tenfold excess of acid yields 3 as a major
product, together with a new species, 6. The latter slowly
isomerizes to give 3, but can be maintained at temperatures
below 273 K. On the basis of the data collected for 6, the


Table 1. Selected bond lengths [�] and angles [8] for complex 4.


Ir(1) ± P(1) 2.338(2) Ir(2) ± P(2) 2.3693(19)
Ir(1)±N(1) 2.121(5) Ir(2) ± N(1) 2.155(6)
Ir(1) ± N(2) 2.084(6) Ir(2) ± N(2) 2.149(5)
Ir(1) ± C(11) 1.861(8) Ir(2) ± C(12) 1.870(9)
Ir(1) ± H(101) 1.44[a] Ir(2) ± O(3) 2.127(6)
Ir(1) ± H(102) 1.87[a] Ir(2) ± H(102) 1.74[a]


P(1)-Ir(1)-N(1) 172.53(17) P(2)-Ir(2)-N(1) 97.17(16)
P(1)-Ir(1)-N(2) 99.05(18) P(2)-Ir(2)-N(2) 168.49(17)
P(1)-Ir(1)-C(11) 88.7(2) P(2)-Ir(2)-C(12) 90.4(2)
P(1)-Ir(1)-H(101) 80.33(5) P(2)-Ir(2)-O(3) 95.28(15)
P(1)-Ir(1)-H(102) 103.84(5) P(2)-Ir(2)-H(102) 87.54(5)
N(1)-Ir(1)-N(2) 74.8(2) N(1)-Ir(2)-N(2) 72.8(2)
N(1)-Ir(1)-C(11) 97.3(3) N(1)-Ir(2)-C(12) 168.5(3)
N(1)-Ir(1)-H(101) 103.96(15) N(1)-Ir(2)-O(3) 89.3(2)
N(1)-Ir(1)-H(102) 71.55(15) N(1)-Ir(2)-H(102) 73.08(16)
N(2)-Ir(1)-C(11) 171.9(3) N(2)-Ir(2)-C(12) 98.7(3)
N(2)-Ir(1)-H(101) 93.32(16) N(2)-Ir(2)-O(3) 90.3(2)
N(2)-Ir(1)-H(102) 82.92(16) N(2)-Ir(2)-H(102) 84.16(17)
C(11)-Ir(1)-H(101) 90.1(3) C(12)-Ir(2)-O(3) 98.7(3)
C(11)-Ir(1)-H(102) 93.2(3) C(12)-Ir(2)-H(10-


2)
98.7(3)


H(101)-Ir(1)-H(102) 175[a] O(3)-Ir(2)-H(102) 162.38(14)
Ir(1)-N(1)-Ir(2) 80.61(19) Ir(1)-N(2)-Ir(2) 81.6(2)
Ir(1)-H(102)-Ir(2) 99.891(15)
Ir(1)-C(11)-O(1) 177.7(8) Ir(2)-C(12)-O(2) 177.9(7)


[a] Hydride ligands were refined with a riding model
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species can be formulated as the symmetric isomer of 3
[Eq. (4); counterion: CF3SOÿ


3 ]. The 31P{1H} NMR spectrum
of 6 in CD2Cl2 consists of a singlet at d� 22.76. The proton


spectrum shows a doublet at d�ÿ26.86 (J(H,P)� 18.3 Hz)
which corresponds to two equivalent terminal hydrides, along
with a single broad N ± H resonance. The 13C{1H} spectrum at
253 K also agrees with the proposed C2 structure.


Interestingly, in spite of the fact that 6 can easily be
observed on treatment of 1 with excess acid, this species
cannot be detected during protonation of the monohydride 2.
This fact suggests that 6 results from the simultaneous double
protonation of 1 rather than from a stepwise reaction via 2. In
agreement with this proposal, it has been observed that the
greater the excess of triflic acid employed, the more complex
6 is formed. Therefore, complex 3 should be considered to be
not only the thermodynamic result of protonation of 2, but
also the kinetic product of this reaction. This indicates that,
regardless the formal ambiguity in the electronic structure of
2, the electron density of this complex is concentrated
between the metal centers and it directs the electrophilic
attack of H� to the intermetallic position.


The formation of complexes 3 ± 5 constitutes a rare example
of the double protonation of a binuclear complex, especially
considering the fact that the monohydride 2 is itself acidic.
Previously reported double protonations in dirhodium com-
plexes led to H2 elimination[22] or to the formation of
symmetric dihydrides similar to 6.[23] In addition, the double
protonation of the complex [Cp*Ir(m-CO)]2 has been report-
ed to give a symmetric bis(hydrido)-bridged complex.[8a]


However, to the best of our knowledge, complexes 3 ± 5 are
the first examples of a double protonation of a symmetric
binuclear complex leading to an asymmetric species.


H/D exchange reactions in polar deuterated solvents : In the
presence of D2O or [D6]acetone, complex 2 undergoes H/D
scrambling of the hydride ligand to produce the complex
[Ir2(m-1,8-(NH)2naphth)D(CO)2(PiPr3)2](CF3SO3) ([D]2).
The deuterated complex is characterized by a downfield
isotopic shift Dd��0.12 ppm of the signal at d� 33.94 in the
31P{1H} NMR. Similar H/D scrambling processes with acetone
have been previously observed,[17, 24] and attributed to the
acidity of the hydride complexes.[25] In agreement with this
proposal, 2 can be readily deprotonated by NEt3 to yield 1.


In an analogous manner to 2, complexes 4 and 5 also
undergo H/D scrambling in the presence of D2O or [D6]ace-
tone. Initially, this scrambling affects only the terminal
hydride, giving rise to monodeuterated complexes [D]4 and
[D]5. In both cases downfield isotopic shifts of Dd� 0.12 ppm
are found for the singlet at lower field in the 31P{1H} NMR
spectra. In addition, the bridging hydride signals display
downfield isotopic shifts of Dd� 0.022 ppm in both com-


plexes. Replacement of the bridging hydrides by deuterium
occurs only after extended reaction times (up to 2 h), to give
complexes [D2]4 and [D2]5, which are deuterated in both
hydrido positions. Deuteration of the bridging hydride results
in nondetectable isotopic shifts in the 31P{1H} NMR spectra.[11]


The different rates of deuteration of the two hydrido
ligands suggest that, for complexes 4 and 5, the terminal
hydrides are kinetically more acidic than the bridging ones. In
contrast to this, treatment of complexes 3 ± 5 with one
equivalent of triethylamine yielded the terminal hydrido
complex 2. This result can be understood by assuming that the
initial abstraction of the terminal hydride is followed by the
isomerization of the resulting monohydride to give the
thermodynamic stable complex 2. In terms of Norton�s
definitions of kinetic and thermodynamic acidities,[25, 26] this
implies that the thermodynamic acidity of the bridging
hydride is larger than that of the terminal hydride, which is
in agreement with previous observations.[25±27]


In order to support the above proposals, the spectroscopic
detection of kinetic deprotonation products were attempted.
During the treatment of solutions of 4 in [D6]acetone with one
equivalent of NEt3, a reaction intermediate which readily
gives complex 2 can be observed. This intermediate displays a
triplet at d�ÿ17.84 with J(H,P)� 9.0 Hz in the 1H NMR
spectrum, that may agree with a bridging hydride. Also, a
single broad resonance at d� 6.41 can be clearly attributed to
the two N ± H protons of the intermediate, whereas in the
31P{1H} spectrum this species gives a broad signal at d� 30.18.
Although this spectrocopic information is not enough to give
a structural proposal, the data obtained qualitatively corre-
lates with the expected product of a terminal hydride
abstraction. Attempts to trap this intermediate by reaction
with ligands such as CO or acetonitrile gave complex 1
together with other unidentified species which are probably
disproportionation products.


Oxidative addition of hydrogen to complex 2 : In contrast to
complex 1, which does not react with H2, the red solutions of
complex 2 in acetone rapidly turn yellow upon bubbling with
hydrogen. From the resulting solutions, a pale yellow solid
of stoichiometry [Ir2(m-1,8-(NH)2naphth)(m-H)H2(CO)2-
(PiPr3)2](CF3SO3) (7) can be isolated in good yield. The
spectroscopic analysis of this solid reveals that it consists of a
mixture of two isomers, 7 a and 7 b, in approximately 0.4:0.6
molar ratio. The structures of both isomers, deduced from the
NMR parameters, are those represented in Equation (5)
(counterion: CF3SOÿ


3 ) .
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Figure 2 shows the hydride region of the 1H NMR spectrum
of the mixture 7 in [D6]acetone. The minor isomer, 7 a, shows a
lowfield signal at d�ÿ10.46 (Hb) with a ddd pattern. This


Figure 2. Highfield region of the 1H NMR spectrum of the mixture 7.
White dots correspond to the minor isomer 7 a, and black dots to isomer 7b.


signal displays unusual J(H,P) couplings of 70.2 and 3.6 Hz
together with a J(H,H) of 3.3 Hz. The absence of a typical
J(H,P) coupling for a terminal hydride cis to a phosphane
ligand(� 18 Hz) suggests that the signal corresponds to a
bridging hydride located trans to a PiPr3 ligand. The small
value of the second J(H,P) coupling also suggests that, as in
complexes 3 ± 5, this bridge is asymmetric. This observation is
also supported by the small trans J(H,H) coupling of 3.3 Hz
with Ha. The other two hydrido signals of 7 a display J(H,P)
couplings typical of terminal hydrides located cis to a
phosphane ligand: J� 19.8 Hz for Hc and 18.9 for Ha. The
latter also shows an unusual 4J(H,P) coupling of 29.1 Hz,
which may result from the all-trans Ha-Ir-Hb-Ir-PiPr3 arrange-
ment.


Unfortunately, the NMR data of 7 a may agree with both
cisoid and transoid dispositions of the carbonyl ligands, so that
the structure of this isomer cannot be unambiguously
determined. As a result of the loss of the transoid arrange-
ment of the phosphane ligands in 7 a, the 13C{1H} NMR signals
of the C1 and C8 carbon atoms of the diamidonaphthalene
bridge consist of a doublet at d� 149.95 (J(C,P)� 3.5 Hz) and
a singlet at d� 152.73, instead of the two doublets obtained
for the transoid derivatives. On the other hand, the signals
corresponding to these two carbon atoms in the major isomer,
7 b, consist of a doublet of doublets at d� 149.54 (J(C,P)� 3.5
and 2.3 Hz) and a singlet at d� 152.77, which suggests a cisoid
arrangement of the PiPr3 ligands. The hydrido signal of 7 b at
d�ÿ11.15 displays H ± P couplings of 6.3 and 3.3 Hz, in
agreement with a semibridging hydride Hb. This signal also
contains a H ± H coupling of 9.3 Hz to the hydride Ha located
trans. Both Ha and Hc have J(H,P) coupling constants
consistent with their terminal character, 17.4 and 15.9 Hz,
respectively.


The reaction with H2 of the deuterated complex [D]2 gave
an isomeric mixture of [D]7 a and [D]7 b, likewise in a
0.4:0.6 molar ratio. Both isomers are deuterated selectively at
the position of Ha, and they did not undergo detectable H/D


scrambling. Apart from the absence of the Ha signal in the 1H
NMR spectra, isomer [D]7 a is characterized by a downfield
isotopic shift of the bridging hydride Hb of Dd� 0.047 ppm. In
addition, a 4J(P,D) coupling of 3.8 Hz is observed in the
31P{1H} spectrum, which corresponds well with the 4J(H,P)
coupling of 29.1 Hz, observed for the Ha signal of 7 a. The
signal corresponding to the bridging hydride of [D]7 b is also
affected by a downfield shift of Dd� 0.042 ppm with regard to
that of complex 7 b. Unfortunately, due to the close proximity
of three of the four 31P{1H} signals of the isomeric mixture, the
isotopic shifts of these signals cannot be clearly observed.


The 0.4:0.6 molar ratio of 7 a :7 b found in the mixtures of 7
remains unaltered in solution, even after a period of days. The
ratio is also not affected by heating or cooling the solution.
This suggests that the mixture corresponds to a kinetic
distribution rather than to an equilibrium. In contrast to the
situation found for the hydrido complexes previously descri-
bed, 7 a and 7 b do not undergo H/D scrambling in the
presence of acetone or water. The above observations suggest
that the trihydrido complexes 7 a and 7 b are less acidic than
the previously described dihydrido and monohydrido com-
plexes 2 ± 5. In agreement with this proposal, the addition of
one equivalent of triethylamine to the mixture 7 did not yield
observable deprotonated products of 7 a and 7 b, but an
isomer, the complex 8. Analytical and spectroscopic data of 8
support the structure depicted in Equation (6) (counterion:
CF3SOÿ


3 ).


The mass spectra (FAB�) of complex 8 are identical to
those of the mixture 7. In addition, conductivity measure-
ments of its nitromethane solutions are consistent with a 1:1
electrolyte. The 31P{1H} NMR spectrum of 8 in [D6]acetone
exhibits a singlet at d� 31.77. The lowfield region of the
proton spectrum shows three signals for the diamidonaph-
thalene ligand together with a single broad line for the N ± H
protons, thus confirming the C2 symmetry. The highfield
region of the 1H spectrum (Figure 3) consists of two multiplets
at d�ÿ13.59 and ÿ9.68, that can be assigned to the AA' and
M parts of an AA'MXX' spin system (X� 31P), respectively.
In agreement with the structural proposal given in Equa-
tion (6), simulation of the spin system gave J(H,P)� 17.3 Hz
for the terminal hydrides and 4.5 Hz for the bridging one,
which is coupled to both phosphorus atoms. The latter is also
coupled to both terminal hydrides with J(H,H)� 10.9 Hz,
which confirms their relative trans positions. The other NMR
parameters of 8 are consistent with the proposed symmetry.







Amido±Bridged Diiridium Complexes 1398 ± 1410


Chem. Eur. J. 1998, 4, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1403 $ 17.50+.25/0 1403


Figure 3. Hydride signals in the 1H and 1H{31P} NMR spectra of complex 8
in [D6]acetone.


The IR spectrum in Nujol has a single n(CO) mode at
2027 cmÿ1 and a terminal n(Ir ± H) at 2129 cmÿ1.


The features of these trihydrido complexes described above
show that the oxidative addition of hydrogen to complex 2
occurs at the pocket of the binuclear framework and results in
one bridging and two terminal hydrido ligands. As a
consequence, either a phosphane or a carbonyl ligand is
displaced to the exo coordination position to give rise to a
kinetic mixture of 7 a and 7 b. The addition of NEt3 to this
mixture provokes the isomerization of 7 a and 7 b into the
thermodynamic stable isomer 8, most probably through the
formation of deprotonated intermediates.


Oxidation of complex 1 to give diiridium(iiii) complexes: Cyclic
voltammetry experiments in CH2Cl2 solutions of 1 (Figure 4)
show that the complex can undergo several oxidation


Figure 4. Cyclic voltammogram for the oxidation of complex 1 in CH2Cl2


at 20 mV sÿ1.


processes: a two-electron reversible oxidation at E� 0.23 V
and two irreversible one-electron oxidations at E� 1.11 and
1.22 V.


The low value of the first process indicates that the two-
electron oxidation products of 1 could be easily obtained on
treatment with mild oxidants. Thus, solutions of [FeCp2]CF3-


SO3
[28] in acetone readily react with 1 to give the com-


plex [Ir2(m-1,8-(NH)2naphth)(OSO2CF3)2(CO)2(PiPr3)2] (9)
[Eq. (7)].


The IR spectrum of 9 in Nujol shows carbonyl stretching
frequencies at 2054 and 2012 cmÿ1, in agreement with a
diiridium(ii) complex. The 19F NMR spectrum in CDCl3 at
243 K consists of two singlets at d�ÿ77.39 andÿ78.33, which
shows that both triflate anions are coordinated to the metal
centers. If the temperature is raised, the singlet at lowfield
undergoes only a small highfield shift, whereas the signal at
d�ÿ78.33 shifts to higher field and broadens. This temper-
ature-dependence of the chemical shifts indicates the exis-
tence of a fast equilibrium process. The shift of the highfield
signal towards the chemical shift of the free triflate (d�
ÿ79.17 in CDCl3) suggests that this equilibrium is established
between a neutral and a cationic species which results from
the dissociation of one triflate anion, whereas the second
triflate remains coordinated. In agreement with this, 9 is
soluble in nonpolar solvents such as toluene, but solutions of it
in acetone show conductivities characteristic of 1:1 electro-
lytes.


In agreement with the existence of two different triflate
ligands, the 31P{1H} NMR spectrum in CD2Cl2 at room
temperature shows two doublets at d� 0.18 and 41.19 with a
J(P,P) couling of 8.8 Hz. Also, the C1 and C8 carbon atoms of
the bridging ligand give rise to a doublet at d� 142.72
(J(C,P)� 3.6 Hz) and a singlet at d� 143.00 in the 13C{1H}
NMR spectrum. This indicates that the phosphane ligands are
not in a transoid arrangement and would point to the structure
depicted in Equation (7). This structure can also explain the
existence of two different triflate ligands with different
lability.


Treatment of complex 9 with an excess of the mild ligand
tetrahydrothiophene (THT), produced the displacement of
the coordinated triflate anions and formation of the com-
pound [Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2(tht)2](CF3SO3)2


(10). The analytical data confirm the incorporation of two
THT ligands into the binuclear complex, and the conductivity
measurements are consistent with a 1:2 electrolyte. The
unique singlet (d� 11.89) found for 10 in the 31P{1H} NMR
spectrum in CDCl3 indicates that the complex is symmetric.
Also, in the proton NMR, the sole broad signal at d� 7.59,
corresponding to both NH protons, indicates C2 symmetry.
The other NMR parameters of 10 are those expected from this
symmetry and the transoid arrangement of the phosphane
ligands, and support the structural formulation given in
Equation (8) (counterion for 10: CF3SOÿ


3 ) .
The addition of acetonitrile to complex 9 gives rise to the


immediate formation of complex [Ir2(m-1,8-(NH)2naphth)-
(CO)2(PiPr3)2(NCCH3)2](CF3SO3)2 (11 a). The spectroscopic
data collected for 11 a support its formulation as an acetoni-
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trile analogue of complex 10 [Eq. (9); counterion in each case
CF3SOÿ


3 ] . Thus, 11 a shows a singlet at d� 21.63 in the 31P{1H}
NMR and a proton spectrum characteristic of a C2 symmetry.


However, 11 a is not stable in solution; it disappears to give
a mixture of the two complexes 11 b and 11 c. The final ratio of
these two complexes strongly depends on the solvent,
although 11 b is always the major component. Thus, in
[D6]acetone the proportion of 11 b is greater than 95 %,
whereas in CDCl3 it is about � 65 %.


Crystals of 11 b suitable for single-crystal X-ray diffraction
were obtained from solutions of the mixture in acetone. The
structure is depicted in Figure 5 and important bond lengths
and angles are listed in Table 2.


Complex 11 b is an asymmetric isomer of its precursor 11 a :
both metal centers have the same ligands but in a different
spatial arrangement. The ligands coordinate in a square-
pyramidal mode about both iridium atoms, which complete
their coordination spheres by means of a metal ± metal bond
to produce very distorted octahedrals environments around
each Ir center. The intermetallic distance is 2.5770(5) �, close
to the shortest Ir ± Ir bond length hitherto reported
(2.518 �),[29] and almost 0.2 � shorter than that found in the
hydrido-bridged complex 4.


The structure allows a comparison between identical
ligands bonded in different positions of the bimetallic com-
plex. Comparison between both acetonitrile ligands and both
PiPr3 clearly shows that the distances are longer when the
ligands are trans to the metal ± metal bond. This indicates a
larger structural trans effect of the metal in comparison to that
of the bridging nitrogen. Also, in spite of fact that both metals
are surrounded by the same ligands, both metallic centers


Figure 5. Molecular structure of the cation of complex 11b.


have rather different bond lengths to the bridging ligand and
to the carbonyl ligands, which shows that the different
arrangements of the ligands may strongly influence electronic
properties at the metal center. This observation is further
supported by the IR spectrum, which shows two n(CO) modes
at rather different frequencies of 2042 and 2008 cmÿ1. This
effect is very similar to that found in the neutral complex 9,
which is also asymmetric.


The other spectroscopic data found for 11 b are as expected
from the asymmetric structure found in solid state. On the
other hand, the spectra of 11 c indicate that this species is a
symmetric isomer of 11 b, and is different from 11 a. The
31P{1H} NMR spectrum in [D6]acetone shows a singlet at d�
9.19. The diamidonaphthalene ligand gives the 1H resonances
expected for C2 symmetry, and the two acetonitrile ligands
give a singlet at d� 2.88. The signals corresponding to the
methyl groups of the PiPr3 ligands consist of two doublets of
virtual triplets at d� 0.85 and 0.92, which, on decoupling of


Table 2. Selected bond lengths [�] and angles [8] for complex 11b.


Ir(1) ± Ir(2) 2.5770(5)
Ir(1) ± P(1) 2.336(3) Ir(2) ± P(2) 2.398(3)
Ir(1) ± N(1) 2.138(8) Ir(2) ± N(1) 2.079(8)
Ir(1) ± N(2) 2.144(8) Ir(2) ± N(2) 2.066(7)
Ir(1) ± N(3) 2.134(8) Ir(2) ± N(4) 2.018(9)
Ir(1) ± C(11) 1.821(11) Ir(2) ± C(12) 1.886(11)


Ir(2)-Ir(1)-P(1) 116.52(7) Ir(1)-Ir(2)-P(2) 152.51(7)
Ir(2)-Ir(1)-N(1) 51.32 Ir(1)-Ir(2)-N(1) 53.4(2)
Ir(2)-Ir(1)-N(2) 50.89(19) Ir(1)-Ir(2)-N(2) 53.6(2)
Ir(2)-Ir(1)-N(3) 136.0(2) Ir(1)-Ir(2)-N(4) 100.8(2)
Ir(2)-Ir(1)-C(11) 108.2(4) Ir(1)-Ir(2)-C(12) 111.3(3)
P(1)-Ir(1)-N(1) 167.7(2) P(2)-Ir(2)-N(1) 103.1(2)
P(1)-Ir(1)-N(2) 101.3(2) P(2)-Ir(2)-N(2) 111.3(2)
P(1)-Ir(1)-N(3) 91.9(3) P(2)-Ir(2)-N(4) 92.1(2)
P(1)-Ir(1)-C(11) 92.4(3) P(2)-Ir(2)-C(12) 91.7(3)
N(1)-Ir(1)-N(2) 72.8(3) N(1)-Ir(2)-N(2) 75.6(3)
N(1)-Ir(1)-N(3) 99.2(3) N(1)-Ir(2)-N(4) 89.5(3)
N(1)-Ir(1)-C(11) 90.5(4) N(1)-Ir(2)-C(12) 164.7(4)
N(2)-Ir(1)-N(3) 92.9(3) N(2)-Ir(2)-N(4) 154.5(3)
N(2)-Ir(1)-C(11) 158.6(4) N(2)-Ir(2)-C(12) 95.6(4)
N(3)-Ir(1)-C(11) 103.1(5) N(4)-Ir(2)-C(12) 93.8(4)
Ir(1)-N(1)-Ir(2) 75.3(3) Ir(1)-N(2)-Ir(2) 75.5(2)
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the CH isopropylic protons, give two virtual triplets. The
existence of coupling between the methyl groups and both
magnetically nonequivalent phosphorus atoms is typical of
mononuclear complexes with two equivalent PiPr3 ligands
trans each other. This suggests that in 11 c the phosphane
ligands occupy the positions trans to the Ir ± Ir bond. In
agreement with the latter, the 13C{1H} spectrum displays for
the CH carbon atoms of PiPr3 a virtual triplet at d� 24.66 with
a C ± P coupling N� J(C,P)� J(C,P')� 23.3 Hz, characteristic
of an AA'XX' system. The C1 and C8 carbon atoms of the
bridge give rise to a singlet at d� 145.15. These observations
support the structural formulation of 11 c as depicted in
Equation (9).


Dissolution of the crystals of 11 b in CDCl3 produce a
mixture of 11 b and 11 c in the same ratio which was found as a
result of the isomerization of 11 a. Thus, isomers 11 b and 11 c
are in equilibrium. The rates of isomerization (k2, obs) of 11 a to
give the equilibrium distribution of 11 b and 11 c in CDCl3


were measured at different temperatures and acetonitrile
concentrations by monitoring the disappearance of the
31P{1H} NMR signal of 11 a. In addition, the rates of exchange
between free acetonitrile and the acetonitrile coordinated to
11 a (k1, obs) were measured by spin-saturation transfer meth-
ods at 283 and 293 K. The pseudo-first-order rate constants
obtained for these processes are given in Table 3.


The results show that dissociation of acetonitrile from 11 a
is more that three orders of magnitude faster than the
isomerization of 11 a. In spite of this, the isomerization rates
are independent of the acetonitrile concentration, which
shows that the isomerization reaction does not require
previous dissociation of the ligand. The Eyring plot, given in
Figure 6, allows an estimation of the kinetic activation
parameters for the isomerization: DS=� 8.8 (� 2) eu and
DH=� 24.2 (� 1.6) kcal molÿ1, which are consistent with an
intramolecular process.


Addition of hydrogen to the diiridium(iiii) complexes : The
diiridium(ii) complex 9 readily reacts under a hydrogen
atmosphere in CDCl3 to give complex 3 [Eq. (10); counter-


Figure 6. Eyring plot of the rate constants for the isomerization of 11 a into
the mixture of 11b and 11c in CDCl3.


ion: CF3SOÿ
3 ] . The reaction of the CDCl3 equilibrium mixture


of acetonitrile adducts 11 b and 11 c with hydrogen gave
complex 5 as the final product; however, an intermediate that
precedes formation of 5 was observed. Only partial NMR data
could be collected for this intermediate, but the observed 1H
and 31P signals support its formulation as the complex 12
[Eq. (11); counterion: CF3SOÿ


3 ]. The hydride region of the


proton spectrum of 12 contains two signals: a doublet at d�
ÿ16.31 (J(H,P)� 21.3 Hz) and a doublet of doublets at d�
ÿ11.75 with J(H,P)� 76.2 and 46.2 Hz. These two unusual
couplings suggest that this hydride bridges two metal atoms
which have phosphane ligands in both trans positions. The
other hydride is terminal and is cis with respect to one
phosphane ligand. The 31P{1H} NMR spectrum displays two
doublets at d� 37.52 and 23.51 with J(P,P) coupling of 38.5 Hz,
consistent with an all-trans P-Ir-H-Ir-P arrangement. Under
off resonance conditions, the lowfield signal shows two J(H,P)
couplings of 21.3 and 46.2 Hz, whereas the signal at d� 23.51
is split by a J(H,P) coupling of 76.2 Hz.


Equation (11) shows that H2 adds to the diiridium(ii)
complexes 11 in the same way as that observed for the
monohydride complex 2. Rearrangement of 12 into the
thermodynamic isomer 5 with trans hydrides occurs very
rapidly, and is most probably favored by the dissociation of
the acetonitrile ligand. Such a process is also very likely to
occur for complex 9, although in this case, the lability of the
triflate ligand precludes detection of the kinetic intermediate.


Interestingly, when the reaction between 9 and H2 is carried
out in [D6]acetone, the rapid formation of complex 4 is
followed by its slow disappearance to give a mixture of the
trihydrido complexes 7 a and 7 b. The reaction is complete
within one hour at room temperature and 1 atm H2 to give the
same 7 a :7 b ratio found for the reaction of the monohydrido
complex 2 with hydrogen. On the basis of the Brùnsted acid


Table 3. Acetonitrile dissociation rates from complex 11 a (k1, obs) and rates
of isomerization of 11a (k2, obs).


T [K] [NCCH3]free [m] k1, obs [sÿ1] k2, (obs) [sÿ1]


283 0.13 0.73 9.85� 10ÿ5


293 0.13 1.99 5.05� 10ÿ4


298 0.13 8.45� 10ÿ4


303 0.08 1.56� 10ÿ3


0.13 1.47� 10ÿ3


1.04 1.45� 10ÿ3


308 0.13 3.79� 10ÿ3


313 0.13 7.13� 10ÿ3
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properties of the dihydrido complexes 3 ± 5 already discussed,
this reaction most probably involves the sequence shown in
Scheme 1. A related oxidative addition ± deprotonation se-
quence has already been reported for the reaction of the
dirhodium complex [Rh2(CO)4(dppm)2]2� with H2 to give
[Rh2(m-H)(m-CO)(CO)2(dppm)2]� .[17]


Scheme 1. Probable sequence for the reaction between 9 and H2


The fact that trihydride formation can be achieved in
acetone but not in CDCl3 is most probably related to the
extension of the deprotonation equilibrium, which requires a
polar medium to be established. The multistep process of
Scheme 1 constitutes a heterolytic activation of molecular
hydrogen[30] proceeding by classical oxidative addition and
deprotonation steps.


Conclusions


Although the very basic IrI binuclear complex 1 does not react
with hydrogen, its oxidized derivatives, obtained either by
protonation (2) or by direct oxidation (9 and 11), readily
undergo oxidative addition of H2. This is in contrast with the
behavior of mononuclear complexes, in which their ability to
undergo oxidative addition is enhanced by increasing the
electron density at the metal centers.[31] However, our
experimental observations agree with the theoretical studies
of bimetallic complexes: concerted addition of H2 appears to
be much easier for d7 ± d7 than for d8 ± d8 complexes.[9]


These H2 oxidative additions occur at the pocket of the
binuclear complex, where the available electronic density of
the complex accumulates. The kinetic products resulting from
these additions are asymmetric, and contain a terminal
hydride ligand and a bridging one in mutually cis positions,
as expected for a concerted process. Under appropriate


conditions, these kinetic products isomerize to give the
thermodynamically stable isomers, in which the hydrides are
mutually trans.


The IrIII dihydride complexes obtained by the oxidative
addition of H2, or alternatively by the unusual double
protonation of 1, display Brùnsted acid properties. As a
consequence, the treatment of the triflate complex 9 with H2


in acetone gives trihydrides (7 a, 7 b) as final products. This
reaction represents a new example for the ability of transition
metal complexes to perform the heterolytic cleavage of
molecular hydrogen.


From the above results, we can also conclude that these
binuclear IrII complexes present sites with different capabil-
ities in oxidative addition reactions: the unreactive axial sites
(trans to the neighboring metal) and the reactive pocket sites
(cis to the metal). The studies carried out on the acetonitrile
complexes 11 have shown the possibility of facile ligand
exchange between axial and pocket sites, which suggests that
these processes are intramolecular and do not require
previous dissociation of the ligand.


Experimental Section


Physical measurements : Infrared spectra were recorded as Nujol mulls on
polyethylene sheets with a Nicolet 550 spectrometer. C, H, N, and S
analyses were carried out in a Perkin ± Elmer 2400 CHNS/O analyzer.
NMR spectra were recorded on a Varian UNITY, a Varian Gemini 2000 or
a Bruker ARX 300 MHz spectrometer. The temperature was calibrated by
1H NMR with a standard methanol sample. 1H and 13C chemical shifts were
measured relative to partially deuterated solvent peaks but are reported
relative to tetramethylsilane. 31P and 19F chemical shifts were measured
relative to H3PO4 (85 %) and CFCl3, respectively. Coupling constants are
given in Hz. Generally, spectral assignments were achieved by 1H COSY
and NOESY and 13C DEPT experiments. The relaxation times T1 were
obtained by a conventional inversion ± recovery method. The calculations
of the relaxation times were made with the fitting routine of the Varian
spectrometers. Cyclic voltammetric experiments were performed with an
EG&GPARC Model 273 potentiostat. A three-electrode system was used,
consisting of a platinum disk working electrode, a platinum wire auxiliary
electrode, and a saturated calomel reference electrode. The measurements
were carried out in CH2Cl2 solutions with 0.1m Bu4NPF6 as the supporting
electrolyte. Under the present experimental conditions, the ferrocenium/
ferrocene couple was located at E� 0.47 V. The reversibility of the first
oxidation process was studied at scan rates of 20, 50, 100, and 200 mV sÿ1.
The ratio ic/ia remained close to unity and the magnitudes, (Ep,aÿEp,c) and
(ip,a (v)ÿ1/2) were constant for the different scan rates.[32]


Synthesis : All reactions were carried out with exclusion of air with standard
Schlenk techniques. Solvents were dried by known procedures and distilled
under Ar prior to use. The complex [Ir2(m-1,8-(NH)2naphth)(CO)4] was
prepared following the procedure described in reference [13b].


Preparation of [Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2] (1): A solution of
[Ir2(m-1,8-(NH)2naphth)(CO)4] (980 mg, 1.51 mmol) in diethyl ether
(20 mL) was treated with triisopropylphosphane (577 mL, 3.02 mmol).
After 30 min, the orange solid formed was decanted, washed with diethyl
ether, and dried in vacuo. Yield: 1.15 g (83 %); IR (Nujol): nÄ � 3358 (N ±
H), 1929, 1911 (CO) cmÿ1; 1H NMR (300 MHz, CD2Cl2, 293 K): d� 1.25
(dd, J(H,P)� 13.6, J(H,H)� 7.2, 18H, PCHCH3), 1.38 (dd, J(H,P)� 13.6,
J(H,H)� 7.2, 18H, PCHCH3), 2.40 (m, 6 H, PCHCH3), 4.68 (br, 2H, NH),
6.91 (d, J(H,H)� 7.5, 2 H, CH), 7.11 (dd, J(H,H)� 8.2, 7.5, 2H, CH), 7.39 (d,
J(H,H)� 8.2, 2 H, CH); 31P{1H} NMR (121 MHz, CD2Cl2, 293 K): d� 37.02
(s); 13C{1H} NMR (75 MHz, CD2Cl2, 293 K): d� 19.28 (s, PCHCH3), 19.91
(s, PCHCH3), 25.95 (d, J(C,P)� 30.1, PCHCH3), 108.97 (m, CH), 119.73 (s,
CH), 120.96 (s, C), 127.50 (s, CH), 135.36 (s, C), 150.55 (AA'XX' system,
X� 31P, J(C,P)� 3.0, J(P,P)� 2.0, C), 180.46 (d, J(C,P)� 12.4, CO); MS
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(FAB�): m/z (%): 917 (100) [M�], 889 (40) [M�ÿCO]; C30H50N2Ir2P2O2


(917.1): calcd C 39.29, H 5.49, N 3.05; found C 39.30, H 5.37, N 2.94.


Preparation of [Ir2(m-1,8-(NH)2naphth)H(CO)2(PiPr3)2](CF3SO3) (2): A
solution of 1 (150 mg, 0.16 mmol) in THF (10 mL) was treated with
trifluoromethylsulfonic acid (14.6 mL, 0.16 mmol). After 30 min, the
solution was concentrated (� 2 mL) and the deep red solid formed was
separated by decantation, washed with diethyl ether, and dried in vacuo.
Yield: 143 mg (82 %); IR (Nujol): nÄ � 3323 (N ± H), 2197 (Ir ± H), 2025,
1977 (CO) cmÿ1; 1H NMR (300 MHz, [D6]acetone, 293 K): d�ÿ29.13 (dd,
J(H,P)� 18.6, J(H,P)� 4.8, 1H, Ir ± H), 1.24 (dd, J(H,P)� 14.7, J(H,H)�
7.2, 9 H, PCHCH3), 1.42 (dd, J(H,P)� 15.3, J(H,H)� 7.2, 9H, PCHCH3),
1.45 (dd, J(H,P)� 14.7, J(H,H)� 7.2, 18H, PCHCH3), 2.88, 2.93 (m, 3H
each, PCHCH3), 7.09 (br, 1 H, NH), 7.28 (br, 1H, NH), 7.34, 7.35 (t,
J(H,H)� 7.5, 1H each, CH), 7.67, 7.72, 7.73, 7.76 (d, J(H,H)� 8.2, 1 H each,
CH); 31P{1H} NMR (121 MHz, [D6]acetone, 293 K): d� 38.56 (s), 33.94 (s);
13C{1H} NMR (75 MHz, [D6]acetone, 293 K): d� 19.14 (d, J(C,P)� 1.3,
PCHCH3), 19.99, 20.00, 20.12 (s, PCHCH3), 25.79 (d, J(C,P)� 31.1,
PCHCH3), 26.59 (d, J(C,P)� 30.7, PCHCH3), 112.13 (d, J(C,P)� 3.0,
CH), 112.58 (d, J(C,P)� 3.2, CH), 121.95 (s,C), 122.92, 123.33, 128.50 (s,
CH), 136.22 (s, C), 147.68 (d, J(C,P)� 3.7, C), 147.71 (d, J(C,P)� 1.5, C),
171.34 (d, J(C,P)� 6.9, CO), 178.96 (d, J(C,P)� 9.8, CO); 19F NMR
(282 MHz, [D6]acetone, 293 K): d�ÿ78.32 (s); MS (FAB� ): m/z (%): 917
(30) [M�ÿH]; LM (5� 10ÿ4m, nitromethane)� 76 Wÿ1 cm2 molÿ1 (1:1);
C31H51N2SIr2P2O5F3 (1067.1): calcd C 34.89, H 4.72, N 2.62, S 3.00; found C
35.41, H 5.06, N 2.52, S 3.06.


Preparation of [Ir2(m-1,8-(NH)2naphth)(m-H)H(OSO2CF3)(CO)2


(PiPr3)2](CF3SO3) (3): A solution of 1 (200 mg, 0.22 mmol) in CH2Cl2


(10 mL) was treated with trifluoromethylsulfonic acid (38.9 mL,
0.44 mmol). The color of the resulting solution slowly changed from
orange to yellow. After 2 h, the solution was concentrated (� 1 mL) and
treated with diethyl ether to give a pale yellow solid, which was filtered off,
washed with ether, and dried in vacuo. Yield: 183 mg (69 %); IR (Nujol):
nÄ � 3283 (N ± H), 2076, 2056 (CO) cmÿ1; 1H NMR (300 MHz, CD2Cl2,
293 K): d�ÿ22.25 (d, J(H,P)� 9.6, 1 H, IrÐH ´´´ Ir), ÿ20.01 (d, J(H,P)�
19.5, 1H, Ir ± H), 1.29 (dd, J(H,P)� 15.9, J(H,H)� 7.8, 18H, PCHCH3),
1.35 (dd, J(H,P)� 16.5, J(H,H)� 6.9, 9 H, PCHCH3), 1.40 (dd, J(H,P)�
15.0, J(H,H)� 6.9, 9 H, PCHCH3), 2.51, 2.92 (m, 3H each, PCHCH3), 5.39
(br, 1 H, NH), 7.13 (dd, J(H,H)� 8.4, 8.1, 1H, CH), 7.17 (br, 1 H, NH), 7.26
(t, J(H,H)� 7.8, 1 H, CH), 7.50(d, J(H,H)� 7.8, 1 H, CH), 7.73 (d, J(H,H)�
8.4, 1 H, CH), 7.79 (d, J(H,H)� 8.1, 1 H, CH), 7.88 (d, J(H,H)� 7.8, 1H,
CH); 31P{1H} NMR (121 MHz, CD2Cl2, 293 K): d� 24.09 (s), 29.19 (s);
13C{1H} NMR (75 MHz, CD2Cl2, 293 K): d� 18.99 (d, J(C,P)� 1.2,
PCHCH3), 19.54 (d, J(C,P)� 2.9, PCHCH3), 19.65 (d, J(C,P)� 1.4,
PCHCH3), 19.80 (d, J(C,P)� 1.9, PCHCH3), 25.46 (d, J(C,P)� 28.8,
PCHCH3), 25.47 (d, J(C,P)� 30.6, PCHCH3), 114.44 (d, J(C,P)� 3.6,
CH), 114.76 (d, J(C,P)� 3.9, CH), 122.98 (s, C), 123.66, 124.23, 127.15,
127.47 (s, CH), 135.38 (s, C), 142.94 (d, J(C,P)� 2.8, C), 143.07 (d, J(C,P)�
3.2, C), 164.53 (d, J(C,P)� 6.6, CO), 164.54 (d, J(C,P)� 7.3, CO); 19F NMR
(282 MHz, CD2Cl2, 293 K): d�ÿ77.97 (s), ÿ78.85 (s); MS (FAB�): m/z
(%): 918 (40) [M�ÿHO3SCF3]; LM (5 E ± 4 M, CH2Cl2)�
10.5 Wÿ1 cm2 molÿ1 (1:1); C32H52N2S2Ir2P2O8F6 (1217.2): calcd C 31.58, H
4.31, N 2.30, S 5.27; found C 31.05, H 4.34, N 2.19, S 5.41.


Preparation of [Ir2(m-1,8-(NH)2naphth)(m-H)H(OC(CH3)2)(CO)2


(PiPr3)2](CF3SO3)2 (4): A suspension 1 (200 mg, 0.22 mmol) in acetone
(10 mL) was treated with trifluoromethylsulfonic acid (38.9 mL,
0.44 mmol). The color of the resulting solution slowly changed from
orange to yellow. After 2 h, the solution was concentrated to about 2 mL
which led to a yellow solid. Precipitation of the compound was completed
by addition of diethyl ether (10 mL). The solid was filtered off washed with
ether and dried in vacuo. Yield: 210 mg (75 %). IR (Nujol): nÄ � 3269 (N ±
H), 2250 (Ir ± H), 2071, 2054 (CO), 1709 (C�O) cmÿ1; 1H NMR (300 MHz,
CD2Cl2, 293 K): d�ÿ22.07 (d, J(H,P)� 9.3, 1H, Ir ± H ´´´ Ir), ÿ20.77 (dd,
J(H,P)� 19.5, J(H,P)� 1.8, 1 H, Ir ± H), 1.28 (dd, J(H,P)� 15.6, J(H,H)�
6.6, 9H, PCHCH3), 1.29 (dd, J(H,P)� 15.6, J(H,H)� 7.2, 9H, PCHCH3),
1.31 (dd, J(H,P)� 15.3, J(H,H)� 6.6, 9 H, PCHCH3), 1.33 (dd, J(H,P)�
16.3, J(H,H)� 7.5, 9H, PCHCH3), 1.77 (s, 6 H, OC(CH3)2), 2.68, 2.95 (m,
3H each, PCHCH3), 7.23 (br, 1 H, NH), 7.28 (t, J(H,H)� 7.8, 1 H, CH), 7.35
(t, J(H,H)� 8.1, 1 H, CH), 7.62 (br, 1H, NH), 7.73 (d, J(H,H)� 8.1, 1H,
CH), 7.81 (d, J(H,H)� 8.1, 1H, CH), 7.93 (d, J(H,H)� 7.8, 1H, CH), 8.07
(d, J(H,H)� 7.8, 1H, CH); 31P{1H} NMR (121 MHz, CD2Cl2, 293 K): d�
22.14 (s), 31.08 (s); 13C{1H} NMR (75 MHz, CD2Cl2, 293 K): d� 19.04 (d,


J(C,P)� 2.2, PCHCH3), 19.19 (d, J(C,P)� 2.9, PCHCH3), 19.24 (d,
J(C,P)� 1.8, PCHCH3), 19.79 (d, J(C,P)� 1.4, PCHCH3), 25.71 (d,
J(C,P)� 30.6, PCHCH3), 26.64 (d, J(C,P)� 29.5, PCHCH3), 32.25 (s,
OC(CH3)2), 115.49 (d, J(C,P)� 3.4, CH), 115.72 (d, J(C,P)� 3.6, CH),
123.06 (s, C), 123.44, 123.99, 127.74, 128.52 (s, CH), 135.05 (s, C), 143.04 (d,
J(C,P)� 3.4, C), 143.36 (d, J(C,P)� 3.0, C), 163.80 (d, J(C,P)� 8.2, CO),
164.59 (d, J(C,P)� 7.3, CO), 231.81 (s, OC(CH3)2); 19F NMR (282 MHz,
CD2Cl2, 293 K): d�ÿ78.85 (s); LM (5� 10ÿ4m, nitromethane)�
136 Wÿ1 cm2 molÿ1 (1:2); C35H58N2S2Ir2P2O9F6 (1275.2): calcd C 32.96, H
4.58, N 2.21, S, 5.03; found C 33.02, H 4.90, N 2.15, S 5.20.


Preparation of [Ir2(m-1,8-(NH)2naphth)(m-H)H(NCCH3)(CO)2


(PiPr3)2](CF3SO3)2 (5): A suspension of 1 (200 mg, 0.22 mmol) in acetone
(10 mL) was treated with trifluoromethylsulfonic acid (38.9 mL,
0.44 mmol). After 2 h, the solution was treated with acetonitrile (excess,
� 50 mL) to give a pale yellow solution. Partial evaporation of this solution
(� 2 mL) followed by addition of diethyl ether (10 mL) resulted in the
crystallization of a yellow solid. The solid was filtered off, washed with
diethyl ether, and dried in vacuo. Yield: 186 mg (68 %); IR (Nujol): nÄ �
3267 (N ± H), 2253 (Ir ± H), 2083, 2058 (CO) cmÿ1; 1H NMR (300 MHz,
[D6]acetone, 293 K): d�ÿ19.13 (ddd, J(H,P)� 19.5, J(H,P)�� 2.1,
J(H,H)� 2.0, 1H, Ir ± H), ÿ18.03 (dd, J(H,P)� 7.8, J(H,H)� 2.0, 1H, Ir ±
H ´´´ Ir), 1.39 (dd, J(H,P)� 16.2, J(H,H)� 7.2, 9H, PCHCH3), 1.39 (dd,
J(H,P)� 15.6, J(H,H)� 7.2, 9 H, PCHCH3), 1.41 (dd, J(H,P)� 15.3,
J(H,H)� 7.2, 9 H, PCHCH3), 1.48 (dd, J(H,P)� 15.0, J(H,H)� 6.9, 9H,
PCHCH3), 1.75 (s, 3H, NCCH3), 2.86, 3.10 (m, 3H each, PCHCH3), 7.25
(br, 2H, NH), 7.41 (t, J(H,H)� 8.1, 1H, CH), 7.45 (t, J(H,H)� 7.8, 1H, CH),
7.95 (d, J(H,H)� 8.1, 1 H, CH), 7.97 (d, J(H,H)� 8.1, 1H, CH), 8.00 (d,
J(H,H)� 7.8, 1 H, CH), 8.10 (d, J(H,H)� 7.8, 1 H, CH); 31P{1H} NMR
(121 MHz, [D6]acetone, 293 K): d� 25.75 (s), 32.48 (s); 13C{1H} NMR
(75 MHz, [D6]acetone, 293 K): d� 1.66 (s, NCCH3), 19.17, 19.22, 19.84,
19.89 (s, PCHCH3), 25.97 (d, J(C,P)� 31.1, PCHCH3), 26.59 (d, J(C,P)�
29.8, PCHCH3), 114.86, 115.66 (d, J(C,P)� 4.0, CH), 121.78 (s, NCCH3),
124.32 (s, C), 124.55, 124.61, 128.64 (s, CH), 135.83 (s, C), 144.83 (d,
J(C,P)� 3.1, C), 145.26 (d, J(C,P)� 2.8, C), 161.36 (d, J(C,P)� 7.6, CO),
165.82 (d, J(C,P)� 7.3, CO); MS (FAB�): m/z (%): 917 (55) [M�ÿ
NCCH3ÿ 2 H]; LM (5� 10ÿ4m, acetone)� 177 Wÿ1 cm2 molÿ1 (1:2);
C34H55N3S2Ir2P2O8F6 (1258.3): calcd C 32.45, H 4.24, N 3.34, S 5.09; found
C 32.76, H 4.74, N 3.41, S 5.33.


[Ir2(m-1,8-(NH)2naphth)H2(CO)2(PiPr3)2](CF3SO3)2 (6): A solution of 1
(20 mg, 0.02 mmol) in CD2Cl2 (0.5 mL) was treated with excess trifluor-
omethylsulfonic acid (10.0 mL, 0.11 mmol). After 2 min at room temper-
ature, the 1H NMR spectrum of the reaction showed a mixture of
complexes 3 and 6 in a 3:1 molar ratio. Partial NMR data for complex 6 : 1H
NMR (300 MHz, CD2Cl2, 293 K): d�ÿ26.86 (d, J(H,P)� 18.3, 2 H, Ir ± H),
1.19 (dd, J(H,P)� 15.6, J(H,H)� 7.2, 18H, PCHCH3), 2.58 (m, 6 H,
PCHCH3), 5.49 (br, 2H, NH); 31P{1H} NMR (121 MHz, CD2Cl2, 293 K):
d� 22.76 (s); 13C{1H} NMR (75 MHz, CD2Cl2, 253 K): d� 18.56, 19.28 (s,
PCHCH3), 24.62 (d, J(C,P)� 33.7, PCHCH3), 123.06 (s, C), 123.67, 127.32 (s,
CH), 149.34 (d, J(C,P)� 2.8, C), 164.00 (d, J(C,P)� 7.5, CO).


Preparation of [Ir2(m-1,8-(NH)2naphth)(m-H)H2(CO)2(PiPr3)2](CF3SO3)
(7): Hydrogen was bubbled through a solution of complex 2 (200 mg,
0.22 mmol) in acetone (10 mL) for 5 min. The resulting pale yellow solution
was concentrated (� 1 mL) and diethyl ether was added which resulted in
the precipitation of a pale yellow solid. The solid was separated by
decantation, washed with diethyl ether, and dried in vacuo. Yield: 174 mg
(87 %); IR (Nujol): nÄ � 3290 (NH), 2154 (IrH), 2031 (CO) cmÿ1; MS
(FAB� ): m/z (%): 919 (100) [M�ÿH]; LM (5� 10ÿ4m, acetone)�
82 Wÿ1 cm2 molÿ1 (1:1); C31H53N2SIr2P2O5F3 (1069.1): calcd C 34.83, H
4.99, N 2.62, S 3.00; found C 34.81, H 4.53, N 2.38, S 3.12. Spectroscopic
analysis of the solid obtained revealed a mixture of two isomers, 7 a and 7b,
in a 0.41:0.59 molar ratio.


Isomer 7a : 1H NMR (300 MHz, [D6]acetone, 293 K): d�ÿ16.82 (d,
J(H,P)� 19.8, 1 H, Ir ± H), ÿ12.45 (ddd, J(H,P)� 29.1, J(H,P)� 18.9,
J(H,H)� 3.3, 1 H, Ir ± H), ÿ10.46 (ddd, J(H,P)� 70.2, J(H,P)� 3.6,
J(H,H)� 3.3, 1 H, Ir-H-Ir), 0.67 (dd, J(H,P)� 15.6, J(H,H)� 7.2, 9H,
PCHCH3), 1.18 (dd, J(H,P)� 15.6, J(H,H)� 6.9, 9H, PCHCH3), 1.35 (dd,
J(H,P)� 15.3, J(H,H)� 7.2, 18 H, PCHCH3), 1.82, 2.60 (m, 3 H each,
PCHCH3), 5.40, 6.92 (br, 1 H each, NH), 7.21 (dd, J(H,H)� 8.1, 7.5, 1H,
CH), 7.25 (t, J(H,H)� 7.5, 1 H, CH), 7.58 (d, J(H,H)� 7.5, 1 H, CH), 7.64 (d,
J(H,H)� 8.1, 1H, CH), 7.65 (d, J(H,H)� 7.5, 1H, CH), 7.71 (d, J(H,H)�
8.1, 1 H, CH); 31P{1H} NMR (121 MHz, [D6]acetone, 293 K): d� 33.12 (s),
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33.24 (s); 13C{1H} NMR (75 MHz, [D6]acetone, 293 K): d� 18.75 (d,
J(C,P)� 2.9, PCHCH3), 18.91 (d, J(C,P)� 2.8, PCHCH3), 19.71 (s,
PCHCH3), 20.59 (d, J(C,P)� 1.8, PCHCH3), 25.54 (d, J(C,P)� 31.1,
PCHCH3), 26.34 (d, J(C,P)� 29.2, PCHCH3), 110.85 (d, J(C,P)� 4.4,
CH), 111.57, 121.66, 122.56 (s, CH), 122.62 (s, C), 127.37, 127.51 (s, CH),
136.71 (s, C), 149.95 (d, J(C,P)� 3.5, 2.3, C), 152.73 (s, C), 167.60 (d,
J(C,P)� 10.5, CO), 167.62 (s, CO).


Isomer 7b : 1H NMR (300 MHz, [D6]acetone, 293 K): d�ÿ17.57 (d,
J(H,P)� 15.9, 1H, Ir ± H), ÿ15.32 (dd, J(H,P)� 17.4, J(H,H)� 9.3, 1 H, Ir ±
H), ÿ11.15 (ddd, J(H,P)� 6.3, J(H,P)� 3.3, J(H,H)� 9.3, 1 H, Ir-H-Ir),
1.32 (dd, J(H,P)� 15.3, J(H,H)� 7.2, 9H, PCHCH3), 1.34 (dd, J(H,P)�
15.6, J(H,H)� 7.2, 9 H, PCHCH3), 1.35 (dd, J(H,P)� 15.6, J(H,H)� 6.9,
9H, PCHCH3), 1.36 (dd, J(H,P)� 15.0, J(H,H)� 6.9, 9H, PCHCH3), 2.68,
2.70 (m, 3 H each, PCHCH3), 5.88, 6.00 (br, 1 H each, NH), 7.25 (t,
J(H,H)� 7.5, 2H, CH), 7.61, 7.66, 7.67, 7.72 (d, J(H,H)� 7.5, 1 H each, CH);
31P{1H} NMR (121 MHz, [D6]acetone, 293 K): d� 31.83 (s), 33.02 (s);
13C{1H} NMR (75 MHz, [D6]acetone, 293 K): d� 17.93 (d, J(C,P)� 2.1,
PCHCH3), 19.09 (s, PCHCH3), 19.59 (s, PCHCH3), 20.39 (s, PCHCH3),
25.95 (d, J(C,P)� 30.7, PCHCH3), 26.70 (d, J(C,P)� 32.0, PCHCH3),
109.95, 110.57 (d, J(C,P)� 3.2, CH), 121.49 (s, CH), 121.73 (s, C), 122.93 (s,
CH), 127.13, 127.62 (s, CH), 136.67 (s, C), 149.54 (dd, J(C,P)� 3.2, 2.3, C),
152.77 (s), 165.50 (d, J(C,P)� 8.7, CO), 167.73 (d, J(C,P)� 10.2, CO).


Preparation of [Ir2(m-1,8-(NH)2naphth)(m-H)H2(CO)2(PiPr3)2](CF3SO3)
(8): Triethylamine (1 mL, 0.07 mmol) was added to a solution of 7 (60 mg,
0.06 mmol) in acetone (10 mL). After 5 h, the solution was taken to
dryness, and the residue treated with diethyl ether to give a pale yellow
microcrystalline solid. The solid was filtered off, washed with ether, and
dried in vacuo. Yield: 98 mg (81 %); IR (Nujol): nÄ � 3292 (N ± H), 2129
(Ir ± H), 2027 (CO) cmÿ1; 1H NMR (300 MHz, [D6]acetone, 293 K): d�
ÿ13.59 (A part of an AA'MXX' system (M� 1H, X� 31P), JAM� JA'M�
10.9, JAX� JA'X'� 17.3, JA'X� JAX'� 0, JAA'� 18.0, 2H, Ir ± H), ÿ9.68 (M part
of an AA'MXX' system (M� 1 H, X� 31P), JAM� JA'M� 10.9, JMX� JMX'�
4.5, 1 H, Ir-H-Ir), 1.36, 1.39 (dd, J(H,P)� 14.7, J(H,H)� 6.9, 18 H each,
PCHCH3), 2.70 (m, 6 H, PCHCH3), 5.78 (br, 2H, NH), 7.35 (t, J(H,H)� 7.8,
2H, CH), 7.56, 7.72, (d, J(H,H)� 7.8, 2H each, CH); 31P{1H} NMR
(121 MHz, [D6]acetone, 293 K): d� 31.79 (s); 13C{1H} NMR (75 MHz,
[D6]acetone, 293 K): d� 18.09 (d, J(C,P)� 1.5, PCHCH3), 18.90 (s,
PCHCH3), 25.06 (d, J(C,P)� 31.1, PCHCH3), 110.60 (d, J(C,P)� 1.3,
CH), 122.14 (s,C), 122.42, 126.63 (s, CH), 135.87 (s, C), 150.52 (d, J(C,P)�
2.8, C), 167.60 (dd, J(C,P)� 9.2, 1.1, CO); 19F NMR (282 MHz, [D6]acetone,
293 K): d�ÿ78.32 (s); MS (FAB�): m/z (%): 919 (100) [M�ÿH]; LM (5�
10ÿ4m, nitromethane)� 100 Wÿ1 cm2 molÿ1 (1:1); C31H53N2SIr2P2O5F3


(1069.1): calcd C 34.83, H 4.99, N 2.62, S 3.00; found C 35.39, H 5.07, N
2.41, S 3.09.


Preparation of [Ir2(m-1,8-(NH)2naphth)(OSO2CF3)2(CO)2(PiPr3)2] (9): A
solution containing [FeCp2]CF3SO3


[28] (0.43 mmol) in acetone was added to
a suspension of 1 (200 mg, 0.22 mmol) in acetone (10 mL). After 30 min,
the resulting orange solution was dried in vacuo, and the residue repeatedly
washed with diethyl ether. The brown solid obtained was dissolved in
toluene and treated with dry MgSO4 for 1 h. The solution was then filtered
through kieselgur and the solvent removed. Treatment of the residue with
pentane gave a white solid, which was separated by decantation, washed
with pentane, and dried in vacuo. Yield: 169 mg (64 %); IR (Nujol): nÄ �
3234 (N ± H), 2054, 2012 (CO) cmÿ1; 1H NMR (300 MHz, CD2Cl2, 293 K):
d� 0.81 (dd, J(H,P)� 15.0, J(H,H)� 7.2, 9 H, PCHCH3), 1.21 (dd,
J(H,P)� 15.0, J(H,H)� 7.2, 9 H, PCHCH3), 1.21 (dd, J(H,P)� 16.8,
J(H,H)� 7.2, 9H, PCHCH3), 1.71, 2.83 (m, 3H each, PCHCH3), 7.31 (dd,
J(H,H)� 7.8, 8.1 1H, CH), 7.35 ± 7.45 (m, 2H, CH), 7.37 (br, 1 H, NH), 7.74
(d, J(H,H)� 7.8, 1H, CH), 7.82 (d, J(H,H)� 8.1, 1H, CH), 7.98 (d,
J(H,H)� 7.5, 1H, CH), 8.58 (br, 1H, NH); 31P{1H} NMR (121 MHz,
CD2Cl2, 293 K): d� 0.18 (d, J(P,P)� 8.8), 41.19 (d, J(P,P)� 8.8); 13C{1H}
NMR (75 MHz, CDCl3, 293 K): d� 17.61 (d, J(C,P)� 4.1, PCHCH3), 18.73,
19.85, 20.09 (s, PCHCH3), 24.16 (d, J(C,P)� 26.3, PCHCH3), 26.55 (d,
J(C,P)� 31.0, PCHCH3), 113.31 (d, J(C,P)� 1.9, CH), 117.12 (s, CH),
120.14 (s, C), 124.86, 125.66, 126.87, 127.92 (s, CH), 134.81 (s, C), 142.72 (d,
J(C,P)� 3.6, C), 143.00 (s, C), 164.08 (d, J(C,P)� 7.1, CO), 177.89 (dd,
J(C,P)� 10.5, 1.3, CO); 19F NMR (282 MHz, CDCl3, 293 K): d�ÿ77.60
(s), ÿ78.98 (br); MS (FAB�): m/z (%): 1065 (25) [M�], 917 (100) [M�ÿ
CF3SO3]; LM (5� 10ÿ4m, acetone)� 129 Wÿ1 cm2 molÿ1 (1:1); C32H50N2S2Ir2-


P2O8F6 (1215.2): calcd C 31.63, H 4.15, N 2.30, S 5.28; found C 31.76, H 4.76,
N 2.14, S 4.84.


Preparation of [Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2(tht)2](CF3SO3)2


(10): A solution of 9 (100 mg, 0.082 mmol) in toluene (10 mL) was treated
with THT (22.4 mL, 0.25 mmol) to precipitate an orange solid. The solution
was decanted, the solid washed with diethyl ether, and dried in vacuo. The
product was recrystallized by slow diffusion of diethyl ether into a saturated
solution in acetone. Yield: 101 mg (89 %); IR (Nujol): nÄ � 3270 (N ± H),
1927, 1917 (CO) cmÿ1; 1H NMR (300 MHz, CDCl3, 293 K): d� 0.63, 1.20
(m, 4 H each, CH2), 1.41 (dd, J(H,P)� 14.1, J(H,H)� 6.9, 18H, PCHCH3),
1.43 (dd, J(H,P)� 14.7, J(H,H)� 7.2, 18 H, PCHCH3), 1.65, 2.37 (m, 4H
each, CH2), 2.78 (m, 6H, PCHCH3), 7.35 (dd, J(H,H)� 7.2, 8.1, 2H, CH),
7.59 (br, 2 H, NH), 7.80 (d, J(H,H)� 8.1, 2 H, CH), 8.16 (d, J(H,H)� 7.2, 2H,
CH); 31P{1H} NMR (121 MHz, CDCl3, 293 K): d� 11.89 (s); 13C{1H} NMR
(75 MHz, CDCl3, 293 K): d� 19.23 (d, J(C,P)� 1.8, PCHCH3), 19.70 (d,
J(C,P)� 2.7, PCHCH3), 25.37 (d, J(C,P)� 27.4, PCHCH3), 28.82, 34.47 (s,
CH2), 114.88 (d, J(C,P)� 2.0, CH), 120.54 (s, C), 122.87, 120.01 (s, CH),
135.64 (s, C), 146.54 (d, J(C,P)� 2.7, C), 169.72 (d, J(C,P)� 9.1, CO); 19F
NMR (282 MHz, CDCl3, 293 K): d�ÿ79.17 (s); MS (FAB�): m/z (%):
1065 (70) [M�ÿCO], 917 (100) [M�ÿ 2(SC4H8)]; LM (5� 10ÿ4m,
acetone)� 161 Wÿ1 cm2 molÿ1 (1:2); C40H66N2S4Ir2P2O8F6 (1391.5): calcd C
34.52, H 4.78, N 2.01, S 9.22; found C 34.27, H 4.90, N 2.06, S, 9.33.


[Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2(NCCH3)2](CF3SO3)2 (11a): A solu-
tion of 9 (20 mg, 0.016 mmol) in CDCl3 (0.5 mL) was treated with
acetonitrile (1 mL). After 2 min at room temperature, the 1H NMR
spectrum of the reaction showed the presence of complex 11a as the sole
product. 1H NMR (300 MHz, CDCl3, 293 K): d� 1.30 (dd, J(H,P)� 15.9,
J(H,H)� 7.2, 18H, PCHCH3), 1.31 (dd, J(H,P)� 13.8, J(H,H)� 7.2, 18H,
PCHCH3), 1.51 (s, 6 H, NCCH3), 2.61 (m, 6 H, PCHCH3), 7.34 (t, J(H,H)�
8.1, 2 H, CH), 7.49 (br, 2H, NH), 7.80, 8.25 (d, J(H,H)� 8.1, 2H each, CH);
31P{1H} NMR (121 MHz, CDCl3, 293 K): d� 21.63 (s).


Preparation of [Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2(NCCH3)2](CF3-
SO3)2 (11b): A solution of 9 (200 mg, 0.16 mmol) in acetone (10 mL) was
treated with acetonitrile (1 mL). After 1 h, the solution was concentrated
and diethyl ether added, which caused the precipitation of a yellow solid.
The solid was separated by decantation, washed with diethyl ether, and
dried in vacuo. The product was recrystallized by slow diffusion of diethyl
ether into a saturated solution in acetone. Yield: 178 mg (84 %); IR
(Nujol): nÄ � 3252, 3227 (N ± H), 2042, 2008 (CO) cmÿ1; 1H NMR (300 MHz,
[D6]acetone, 293 K): d� 0.80 (dd, J(H,P)� 14.4, J(H,H)� 7.2, 9 H,
PCHCH3), 1.25 (dd, J(H,P)� 16.2, J(H,H)� 7.2, 9H, PCHCH3), 1.38 (dd,
J(H,P)� 15.3, J(H,H)� 7.2, 9 H, PCHCH3), 1.41 (dd, J(H,P)� 16.8,
J(H,H)� 7.2, 9 H, PCHCH3), 1.77 (s, 3 H, NCCH3), 1.85, 2.77 (m, 3 H each,
PCHCH3), 3.01 (s, 3 H, NCCH3), 7.34, 7.40 (t, J(H,H)� 7.6, 1H each, CH),
7.86 (br, 1H, NH), 7.93, 7.95, 7.97, 8.11 (d, J(H,H)� 7.6, 1H each, CH), 8.33
(br, 1H, NH); 31P{1H} NMR (121 MHz, [D6]acetone, 293 K): d�ÿ6.83 (s),
29.70 (s); 13C{1H} NMR (75 MHz, [D6]acetone, 293 K): d� 1.13, 4.37 (s,
NCCH3), 18.13 (d, J(C,P)� 3.2, PCHCH3), 19.60 (d, J(C,P)� 2.2,
PCHCH3), 19.80, 20.1 (s, PCHCH3), 24.94 (d, J(C,P)� 23.3, PCHCH3),
25.90 (d, J(C,P)� 29.8, PCHCH3), 114.87 (d, J(C,P)� 1.7, CH), 115.49 (s,
CH), 120.18 (s, NCCH3), 121.12 (s, NCCH3), 123.68, 124.45 (s, CH), 127.70
(s, C), 128.68 (s, CH), 128.82 (s, CH), 136.33 (s, C), 144.77 (d, J(C,P)� 3.5,
C), 146.8 (s, C), 170.16 (dd, J(C,P)� 7.2, 2.1, CO), 172.72 (d, J(C,P)� 10.9,
CO); MS (FAB�): m/z (%): 917 (100) [M�ÿ 2 NCCH3]; LM (5� 10ÿ4m,
acetone)� 150 Wÿ1 cm2 molÿ1 (1:2); C36H56N4S2Ir2P2O8F6 (1297.3): calcd C
33.33, H 4.35, N 4.35, S 4.94; found C 33.30, H 3.75, N 4.44, S 4.93.


[Ir2(m-1,8-(NH)2naphth)(CO)2(PiPr3)2(NCCH3)2](CF3SO3)2 (11 c): Com-
plex 11b (20 mg, 0.016 mmol) was dissolved in CDCl3 (0.5 mL). After
2 min at room temperature, the 1H NMR spectrum of the solution showed
the presence of a mixture of complexes 11b and 11c in a 2:1 molar ratio.
Data for 11c : 1H NMR (300 MHz, CDCl3, 293 K): d� 0.85 (dvt, N� 15.3,
J(H,H)� 7.2, 18 H, PCHCH3), 0.92 (dvt, N� 14.7, J(H,H)� 7.8, 18H,
PCHCH3), 1.50 (m, 6 H, PCHCH3), 2.88 (s, 6H, NCCH3), 7.30 (dd,
J(H,H)� 7.8, 7.5, 2 H, CH), 7.73 (d, J(H,H)� 7.8, 2 H, CH), 8.18 (d,
J(H,H)� 7.5, 2H, CH), 8.52 (br, 2H, NH); 31P{1H} NMR (121 MHz,
CDCl3, 293 K): d� 9.19 (s); 13C{1H} NMR (75 MHz, CDCl3, 293 K): d�
4.35 (s, NCCH3), 18.91, 19.20 (s, PCHCH3), 24.66 (vt, N� 23.3, PCHCH3),
114.87 (s, CH), 120.91 (s, NCCH3), 122.15 (s, CH), 125.56 (s, C), 127.76 (s,
CH), 134.76 (s, C), 145.15 (s, C), 170.94 (s, CO).


Kinetic analysis : The kinetics of the isomerization of 11 a into the mixture
of 11 b and 11c were measured in 0.22m solutions of 11a in CDCl3. The
decrease in the intensity of the 31P{1H} NMR signal of 11a was measured
automatically at intervals in a Varian Gemini 2000 spectrometer. The rate







Amido±Bridged Diiridium Complexes 1398 ± 1410


Chem. Eur. J. 1998, 4, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1409 $ 17.50+.25/0 1409


constants were obtained by fitting the data to an exponential decay
function with the routine programs of the spectrometer. The activation
parameters, DH= and DS=, were obtained from a linear least-squares fit of
ln(k/T) vs 1/T (Eyring equation). Errors were computed by published
methods.[33] The error in temperature was assumed to be 1 K, error in kobs


was estimated as 10 %.


The rate constants of acetonitrile exchange between 11a and free
acetonitrile were measured by spin-saturation transfer according to the
ForseÂn ± Hoffman method,[34] in 0.022m CDCl3 solutions of 11a. Experi-
ments were performed by irradiating the resonance of the free acetonitrile
and measuring the integral of the coordinated acetonitrile resonance. The
exchange rates kobs were calculated from the equation[34] kobs� (1/T1)((I/
I')ÿ 1), where I' and I are the integrals for the coordinated acetonitrile
resonance with and without saturation of the free acetonitrile resonance,
respectively. T1 is the spin-lattice relaxation time of the coordinated
acetonitrile signal obtained by the inversion-recovery method in the
presence of the saturating field at the free acetonitrile signal.[35]


Crystal structure determinations of 4 ´ (CH3)2CO and 11b : A summary of
the crystal data and refinement parameters is given in Table 4. Cell


constants were obtained from the least-squares fit on the setting angles of
62 (4) or 48 (11b) reflections in the range 25� 2 q� 428. Data were
collected on a Siemens-P4 four-circle diffractometer with graphite-mono-
chromated MoKa radiation (l� 0.71073 �), with w/2 q (4) or w (11b) scan
methods. A set of three standard reflections was monitored every 97
measured reflections throughout the data collection; the weak decay of the
intensity which was detected (1.15 (4) and 5.1 % (11b)) was corrected
according to standards. All data were corrected for Lorentz and polar-
ization effects, and for absorption by using a semiempirical method (Y


scans,[36] min. and max. transmission factors 0.105 and 0.189 for 4, and 0.079
and 0.161 for 11 b). Both structures were solved by direct methods[37] and
Fourier techniques, and refined by full-matrix least-squares on
F 2(SHELXL-97).[38] Atomic scattering factors, corrected for anomalous
dispersion, were used as implemented in the refinement program.
Data for 4 : A yellow prismatic block (0.32� 0.28� 0.10 mm) was indexed
to monoclinic symmetry. Data was collected in the range 4� 2 q� 508
(ÿ14� h� 20, ÿ9�k� 14, ÿ29� l� 29); 12 820 measured reflections,
8818 unique (Rint� 0.0336). Anisotropic displacement parameters were
used in the last cycles of refinement for all non-hydrogen atoms of the
metal complex and of the crystallization acetone molecule. The two triflate
anions were observed as statistically disordered. One was modeled with
two groups of isotropic atoms with complementary occupancy factors
(0.636 and 0.364(1)). The second anion showed a partial disorder affecting
only the CF3 group; this was also modeled with two moieties of identical
occupancy (0.48 and 0.52(4)). Hydrogen atoms were included from
difference Fourier maps for the amido groups and hydride ligands, and in
calculated positions for the remaining hydrogens; all were refined with a


riding model. The weighting scheme used was w� 1/[s2(F2
o)� (xP)2� yP]


(P� (F2
o� 2 F2


c)/3) with x� 0.0477 and y� 0.000. Final agreement factors
were R(F) 0.0386 (6254 observed reflections, F2


o < 2sF2
o) and wR 0.0875 (all


data) for 570 parameters. Largest peak in the final difference map is
1.69 e �ÿ3 and is situated close to a metal atom.


Data for 11b : A yellow prismatic crystal (0.55� 0.46� 0.31 mm) was
mounted on the top of a glass fiber and a set of randomly searched
reflections were indexed to monoclinic symmetry. Data was collected in the
range 4� 2q� 508 (ÿ1� h� 15, ÿ1� k� 14, ÿ37� l� 37); 10 623 meas-
ured reflections, 8426 unique (Rint� 0.0280). After refinement of all non-
hydrogen atoms with anisotropic displacement parameters, the hydrogen
atoms of the 1,8-diamidonaphthalene ligand and those of the tertiary
carbon atoms of the phosphane ligand were positioned in calculated
positions. These hydrogen atoms were treated in the refinement riding on
the corresponding carbon or nitrogen atoms. The SO3CF3 anions were
refined with several feeble geometric restrictions (SADI command). The
weighting scheme used was analogous to that for 4 (x� 0.0785 and y�
0.2651). Final agreement factors were R(F)� 0.0498 (6208 observed
reflections, F2


o < 2 sF2
o) and wR� 0.1309 (all data) for 545 parameters and


61 restraints. Maximum residual peak in the final difference map was
1.498 e �ÿ3.


Crystallographic data (excluding structure factors) for the structures
reported have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-100 898. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : depos-
it@ccdc.cam.ac.uk).
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Formation of Group 4 Metallocene-Enolate ´ B(C6F5)3 Adducts
and Their Role as Initiators in the Rapid Polymerization of the
Functionalized Olefin Methyl vinyl ketone


Wolf Spaether, Katrin Klaû, Gerhard Erker,* Frank Zippel, and Roland Fröhlich


Abstract: The Group 4 metallocene bis(enolate) complexes [Cp2M(-O-CMe�CH2)2]
(1) add one or two molar equivalents of the organometallic Lewis acid B(C6F5)3 to
form the addition products [Cp2M{-O�CMe-CH2B(C6F5)3}(-O-CMe�CH2)] (2) and
[Cp2M{-O�CMe-CH2B(C6F5)3}2] (3), respectively. Complexes 3 a (M�Ti) and 3 b
(M�Zr) were characterized by X-ray diffraction. Complexes 2 undergo a thermally
induced intramolecular aldol condensation type C ± C coupling. Mixtures of 1 and
B(C6F5)3, in ratios ranging from 1:1 to 1:4, give increasingly active catalyst systems for
the polymerization of methyl vinyl ketone which proceeds by a group-transfer
mechanism.


Keywords: boron ´ homogeneous
catalysis ´ polymerizations ´
reaction mechanisms ´ sandwich
complexes


Introduction


Homogeneous, bent metallocene-derived Ziegler catalysts of
Group 4 metals have become enormously important in the
polymerization of alkenes. Simple unfunctionalized a-olefins
undergo C ± C coupling reactions with extremely high regio-
and stereoselectivities to selectively yield the various princi-
pal types of a-olefin polymers, cyclopolymers and copolymers,
depending on the specific metallocene precursor used.[1] A
serious limitation in the application of the metallocene
Ziegler catalysts at present is their near to general inability
to couple functionalized alkenes.[2] There have been a few
attempts to circumvent this problem: in the case of the
polymerization of a,b-unsaturated carbonyl compounds, the
olefin C ± C coupling mechanism was changed from a
coordination polymerization to a preferred group-transfer
polymerization process.[3] The active species in the examples
described, for example, by the groups of Yasuda, Collins,
Soga, Marks et al.,[4] is probably a metal enolate complex that
serves as a carbon nucleophile which attacks an equivalent of
the CH2�CR-COX monomer that is activated by its coordi-
nation to an electrophilic metal center. The few specific
systems published so far differ in the generation of the active
enolate species and the way the electrophilic activation of the


incoming monomer is actually carried out. In the systems
developed by Collins et al. two zirconocene-derived complexes
are used, whereas in the system developed by Soga et al. the
combination of a zirconocene with, for example, a diethylzinc
component is effective. It appears that a very delicate balance
has to be maintained to keep such systems on the active
catalytic side because there is always the danger that the
direct interaction of the propagating carbon nucleophile with
the electrophilic activator compound gives an inactive cou-
pling product or, at least, results in an equilibrium situation
that diminishes the overall catalyst activity (Scheme 1). It
would be highly desirable to have a variety of systems


Scheme 1. Activation and deactivation equilibrium of metallocene
catalysts.
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available in which the combination of, for example, an active
metal enolate species with an electrophilic activator com-
pound would result in a new system that itself has either an
intrinsic tendency for rapid carbon ± carbon coupling with an
incoming activated electrophilic alkene and is thereby capa-
ble of actively propagating the polymerization process of a
directly functionalized olefin, such as an a,b-unsaturated
carbonyl compound, or is in a favorable equilibrium with such
an active species. We may have found a principal entry into
such a class of Group 4 metallocene-derived catalyst systems,
the first examples of which are described herein.


Results and Discussion


Starting materials of our study were the bis(enolato)titano-
cene, -zirconocene, and -hafnocene complexes 1 a ± c. These
were prepared by treatment of the respective metallocene
dichlorides with two molar equivalents of the lithium enolate
of acetone (Scheme 2).[5] Soxhlet extraction with pentane
gave the pure product [Cp2Zr(OCMe�CH2)2] (1 b) directly.
The related titanocene- and hafnocenebis(enolate) complexes
had to be purified by recrystallization from dichloromethane
since they seem to have a tendency for complexation with
lithium chloride.


Scheme 2. Preparation of 1 ± 3.


Bis(2-propenolato)zirconocene (1 b) was treated with one
molar equivalent of tris(pentafluorophenyl)borane[6] in
[D8]toluene. The 1H and 13C NMR spectra (600 and
150 MHz, respectively) at 213 K showed that the strong
organometallic boron Lewis acid[7] had attached itself to the
enolate methylene group[8] of one of the 2-propenolato
ligands of 1 b to selectively form the monoadduct 2 b. If the
temperature is raised, there is a rapid broadening of the 1H
NMR signals of both the enolate and the borylated enolate
ligand and finally coalescence. An equilibrated set of 1H
NMR signals at high temperature indicates a rapid migration
(probably intermolecular) of the B(C6F5)3 group between [Zr]
enolate moieties.


Treatment of 1 a with one equivalent of B(C6F5)3 likewise
leads to 2 a. Treatment of the enolate complexes 1 with two


molar equivalents of the Lewis acid B(C6F5)3 results in the
clean formation of the bis-adduct. The complexes 3 a ± c were
isolated as pure monosolvates in reasonable yield after
crystallization from dichloromethane. The 1H NMR spectrum
now shows only a single set of signals. The complexes 3 a (Ti)
and 3 b (Zr) were both identified by X-ray crystal structure
analyses. A view of the molecular geometry of the zirconium
complex 3 b is shown in Figure 1.


Figure 1. A projection of the molecular structure of complex 3b with atom
numbering scheme. Selected bond lengths [�] and angles [8]: Zr1 ± O11
2.081(4), Zr1 ± C1 2.480(7), Zr1 ± C2 2.484(7), Zr1 ± C3 2.512(7), Zr1 ± C4
2.498(7), Zr1 ± C5 2.479(7), O11 ± C12 1.258(7), C12 ± C13 1.449(8), C12 ±
C14 1.481(9), C13 ± B1 1.710(9), B1 ± C21 1.642(9), B1 ± C31 1.643(10), B1 ±
C41 1.646(10); Zr1-O11-C12 158.4(4), O11-Zr1-O11* 94.7(2), O11-C12-
C13 121.0(6), O11-C12-C14 117.5(6), C13-C12-C14 121.5(6), C12-C13-B1
117.3(5), C13-B1-C21 109.5(5), C13-B1-C31 113.1(5), C13-B1-C41 104.2(5),
C21-B1-C31 102.9(5), C21-B1-C41 113.2(5), C31-B1-C41 114.1(5).


In the crystal, complex 3 b is C2-symmetric and thus chiral.
The Cp(centroid)-metal-Cp(centroid) angle of the central
zirconocene unit is 130.48. The enolate oxygen atoms are
bonded in the s-ligand plane which bisects the Cp-Zr-Cp bent
metallocene wedge to complete the pseudotetrahedral ligand
arrangement around the metal atom. The two bulky -
OC(CH3)CH2B(C6F5)3 groups are bonded to zirconium only
through oxygen, and their central atoms are arranged C2-
symmetrically in the vicinity of the major bent metallocene s-
ligand plane.[9] As expected, the bulky B(C6F5)3 groups are
orientated away from the bulky [Cp2Zr] moiety to avoid
unfavorable steric interactions.


The addition of the B(C6F5)3 building block to the metal
enolate functional group effects a substantial change in the
typical bonding parameters of the M-OC(CH3)CH2 unit. The
Zr1 ± O11 bond is rather short (2.081(4) �), and together with
the rather large bonding angle at oxygen (Zr1-O11-C12:
158.4(4)8) this indicates some metal ± oxygen p interaction.[10]


The adjacent C12 ± O11 bond length is 1.258(7) �, which is at
the high end of the range of C�O double bonds (statistical
average 1.21 �[11]), but is still outside the C ± O single bond
regime. The C12 ± C13 bond length is 1.449(8) �, which is
slightly below the typical value expected for a C(sp3) ± C(sp2)
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single bond (statistical average: 1.503 �;[11] but note that the
length of the corresponding directly adjacent C12 ± C14
linkage is only 1.481(9) �), but clearly greater than a C�C
double bond system. Finally, the C13 ± B1 bond length is
1.710(9) �, which is slightly longer than the adjacent B ±
C(arom.) bonds (B1 ± C21: 1.642(9) �; B1 ± C31:
1.643(10) �; B1 ± C41: 1.646(10) �). The corresponding bond
angles around C12 and C13 are 117.5(6)8 (O11-C12-C14),
121.5(6)8 (C13-C12-C14), 121.0(6)8 (O11-C12-C13), and
117.3(5)8 (C12-C13-B1). The B1-C13-C12-O11 dihedral angle
is 104.7(7)8, while the corresponding B1-C13-C12-C14 angle is
ÿ76.2(8)8. The structural features of the titanocene complex
3 a are analogous (for details see the Experimental Section).


These very characteristic bonding parameters indicate that
the M-enolate-B(C6F5)3 addition product exhibits a structural
tendency towards a description of a metal complex containing
a ketone ligand with a borato group attached to its a-carbon
atom. A close inspection of the structural data, however,
reveals that the adduct retains a particular metal enolate
character. Therefore, the new complexes 3 can best be
depicted by a description that includes an ample participation
of the resonance formulae A and B, but some hyperconjuga-
tive interaction should probably also be taken into account, as
visualized by the arrangement C.


Complex 3 b is thermally labile: if it is heated to 60 8C in an
aromatic solvent, an intramolecular aldol reaction takes place
leading to 4 b.[5 b] The product could not be isolated due to a
subsequent unspecific decomposition reaction, but it was
unequivocally identified by spectroscopy. Apparently, one
equivalent of B(C6F5)3 is eliminated in the course of the
3 b!4 b transformation. Consequently, the aldol product has
also been generated directly by treatment of the bis(enola-
te)zirconocene complex 1 b with one equivalent of B(C6F5)3 in
[D6]benzene at �40 8C. In a series of experiments (see
Experimental Section), the amount of B(C6F5)3 reagent added
was increased stepwise to 2, 2.5, and 6 molar equivalents. As
expected, this led to a marked decrease of the rate of
formation of the intramolecular carbon ± carbon coupling
product 4 b. We assume that a coordinated acetone ligand is
formed by means of an intramolecular proton transfer
reaction to the metal enolate to give the intermediate 5,
which is ideally suited to undergo C ± C coupling to yield
directly the observed aldol addition product 4 (see Scheme 3).
The half-life of the 3 b!4 b transformation (with the loss of
one equivalent of B(C6F5)3) is about 30 min at 60 8C. The


Scheme 3. Formation of the intramolecular carbon ± carbon coupling
product 4.


analogous reaction in the titanium system (3 a!4 a) also
proceeds at elevated temperatures but is slightly slower.[12]


The metallocene enolate/B(C6F5)3 systems were employed
as catalysts for the polymerization of the functionalized olefin
methyl vinyl ketone. Two series of preliminary experiments
were performed. In the first series all three metallocene
enolates (1 a ± c) were employed as the catalyst precursors.
The reactions were performed at ambient temperature with
monomer:1 ratios of � 1000 and 1:B(C6F5)3 ratios between
1:1 and 1:4. A second series of experiments was carried out
under slightly varied conditions using slightly lower mono-
mer:1 ratios of � 600. In this case, only 1 a and 1 b were
employed as catalyst precursors, and reactions were carried
out at three different temperatures.


[Bis(2-propenolato)ZrCp2] (1 b)/B(C6F5)3 in a 1:1 ratio (i.e.
the mono-addition product 2 b) catalyzed the polymerization
reaction of the monomer in dichloromethane with a moderate
activity.[13] The reaction of 4.25 g (5 mL, 60.7 mmol) of methyl
vinyl ketone in CH2Cl2 (3 mL) with 0.06 mmol of the catalyst
system 2 b (derived from 20 mg of 1 b) gave a yield of 200 mg
(5 %) of poly(methyl vinyl ketone) after 120 min (Table 1).
This amounts to an integral catalyst activity of about 1.7 kg
(polymer)per mol2 b per h. At a 1 b:B(C6F5)3 ratio of 1:2 (i.e.
formation of the bis-adduct 3 b), the poly(methyl vinyl
ketone) was formed with a catalyst activity of about 3.3
(600 mg isolated, 15 % yield) after 180 min under otherwise
unchanged conditions. A drastic increase of the catalyst
activity was observed when the 2 b :B(C6F5)3 ratio was
increased beyond the stoichiometric ratio of 1:2. At a 1:3
ratio, the catalyst activity was about 37 [2.2 g polymer (52%)
formed during 60 min]. At a 2 b :B(C6F5)3 ratio of 1:4 the
catalyst activity was as high as about 50 (3.0 g, 71 % isolated).
The 1H and 13C NMR spectra revealed that the poly(methyl
vinyl ketone) formed under these conditions with the metal-
locene-enolate/B(C6F5)3 catalyst system is close to atactic
[well-separated mm, mr, and rr 1H NMR methylene triad
signals at d� 1.8, 1.5, and 1.0 as well as the corresponding 13C
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NMR carbonyl resonances at d� 210.7, 210.4, and 210.1 (in
CDCl3)[14±17]] .


The hafnium system 1 c/B(C6F5)3 is similarly active. At a
B:Hf ratio of 2.4, atactic poly(methyl vinyl ketone) was formed
with an overall catalyst activity of about 27 (56 % isolated
after a reaction time of 90 min) (see Table 1). The titanocene-
derived catalyst system responded strongly to alteration of the
B:Ti ratio: at 2:1 (i. e. stoichiometric formation of 2 a) a
catalyst activity of � 11 was obtained (1.6 g, 38 % polymer
recovered), whereas at a 4:1 ratio the reaction had become so
fast that it was already close to completion after a period of
5 min (4.6 g, 68 % of atactic poly(methyl vinyl ketone)
isolated). This amounts to an integral catalyst activity of
� 400 for the [bis(2-propenolate)titanocene]/B(C6F5)3 cata-
lyst system (1:4 molar ratio) for the polymerization of
methyl vinyl ketone in CH2Cl2 (monomer:[Ti] molar ratio
� 700) at ambient temperature (tR� 5 min).


In a second series of polymerization reactions we activated
each of the compounds 1 a and 1 b with B(C6F5)3 (1:1 to 1:4
ratio, the values corresponding to both the low and the high
metal:boron ratio are listed in Table 2) in dichloromethane.
The polymerization reaction was then started by adding
methyl vinyl ketone at a preset temperature (monomer:cata-
lyst ratio � 600). After 10 min, 25 % of the reaction mixture


was removed by syringe, quenched, and the polymer isolated.
The remaining 75 % of the solution was allowed to react
further until it was quenched by the addition of methanol after
an overall reaction time of 30 min. The polymer was isolated,
its yield determined, and the molecular weight of the polymer
samples determined by GPC (MÅ -values of the corresponding
polymer samples obtained after 10 min and 30 min reaction
time were identical, within the accuracy of the GPC measure-
ment. The averaged values are given in Table 2). These
polymerization reactions were carried out at three different
temperatures (20 8C, 0 8C, and ÿ20 8C). A typical set of yields
and integral activities is given in Table 3 for the reactions
performed with a metallocene enolate:B(C6F5)3 ratio of 1:4.


The polymerization characteristics (e. g. the molecular
weight response to variations in the temperature and Zr,Ti:B
ratios as well as the value of the polydispersity) are contra-
indicative to a coordination polymerization mechanism. We
assume that the polymerization mechanism is similar to that
proposed for the systems developed by Collins et al. and Soga
et al.: it is initiated by nucleophilic attack of the zirconium
enolate on the Michael position of the B(C6F5)3-activated
methyl vinyl ketone monomer (Scheme 4). Chain propagation


Scheme 4. Proposed mechanism for the polymerization of methyl vinyl
ketone.


Table 1. Methyl vinyl ketone polymerization with a variety of 1a ± c/B(C6F5)3


catalyst combinations.[a]


1 [mmol] 1 :B(C6F5)3 g (mono-
mer)


tR
[b] Yield[c] Activity[d]


1a (Ti) 0.07 1:2 4.25 120 1.6 (38) 11.4
0.07 1:4 4.25 90 3.0 (71) 28.6
0.14e 1:4 6.80 5 4.6 (68) 394.3


1b (Zr) 0.06 1:1 4.25 120 0.2 (5) 1.7
0.06 1:2 4.25 180 0.6 (15) 3.3
0.06 1:3 4.25 60 2.2 (52) 36.7
0.06 1:4 4.25 60 3.0 (71) 50.0


1c (Hf) 0.06 1:2.4 4.25 90 2.4 (56) 26.7
± 30 mg[f] 4.25 120 ± [g] ± [g]


± 100 mg[f] 4.25 90 ± [g] ± [g]


[a] Reactions all carried out in CH2Cl2 (3 mL) at room temperature; the
resulting polymer was atactic. [b] Total reaction time in min. [c] Yield of
polymer in g (%). [d] Overall activity in kg (polymer) per mol 1 per h.
[e] Reaction in CH2Cl2 (10 mL). [f] Control experiments. [g] No polymer
formed.


Table 2. Molecular weights of the poly(methyl vinyl ketone) samples
obtained at the 1a,b/B(C6F5)3 catalyst system.[a]


T [8C] 1 :B(C6F5)3 ratio MÅ w MÅ w:MÅ n


1b 20 1:1 11 100 1.50
(M�Zr) 0 1:1 9 800 1.43


ÿ 20 1:1 4 000 [b]


20 1:4 31 000 1.39
0 1:4 30 100 1.31


ÿ 20 1:4 24 700 1.45


1a 20 1:1 6 000 1.59
(M� Ti) 0 1:1 3 300 1.36


ÿ 20 1:1 2 200 [b]


20 1:4 28 700 1.51
0 1:4 26 500 1.58


ÿ 20 1:4 17 200 1.44


[a] Determined by GPC (silica gel/THF). [b] Not determined.


Table 3. Polymerization of methyl vinyl ketone with the 1a,b/B(C6F5)3


(1:4) catalyst system.[a]


T [8C] Polymer yield [%] Catalyst activity[b]


after 10 min after 30 min


1b 20 61 65 156
(M�Zr) 0 38 42 96


ÿ 20 33 42 85


1a 20 89 c 227
(M� Ti) 0 75 78 192


ÿ 20 31 36 78


[a] In CH2Cl2; monomer:catalyst ratio � 600. [b] Integral activity after
10 min, in kg (polymer) per mol 1 per h. [c] Not determined.
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and polymer chain growth then may occur by a further similar
nucleophilic attack of the resulting C ± C coupled enolate to
another B(C6F5)3-activated methyl vinyl ketone monomer.
From the data presented in Table 2 (and a number of similar
values obtained for this polymerization reaction at intermedi-
ate 2 :B(C6F5)3 ratios) it is evident that this specific polymer-
ization system involves extensive chain transfer. Mechanisti-
cally, one could envisage that this probably takes place by
means of a proton transfer from a CH2�CH-CO-CH3 mono-
mer to the enolate end of the growing polymer chain. The
ktransfer :kchain growth ratio then would reflect the basic versus
nucleophilic properties of the active metal-enolate end of the
growing chain under the specific reaction conditions em-
ployed. We see from Tables 2 and 3 that decreasing the overall
catalyst activities seems to result in the formation of polymers
with a lower molecular weight; this is in agreement with an
increased transfer of the enolate functionality by proton
transfer.


It is also apparent from the initially described experiments
(M:B ratio 1:1 to 1:4; monomer to catalyst ratio of 1000) and
the data shown in Table 3 (and a number of tentatively similar
values obtained at 1:B(C6F5)3 ratios below 1:4) that there is a
chain termination reaction effectively competing with the
repetitive carbon ± carbon coupling which leads to poly(methyl
vinyl ketone). The termination becomes very dominant when
the overall polymerization reaction is rather slow: either at
lower temperatures, or if the amount of the B(C6F5)3 activator
component is decreased, or if the reaction is almost complete
so that the reaction mixture is depleted of the monomeric
component. It seems that this competitive situation is
responsible for the very pronounced effect of an over-
stoichiometric amount of the added B(C6F5)3 activator on
the polymerization reaction rate. The propagation rate
probably profits predominately from an increased concen-
tration of the activated monomer (i.e. the H2C�CH-
CO[B(C6F5)3]CH3 adduct). Increasing its concentration suffi-
ciently seems to create a situation where chain growth
becomes predominant over chain transfer and, more impor-
tantly, over irreversible chain termination.


We have, as yet, no experimental information on the
mechanistic nature of the chain-terminating process. But in
view of the ease of formation of an aldol product (i.e. 4) from
a related zirconium-enolate (2, see above), it may be possible
that there is 1,2-aldol addition to the methyl vinyl ketone
monomer[18] or an aldol-type cyclization subsequent to an
intramolecular shift of the enolate function (see Scheme 4).
Experiments will be carried out in our laboratory to
investigate the validity of this speculative interpretation.


Conclusion


We conclude that the metallocene enolates 1 may serve as
initiators of an effective polymerization reaction of methyl
vinyl ketone in the presence of the strongly Lewis-acidic
activator component B(C6F5)3. The [Cp2M(-OCMe�CH2)2]
nucleophiles (1) cleanly add the electrophile B(C6F5)3 to yield
the complexes 2 and 3, respectively. Nevertheless, this adduct
formation does not lead to an annihilation of the nucleophilic


and electrophilic properties of these components. It is
apparent that some of their individual properties are retained
in the adduct or reconstituted by means of an equilibration
process which rapidly takes place upon addition of the
methyl vinyl ketone monomer. Thus, the metallocene-eno-
late/B(C6F5)3 combination represents a class of chemical
systems in which the combination of a strong nucleophile with
a strong electrophile does not result in the formation of an
inactive system but rather in a very active and interesting
catalyst system. This system effectively makes use of the
essential properties of both chemical counterparts to initiate
and support, in a concerted mutual effort, a repetitive
carbon ± carbon coupling process. It is likely that this inter-
esting feature is not limited to the specific combination of
nucleophilic and electrophilic reagents employed here, but
that a large number of other useful combinations of this type
exists. Investigations aimed at detecting more highly reactive
catalyst systems of this general type are being carried out in
our laboratory.


Experimental Section


Reactions with organometallic compounds were carried out in an inert
atmosphere (Ar) in Schlenk-type glassware or in a glovebox. Solvents,
including deuterated solvents used for NMR spectroscopy, were dried and
distilled under argon prior to use. The following instruments were used for
physical characterization of the compounds: Bruker AC 200 P and Varian
Unity Plus (1H: 600 MHz) NMR spectrometers; Nicolet 5DXC FT-IR
spectrometer; elemental analyses were carried out with a Foss ± Heraeus
CHN-Rapid elemental analyzer; melting points were determined by
differential scanning calorimetry (2910 DSC, DuPont/STA Instruments);
the molecular weight determinations were carried out by GPC (Polymer
Standards) on 105 � ± 102 � silica gel columns, THF solvent, and poly-
methylmethacrylate standards; X-ray crystal structure analyses were per-
formed with an Enraf ± Nonius MACH 3 diffractometer, programs used:
data reduction MolEN, structure solution SHELX-86, structure refinement
SHELX-93, graphics SCHAKAL-92. B(C6F5)3 was prepared according to a
literature method.[6] The reagent lithio-2-propenolate was prepared by
treatment of 2-propenyltrimethylsilylether with methyllithium.[5a]


Bis(h-cyclopentadienyl)bis(2-propenolato)titanium (1a): A 200-mL
Schlenk flask was charged with lithio-2-propenolate (400 mg, 6.25 mmol)
and titanocene dichloride (750 mg, 3.02 mmol), and THF (70 ml) was
added at 0 8C. The mixture was stirred for 30 min at this temperature, then
for 24 h at ambient temperature. The solvent was removed in vacuo, the
residue taken up in CH2Cl2 and filtered. The clear red filtrate was
concentrated in vacuo to approximately one third of its volume and cooled.
Red-orange crystals of 1a were obtained at ÿ20 8C, which were collected
by filtration. Yield of 1 a : 680 mg (77 %); m.p. 73 8C (decomp. 204 8C); 1H
NMR (200.1 MHz, CDCl3): d� 1.70 (d, 4J� 0.8 Hz, 6 H, CH3), 3.55 (d, J�
0.8 Hz, 2H), 3.74 (m, 2H, H2C�), 6.26 (s, 10H, Cp); 13C NMR (50.3 MHz,
CDCl3): d� 23.2 (CH3), 85.1 (H2C�), 115.2 (Cp), 170.6 (C�C-CH3); IR
(KBr): nÄ � 3104, 2944, 2910, 1712, 1615, 1541, 1438, 1363, 1287, 1267, 1031,
984, 811, 768, 512 cmÿ1; C16H20O2Ti (292.2): calcd C 65.76, H 6.92; found C
65.50, H 7.12.


Bis(h-cyclopentadienyl)bis(2-propenolato)zirconium (1 b): Lithio-2-prope-
nolate (1.00 g, 15.6 mmol) and [Cp2ZrCl2] (2.17 g, 7.42 mmol) were
dissolved in THF (80 mL) at 0 8C. The mixture was stirred for 30 min at
this temperature and for 1.5 h at ambient temperature. The solvent was
removed in vacuo, and the residue taken up in pentane and filtered.
Removal of the solvent from the filtrate gave 1b as a white solid. Yield:
2.18 g (88 %); m.p. 75 8C (decomp); 1H NMR (200.1 MHz, CDCl3): d� 1.69
(d, 4J� 0.7 Hz, 6 H, CH3), 3.66 (d, J� 0.7 Hz, 2 H, anti), 3.73 (m, 2H,
H2C�), 6.29 (s, 10 H, Cp); 13C NMR (50.3 MHz, CDCl3): d� 22.9 (CH3),
85.8 (H2C�), 112.6 (Cp), 165.5 (C�C-CH3); IR (KBr): nÄ � 3105, 2963, 2948,
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2914, 2850, 1712, 1631, 1366, 1269, 1039, 806, 779, 735 cmÿ1; C16H20O2Zr
(335.6): calcd C 57.27, H 6.01; found C 56.83, H 6.08.


Bis(h-cyclopentadienyl)bis(2-propenolato)hafnium (1c): In an analogous
manner to that described above, the reaction of lithio-2-propenolate
(425 mg, 6.64 mmol) with [Cp2HfCl2] (1.26 g, 3.32 mmol) in THF (50 mL),
followed by workup with dichloromethane gave 1 c. Yield: 1.02 g (86 %);
m.p. 83 8C (decomp. 230 8C); 1H NMR (200.1 MHz, C6D6): d� 1.73 (dd,
4J� 0.8 Hz, 0.2 Hz, 6H, CH3), 3.89 (d, J� 0.8 Hz, 2H), 3.94 (quint, 2H,
H2C�), 5.98 (s, 10H, Cp); 13C NMR (50.3 MHz, C6D6): d� 23.2 (CH3), 86.7
(H2C�), 111.5 (Cp), 164.9 (C�C-CH3); IR (KBr): nÄ � 3106, 2947, 2913, 1708,
1633, 1565, 1439, 1431, 1368, 1292, 1272, 1043, 1016, 989, 878, 813, 779,
512 cmÿ1; C16H20O2Hf ´ LiCl (465.2): calcd C 41.31, H 4.33; found C 42.45, H
4.55.


Reaction of the metallocene enolates with B(C6F5)3.


Preparation of 2 b from the reaction of 1b with one equivalent of B(C6F5)3 :
An NMR tube was charged with 1b (20 mg, 0.06 mmol) and B(C6F5)3


(31 mg, 0.06 mmol), and the mixture dissolved in [D8]toluene (0.5 mL). The
selective formation of 2 b was evident from the NMR spectra at low
temperature. At ambient temperature, an averaged set of signals was
observed due to a rapid equilibration process. 1H NMR (600 MHz,
[D8]toluene, 298 K): d� 1.40 (broads, 6H, CH3), 3.51 (broad s, 4 H,
�CH2), 5.59 (s, 10H, Cp); 1H NMR (600 MHz, [D8]toluene, 213 K): d�
1.32 (s, 3H, C�C-CH3), 1.40 (bs, 3H, O�C-CH3), 3.43 (s, 1 H, C�CH2), 3.53
(bs, 2 H, B-CH2-), 3.75 (s, 1H, C�CH2), 5.43 (s, 10H, Cp); the 13C NMR
signals were detected and assigned by means of a C,H-correlated spectrum
(GHSQC [20]) at 213 K: 13C NMR (150 MHz, [D8]toluene, 213 K): d� 22.0
(s, C�C-CH3), 32.3 (s, O�C-CH3), 49.5 (bs, B-CH2-), 89.0 (s,�CH2), 114.8 (s,
Cp), 137.0 (d, m-CF, 1J(F,C)� 241 Hz), 139.0 (d, p-CF, 1J(F,C)� 246 Hz),
148.5 (d, o-CF, 1J(F,C)� 241 Hz), 164.3 (s, H3C-C�CH2); signals of the
carbonyl carbon and ipso-C of C6F5 were not detected.


Preparation of 3a from the reaction of 1a with two equivalents of B(C6F5)3 :
B(C6F5)3 (70 mg, 0.14 mmol) and 1 a (20 mg, 0.07 mmol) were mixed as
solids in an NMR tube. The mixture was then dissolved by adding CD2Cl2


(0.5 mL). A dark red, clear solution was obtained from which red crystals
appeared after some time at ÿ20 8C. Yield of 3 a : 73 mg (74 %); m.p. 71 8C
(decomp 135 8C); the crystals were suitable for X-ray crystal structure
analysis (see below); 1H NMR (200.1 MHz, C6D6): d� 1.43 (bs, 6 H, CH3),
3.41 (bs, 4 H, CH2), 5.40 (s, 10 H, Cp); 13C NMR (50.3 MHz, C6D6): d� 30.8
(bs, 6H, CH3), 118.8 (s, Cp), 137.6 (d, m-CF, 1J(F,C)� 249 Hz), 138.7 (d, p-
CF, 1J(F,C)� 251 Hz), 148.6 (d, o-CF, 1J(F,C)� 245 Hz); CH2-carbon atoms
adjacent to boron and ipso-C of C6F5 not detected; IR (KBr): nÄ � 3133,
2922, 1646, 1588, 1555, 1518, 1464, 1378, 1366, 1322, 1279, 1089, 836, 821,
789, 681 cmÿ1; C52H20B2F30O2Ti ´ CD2Cl2 (1403.14): calcd C 45.43, H 1.58;
found C 45.37, H 1.78


X-ray crystal structure analysis of 3a : C52H20B2O2F30Ti ´ CD2Cl2, M�
1403.14; crystal dimensions: 0.20� 0.10� 0.05 mm; a� 18.400(2), b�
11.404(2), c� 24.640(3) �, b� 95.87(1)8, V� 5143.2(12) �3, 1calcd�
1.809 g cmÿ3, m� 4.25 cmÿ1, empirical absorption correction by y-scan data
(0.973�C� 0.999), Z� 4, monoclinic, space group C2/c (no. 15), l�
0.71073 �, T� 223 K, w/2q scans, 5408 reflections collected (� h, � k,
� l), [(sin q)/l]� 0.50 �ÿ1, 2617 independent and 740 observed reflections
[I� 2 s(I)], 190 refined parameters, R� 0.079, wR2� 0.165, max. residual
electron density 0.48 (ÿ0.42) e�ÿ3, hydrogen atoms calculated and riding,
disordered CD2Cl2 refined with restraints. Due to the small crystal size and
poor crystal quality, the structure was only refined isotropically to prove
that it is isotypic with the analogous Zr compound. Selected bond lengths
[�] and angles [8] (atom numbering scheme analogous to that used for 3b,
see Figure 1): Ti1 ± O11 1.999(11), Ti1 ± C1 2.37(2), Ti1 ± C2 2.32(2), Ti1 ±
C3 2.37(2), Ti1 ± C4 2.39(2), Ti1 ± C5 2.33(2), O11 ± C12 1.26(2), C12 ± C13
1.47(2), C12 ± C14 1.45(2), C13 ± B1 1.69(3), B1 ± C21 1.61(3), B1 ± C31
1.66(3), B1 ± C41 1.65(3); Ti1-O11-C12 156.9(11), O11-Ti1-O11* 91.4(6),
O11-C12-C13 118(2), O11-C12-C14 119(2), C13-C12-C14 122(2), C12-C13-
B1 118(2), C13-B1-C21 112(1), C13-B1-C31 112(2), C13-B1-C41 105(1),
C21-B1-C31 104(1), C21-B1-C41 112(2), C31-B1-C41 113(1).


Generation of 4a by thermolysis of 3a : A sample of 3a was freshly
prepared in [D8]toluene in an NMR tube, in an analogous manner to that
described above. The formation of 3a was confirmed by spectroscopy. The
sample was then kept at 60 8C for about 3 h to give 4 a. 1H NMR (600 MHz,
[D8]toluene, 333 K): d� 0.78 (s, 6H, -CH3), 2.23 (s, 2H, CH2-C�O), 3.44
(bs, 2H, B-CH2-), 5.49 (s, 10H, Cp); 13C NMR (150 MHz, [D8]toluene,


333 K): d� 29.3 (1J(C,H)� 126 Hz, CH3), 50.1 (bs, CH2B), 57.3 (CH2,
1J(C,H)� 130 Hz), 88.6 (s, Me2C), 116.5 (Cp, 1J(C,H)� 177 Hz), 137.7 (d,
m-B(C6F5)3, 1J(C,F)� 250 Hz), 148.7 (d, o-B(C6F5)3, 1J(C,F)� 243 Hz),
242.4 (C�O); p- and ipso-C of C6F5 not detected; assignment carried out by
2D-experiments GHSQC and GHMBC.[20]


Preparation of 3 b by the reaction of 1b with two equivalents of B(C6F5)3 :
Compound 1 b (40 mg, 0.12 mmol) was treated with B(C6F5)3 (122 mg,
0.24 mmol) in dichloromethane (3 mL) at ambient temperature. The
mixture was cooled to ÿ40 8C to give white crystals of 3b which were
collected by filtration. Yield: 80 mg (50 %); m.p. 115 8C (decomp); 1H
NMR (200.1 MHz, C6D6): d� 1.43 (bs, 6H, CH3), 3.58 (bs, 4 H, CH2), 5.59
(s, 10H, Cp); 13C NMR (50.3 MHz, C6D6): d� 28.1 (CH3), 118.8 (Cp), 137.6
(d, m-CF, 1J(F,C)� 249 Hz), 138.7 (d, p-CF, 1J(F,C)� 251 Hz), 148.6 (d, o-
CF, 1J(F,C)� 245 Hz), CH2[B], C�O and ipso-C of C6F5 not detected; IR
(KBr): nÄ � 3118, 3019, 2933, 1645, 1559, 1536, 1518, 1467, 1280, 1119, 1086,
1019, 976, 821, 787, 745, 680, 546 cmÿ1; C52H20B2F30O2Zr ´ CD2Cl2 (1446.46):
calcd C 44.07, H 1.54; found C 43.96, H 1.66


X-ray crystal structure analysis of 3b : Single crystals were obtained from a
solution in CD2Cl2 at ÿ20 8C. C52H20B2O2F30Zr ´ CD2Cl2, M� 1446.45;
crystal dimensions: 0.70� 0.60� 0.15 mm, a� 18.538(2), b� 11.455(1), c�
24.753(4) �, b� 95.10(1)8, V� 5235.6(11) �3, 1calcd� 1.833 gcmÿ3, m�
4.64 cmÿ1, empirical absorption correction by y-scan data (0.935�C�
0.999), Z� 4, monoclinic, space group C2/c (no. 15); l� 0.71073 �, T�
223 K, w/2q scans, 4755 reflections collected (ÿh, ÿk, � l), [(sin q)/l]�
0.59 �ÿ1, 4604 independent and 2231 observed reflections [I� 2s(I)], 420
refined parameters, R� 0.055, wR2� 0.120, max. residual electron density
0.44 (ÿ0.91) e �ÿ3, hydrogen atoms calculated and riding, disordered
CD2Cl2 refined with restraints. Crystallographic data (excluding structure
factors) for the structures reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-100 816. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033, e-mail : deposit@ccdc.cam.ac.uk).


Generation of 4 b by the thermolysis of 3b : A sample of 3 b was prepared in
[D6]benzene and thermolyzed for 1 h at 60 8C to give 4b, which was
identified by spectroscopy; 1H NMR (600 MHz, C6D6, 333 K): d� 0.77 (s,
6H, -CH3), 2.17 (s, 2 H, CH2-C�O), 3.69 (s, 2H, B-CH2), 5.65 (s, 10H, Cp);
13C NMR (150 MHz, C6D6, 333 K): d� 29.4 (CH3, 1J(C,H)� 126 Hz), 51.5
(CH2B, 1J(C,H)� 128 Hz), 56.6 (CH2, 1J(C,H)� 130 Hz), 82.4 (Me2C),
116.5 (Cp, 1J(C,H)� 175 Hz), 137.7 (d, m-B(C6F5)3, 1J(C,F)� 250 Hz),
148.7 (d, o-B(C6F5)3, 1J(C,F)� 243 Hz), 242.4 (C�O); p- and ipso-C of C6F5


were not detected; assignment secured by 2D-experiments (GHSQC,
GHMBC).[20]


Generation of 3c from 1c and two equivalents of B(C6F5)3 : In an NMR
tube 1c (30 mg, 0.08 mmol) was treated with B(C6F5)3 (81 mg, 0.16 mmol)
in [D6]benzene (0.5 mL) to give 3c. The compound was not isolated from
this solution but only characterized by spectroscopy (see below). On a
preparative scale complex 3 c was prepared by treatment of 1c (60 mg,
0.16 mmol) with B(C6F5)3 (162 mg, 0.32 mmol) in dichloromethane (3 mL).
Crystallization at ÿ40 8C gave white crystals of 3c. Yield: 70 mg (31 %),
m.p. 53 8C (loss of solvent), 85 8C (decomp); 1H NMR (200.1 MHz, C6D6):
d� 1.43 (bs, 6 H, CH3), 3.57 (bs, 4H, CH2), 5.54 (s, 10H, Cp); IR (KBr): nÄ �
3651, 3638, 2922, 1647, 1519, 1469, 1374, 1285, 1090, 1017, 977, 821, 773,
681 cmÿ1; C52H20B2F30O2Hf ´ CH2Cl2 (1531.7): calcd C 41.56, H 1.45; found
C 42.02, H 1.46.


General procedure for the polymerization of methyl vinyl ketone : A
Schlenk flask was charged with the respective metallocene-enolate com-
plex 1 and B(C6F5)3 (1 ± 4 molar equiv). Dichloromethane (usually 3 mL)
was then added and the mixture stirred for 3 min at ambient temperature.
Methyl vinyl ketone was dried and distilled over MgSO4 and then added to
the catalyst solution. The polymerization reaction was usually quite exo-
thermic; thus the mixture had to be cooled to maintain approximately room
temperature. The reaction was stopped after a chosen time by adding a
small amount of methanol. The mixture was washed with water, dried over
magnesium sulfate, and the solvent and remaining volatiles were removed
in vacuo to yield the respective polymer sample. 1H NMR (600 MHz,
CDCl3): d� 1.14, 1.55, 1.87 (each broad, -CH2-), 2.08 (bs, 3 H, C(O)CH3),
2.00 ± 2.70 (bs, 1H, CH); 13C NMR (150.3 MHz, CDCl3): d� 29.0 ± 30.0
(CH2), 32.0 ± 34.0 (CH3), 48.2 (CH), 209.0 ± 211.0 (CO); IR (film): nÄ � 3402,
3019, 2931, 1709, 1425, 1356, 1216, 1164, 1083, 962, 754 cmÿ1.
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A second, larger series of polymerization experiments was carried out with
1a/B(C6F5)3 and 1 b/B(C6F5)3 combinations, each in four molar ratios (1:1,
1:2, 1:3, and 1:4). The polymerization reactions were carried out according
to the following general scheme: the metallocene bis(enolate) (40 mmol)
was mixed with B(C6F5)3 (1 ± 4 molar equiv). Dichloromethane (20 mL)
was added at 0 8C and the solution stirred for 10 min. The catalyst solution
was then brought to the chosen reaction temperature (20 8C, 0 8C, or
ÿ20 8C) and methyl vinyl ketone (2 mL, 1.7 g, 24.3 mmol) was added with
stirring. A 5 mL sample of the reaction mixture was removed after 10 min
by a syringe, quenched, and worked up. The remaining volume was
quenched after an additional 20 min and then worked up. The yields were
determined and the molecular weights (MÅ w, MÅ n) of most of the samples
determined by GPC (5 m PSS SDV GPC column, 8� 300 mm, 105 �, 103 �,
102 �, consecutively). The molecular weights of equivalent samples
obtained after 10 and 30 min were identical, within the accuracy of the
method. Therefore, these values were averaged. Characteristic values of a
representative variety of experiments are given in Tables 2 and 3 (see
above); the additional values can be obtained from the authors on request.
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Proton Transfer in Malonaldehyde: An Ab Initio Projector Augmented
Wave Molecular Dynamics Study**


Katharina Wolf, Werner Mikenda,* Ernst Nusterer,
Karlheinz Schwarz, and Claudia Ulbricht


Abstract: Proton transfer in malonalde-
hyde was studied by molecular dynamics
simulations with the projector augment-
ed wave (PAW) method, which com-
bines classical dynamics with ab initio
quantum mechanical forces. The PAW
trajectories were calculated for several
temperatures between 1 and 600 K, for
evolution time periods up to 20 ps, and
with a constant time interval of 0.12 fs.
At elevated temperatures proton trans-
fer is not associated with a well-defined
C2v-symmetric transition state, but takes
place in widely differing geometric sit-
uations. Although a short O ± O distance
favors proton transfer, it is neither a
sufficient nor a necessary condition.
Analysis of the data by a discriminant
method and with a neural network
yielded several relevant molecular pa-
rameters, and the resulting discrimina-


tion functions predicted the occurrence
of proton transfer with an accuracy
greater than 95 %. The energetics of
the proton motion was modeled by
calculating time evolutions of the po-
tential energy along a properly chosen
reaction coordinate within a heavy ±
light ± heavy atom approximation. At
any instant the proton motion is gov-
erned by this potential, but while the
proton moves, the potential also changes
due to the dynamics of the molecule.
Three extremes can be distinguished:
i) Normal periods, in which the proton is
trapped at one oxygen atom. The proton
is stationary within an approximately


constant, strongly asymmetric potential;
the frequency of about 2850 cmÿ1 is
close to the experimentally observed
n(OH) frequency. ii) Statistical isolated
proton-transfer transitions, in which the
proton rapidly moves from one oxygen
atom to the other. The process starts and
ends with strongly asymmetric poten-
tials, but passes through (nearly) sym-
metric double- or single-minimum po-
tentials. iii) Proton-shuttling periods,
which include several consecutive non-
statistical transitions. These are not true
proton transfers. The proton is (quasi)-
stationary within a (nearly) symmetric
single-minimum potential, which re-
mains approximately constant for a
longer time period; the motion corre-
sponds to a n(OH) vibration with a
frequency of about 2000 cmÿ1.


Keywords: ab initio calculations ´
molecular dynamics ´ projector aug-
mented wave method ´ tautomerism


Introduction


Intramolecular hydrogen bonding and proton transfer in
malonaldehyde has been studied extensively in the last two
decades both by experiment[2±6] and by theory.[7±15] According


to microwave investigations,[3] in the vapor phase malonalde-
hyde exists in a planar, intramolecularly hydrogen-bonded cis-
enol form with two symmetrically equivalent tautomeric
equilibrium configurations (Figure 1), between which proton
transfer takes place. From the observed ground state tunnel-
ing splitting DE01� 21.6 cmÿ1 a tunneling rate of 1.2� 10ÿ12 sÿ1


and a tunneling barrier of approximately 28 kJ molÿ1 have
been estimated.[3] Vapor-phase[4] and matrix-isolation[5] IR
spectra are in agreement with the structure determined by
microwave spectroscopy, and a more recent high-resolution


Figure 1. The two tautomeric equilibrium configurations of malonalde-
hyde (according to microwave data[3]).
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far-IR study[6] confirms the value of the ground state tunneling
splitting determined by microwave spectroscopy. In agree-
ment with the experimental findings, higher level ab initio
quantum chemical geometry optimizations[7, 8] also predict the
asymmetric, intramolecularly hydrogen-bonded cis-enol form
of malonaldehyde to be the most stable configuration. For the
proton-transfer process point-to-point calculations yield a C2v-
symmetric transition state. The barrier height is highly
sensitive to the level of theory. Recently a value of 14 kJ molÿ1


has been obtained at the MP2/6-31�G(3df,2p) level of
theory,[8] which is about half of the above experimental
estimate, but it can be expected that enlargement of the basis


set and/or the inclusion of higher order correlation interaction
terms will lead to a further decrease in the barrier.


Since malonaldehyde is the smallest molecule capable of
intramolecular proton transfer, it has also been the subject of
a number of dynamics studies and, in particular, it has often
served as a prototype and test molecule for models of proton-
tunneling processes. Sophisticated methods have been devel-
oped to reproduce the experimental tunneling splitting,[9±15]


and significant progress has been achieved by two-[12] and
multidimensional[13±15] approaches. In a recent study,[15] based
on the Makri ± Miller model,[14] the potential energy surface
was calculated from the experimental data of a complete
vibrational force field, and a tunneling barrier height of
42 kJ molÿ1 was assumed. This study yielded a ground state
tunneling splitting of 21.8 cmÿ1, in excellent agreement with
experiment, despite the fact that accurate ab initio calcu-
lations suggest that the assumed barrier height is much too
high. Besides studies on proton tunneling, other kinetic or
dynamic studies of intramolecular proton transfer in malon-
aldehyde by well-established standard methods such as
transition state theory and its refinements or classical and
semiclassical trajectory simulation seem to be scarce.[16, 17]


With regard to the present work we note that Hutchinson[17]


performed a classical trajectory simulation at energies above
the transfer barrier, which was based on a simplified model
with two degrees of freedom (O ± H stretching and C-O-H
bending motions with an otherwise fixed geometry). He
distinguished between three categories of reactive trajecto-
ries: those that cross the transition state and become trapped
or recross immediately, those in which the proton oscillates
quasiperiodically between the two oxygen atoms, and those
with chaotic proton motion.


In the course of our experimental and theoretical studies on
intramolecular hydrogen bonding[18] we performed ab initio
molecular dynamics simulations of malonaldehyde with the
projector augmented wave method (PAW),[19] which is based
on the direct ab initio molecular dynamics approach of Car
and Parrinello (CPMD),[20] in which classical dynamics are
combined with ab initio quantum mechanical forces. The main
feature of the CPMD approach is that the potential energy
surface (PES) is neither fitted to experimental data nor
constructed on the basis of arbitrary assumptions; the all-
electron wave function is available for any time step although
the whole PES is not known analytically; the corresponding
forces are calculated directly from first principles by accurate
density functional theory, whereas the dynamics of the
electron wave functions are introduced by using a fictitious
Lagrangian to describe their motion. The atoms are propa-
gated following classical Newtonian equations of motion,
whereas the forces acting on the nuclei are obtained by
solving the electronic structure problem at each time step. The
PAW method is the first all-electron method for CPMD; a
sophisticated augmentation scheme is used to create the all-
electron wave functions with the correct nodal structure. This
augmentation makes PAW especially efficient for the study of
systems that contain first-row elements or transition metals,[21]


and recently the method has successfully been applied to
problems in physics, chemistry, and biochemistry.[22] Since all
nuclear motions are treated classically, PAW does not account


Abstract in German: Zur Untersuchung des Protonentransfers
in Malonaldehyd wurden ab initio Molekulardynamik-Simu-
lationen mit Hilfe der Projector Augmented Wave Methode
(PAW) durchgeführt. PAW-Trajektorien wurden bei einem
konstanten Zeitintervall von 0.12 fs für Temperaturen zwi-
schen 1 und 600 K über Zeitspannen von bis zu 20 ps
berechnet. Bei endlichen Temperaturen erfolgt der Protonen-
transfer nicht über einen wohldefinierten C2v symmetrischen
Übergangszustand, sondern kann bei sehr unterschiedlichen
geometrischen Bedingungen stattfinden. Ein kurzer R(OO)-
Abstand begünstigt zwar den Protonentransfer, doch ist dies
weder eine notwendige noch eine hinreichende Bedingung für
den Prozeû. Eine Datenanalyse mittels Diskriminanzanalyse
und mit einem neuronalen Netzwerk ergab mehrere weitere
wichtige Molekül-Parameter und mit Hilfe der resultierenden
Diskriminanzfunktionen konnte das Auftreten von Protonen-
transfer in 95 % der Fälle korrekt vorhergesagt werden. Die
Energetik der Protonenbewegung wurde mit Hilfe von Mo-
dellrechnungen nachvollzogen. Dazu wurde die Zeitevolution
der potentiellen Energie entlang einer geeigneten Reaktions-
koordinate im Rahmen einer heavy-light-heavy Näherung
berechnet. Zu jedem Zeitpunkt wird die Protonenbewegung
durch dieses Potential determiniert, doch während sich das
Proton bewegt, ändert sich, in Folge der Moleküldynamik,
ständig auch dieses Potential. Drei extreme Situationen lassen
sich unterscheiden: 1) normale Perioden, in denen das Proton
an einen Sauerstoff gebunden bleibt und eine stationäre
Bewegung in einem annähernd konstanten, stark asymmetri-
schen Potential ausführt (entsprechend einer n(OH) Schwin-
gung mit der Frequenz 2850 cmÿ1, in ausgezeichneter Über-
einstimmung mit dem experimentellen Wert); 2) statistische
isolierte Protonentransferprozesse, bei denen sich das Proton
rasch und stetig vom einen zum anderen Sauerstoff bewegt.
Der Transfer startet und endet mit stark asymmetrischen
Potentialen, verläuft jedoch über annähernd symmetrische
Doppel- oder Singelminimumpotentiale; 3) proton-shuttling-
Perioden, die mehrere aufeinanderfolgende, nicht-statistische
Übergänge beinhalten. In diesen Fällen handelt es sich nicht
um echte Protonentransferprozesse, sondern viel mehr um eine
vorübergehende stationäre Protonenbewegung (entsprechend
einer n(OH) Schwingung mit einer Frequenz von etwa
2000 cmÿ1) in einem annähernd symmetrischen Singelmini-
mumpotential, das über längere Zeit annähernd konstant
bleibt.
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for quantum effects such as proton tunneling or zero-point
motion, unlike the above-mentioned tunneling studies on
malonaldehyde. However, PAW yields full ab initio dynamics
of the molecule on a picosecond time scale at finite temper-
atures and hence may provide another valuable viewpoint for
understanding the proton-transfer process.


Here we report a PAW study of malonaldehyde, which to
the best of our knowledge is the first parameter-free, finite-
temperature molecular dynamics simulation of an intramo-
lecular proton-transfer process. Results were extracted by
means of time evolutions of several molecular parameters
that characterize the hydrogen-bonded chelate ring. It is
shown that it is reasonable to discriminate between two
extreme cases of proton transfer: statistical isolated transi-
tions and nonstatistical quasistationary shuttling transitions.
We also deal with the question of systematic relationships
between distinct molecular parameters and the occurrence of
proton-transfer processes. Results were obtained both by a
discriminant analysis and with the aid of a neural network.
Finally, we show that the observed proton motion can be
reasonably well understood in terms of the potential energy
along an appropriately chosen proton-transfer reaction coor-
dinate, which to a first approximation determines this motion,
and which, due to the dynamics of the molecule, permanently
changes while the proton moves.


Methods


The PAW molecular dynamics (MD) simulations were performed at
temperatures between 1 K and 600 K for evolution time periods of 2 ± 20 ps
with a constant time-interval of Dt� 5 au (0.1209 fs); altogether our
calculations cover about 600 000 single time steps. The temperature of the
MD runs was controlled with the NoseÁ ± Hoover thermostat.[23] The MD
runs started with an arbitrary geometry and random forces and were
equilibrated for about 5000 time steps to eliminate possible effects of the
initial conditions. We used Perdew and Zunger's[24] parametrization of the
density functional based on the results of Ceperley and Alder.[25] The
generalized gradient corrections of Becke[26] and Perdew[27] were applied.
For solving the electronic structure problem, a plane wave cutoff of 30 Ry
was used for the wave functions, while the electron density was represented
with a cutoff of 60 Ry. Projector functions of the s type for hydrogen atoms
and s, p, and d projectors for all other atoms were included in the
calculations. For the sake of comparison with other more common quantum
chemical methods, selected bond lengths and angles calculated at different
levels of theory[28] are summarized in Table 1, along with the corresponding
data determined by microwave spectroscopy. Table 1 also includes
experimental[4] and calculated n(OH) frequencies and the energy differ-
ences DE between the Cs equilibrium ground states and the symmetrical C2v


states, which give an estimate of the height of the proton-transfer barrier.
The gradient corrections according to Becke and Perdew slightly over-
estimate the strength of a hydrogen-bonding interaction with respect to the
associated covalent bond, and our proton-transfer barrier height may be
somewhat too low by a factor of about two or three. Since we are mainly
interested in qualitative features and in a qualitative picture of the proton-
transfer processes, this accuracy should be adequate. Moreover, an
excellent agreement between the experimental n(OH) frequency and that
calculated by PAW (Table 1) is found, and a similarly good agreement is
also observed for the n(CH) frequencies. This indicates that our force field
is realistic and that the calculations are an appropriate tool for obtaining a
qualitative picture of the proton-transfer process at finite temperatures.
To evaluate the most important molecular parameters that govern the
proton-transfer process, that is, those that can distinguish between
transition and nontransition periods, a sample data set of 1380 points from
our trajectories was analyzed by standard statistical methods (discriminant


analysis) and with the aid of a neural network. Both the discriminant
analysis and the neural network classify sets of parameters or objects into
certain categories (here: transitions or nontransitions). The discriminant
analysis determines a linear combination of relevant parameters, which can
predict to which category new cases belong. To prevent the discriminant
analysis from simply fitting the function to reproduce the given data, the
data was split into the learn and test subsets. The former was used to build
up the discriminating function, whereas the latter had the task of proving
whether the function correctly classifies independent data. In the case of
the neural network, the discriminating function was not just a linear
combination of the relevant parameters, but was built up by sigmoid
functions, which can determine any nonlinear relationship. The neural
network was a three-layer feedforward network trained by backpropaga-
tion.[29] Part of the data (44 %) was used for training, a smaller independent
data set (12 %) was used to decide when to stop the training process, and
the remaining data formed the independent test set, which shows how well
the neural network deals with new cases.


Results and Discussion


PAW trajectories : Figure 2 shows 2.4 ps time evolutions of the
OA ± H, OB ± H, and O ± O distances at various temperatures
between 325 and 600 K. The proton-transfer processes are
clearly apparent from the crossover points of the two
R(OH) time evolutions. As expected, with increasing tem-
perature, the transfer rates significantly increase to about
10 psÿ1 at 500 K and to about 25 psÿ1 at 600 K (no transi-
tions were observed below 325 K), which compares with
the experimentally determined tunneling rate of only about
1 psÿ1.[3] This indicates that proton tunneling, which is not
taken into account by our calculations, adds at most only
quantitative corrections to the dynamics. In principle, the
temperature dependence of the transfer rates could be used-
to evaluate a transition-state energy, but owing to the
limited time periods of our trajectories, the statistical signifi-
cance of the simulations is insufficient for obtaining a
statistically reliable value. Moreover, since proton transfer
is clearly not a simple statistical process (see below), the


Table 1. Selected bond lengths [�] and angles [8], proton transfer barriers
[kJ molÿ1], and n(OH) frequencies [cmÿ1] of malonaldehyde, as obtained from
experimental and theoretical data.


Exp.[a] HF[b] MP2[b] B3LYP[b] BLYP[b] B3P86[b] PAW


O ± H (0.969) 0.956 0.994 1.007 1.035 1.020 1.058
O ´´´ H (1.680) 1.881 1.695 1.641 1.588 1.556 1.525
O ´´´ O 2.553 2.682 2.591 2.554 2.544 2.497 2.511
C ± O 1.320 1.312 1.329 1.319 1.330 1.309 1.322
C�C 1.348 1.342 1.363 1.369 1.384 1.370 1.377
C ± C 1.454 1.453 1.440 1.437 1.440 1.428 1.423
C�O 1.234 1.207 1.250 1.246 1.265 1.246 1.266
O ± H ´´´ O 147.6 139.6 147.5 148.5 150.9 150.9 152.5
C-O-H 106.3 109.4 105.3 105.4 104.2 104.6 103.3
C�O ´´´ H 99.7 99.4 99.9 99.6 100.1 99.7
O-C�C 124.5 126.2 124.5 123.9 123.4 123.3 122.9
C-C�O 123.0 124.2 123.5 123.5 123.3 123.2 122.9
C-C�C 119.4 120.9 119.5 118.8 118.6 118.0 118.7
DE[c] (6.6) 43.0 15.2 9.7 5.6 6.1 4.9
n(OH) 2860[d] 3941[e] 3318[e] 3035[e] 2660[e] 2819[e] 2850[f]


[a] From microwave data[3] (except for n(OH)). [b] 6-31G(d,p) basis set.
[c] Energy difference between C2v transition state and Cs equilibrium structure
(kJ molÿ1). [d] IR frequency from CCl4 solution. [e] Harmonic frequency. [f] From
the R(OH) autocorrelation function.
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Figure 2. OA ± H and OB ± H distances (lower traces) and O ± O distance
(upper trace) versus time at different temperatures.


physical meaning of a transition-state energy derived from an
Arrhenius-like plot is not entirely evident.


Figure 3 depicts the changes of the molecular geometry
over a 20 fs time period for a single proton-transfer transition


Figure 3. Snapshots of the geometry of malonaldehyde during a proton
transfer transition (time intervals: 2.4 fs).


and gives an impression of the full dynamic behavior of the
molecule. Even within this rather short time, not only the
hydrogen atoms, but also the heavy atoms, exhibit appreciable
motion, and a proper description of proton transfer requires
many, if not all, of the 21 internal degrees of freedom of the


molecule. This is partially taken into account in Figure 4,
which displays a blow up of 0.48 ps of the 500 K time
evolutions shown in Figure 2 and the time evolutions of some


Figure 4. Time evolutions of several molecular parameters at 500 K
showing: a normal period (a), a near-transition (b), an isolated transition
(c1), and consecutive shuttling transitions (c2).


additional geometric parameters. From Figure 4, one can
(somewhat arbitrarily) distinguish four different situations
with respect to the proton motion: a) normal periods, in which
the proton remains firmly trapped at one oxygen atom,
b) near-transitions, in which the two O ± H distances become
very similar, but no proton transfer takes place, c1) isolated
transitions that correspond to a single proton transfer, and c2)
proton shuttling periods with multiple, consecutive transi-
tions. The distinction between isolated and shuttling tran-
sitions is similar to Hutchinson�s distinction between single-
crossing events and quasi-periodic oscillations.[17]


Analysis of geometric data : For a more detailed analysis, a
sample data set consisting of three classes, each of which
contained the molecular parameters of 460 single time steps of
the 500 K PAW trajectory, was constructed: all of the 92
isolated and the shuttling proton transfer transitions that
occurred during the simulation, each characterized by the
crossover point and four preceding time steps (class c); the 92
most significant near-transitions, characterized by the turning
points[30] of the R(OH) time evolutions and by their preceding
four time steps (class b); and 92 points that were arbitrarily
chosen from the normal periods along with their preceding
four time steps (class a). Table 2 summarizes the average
values and ranges of selected bond lengths and angles for the
three classes. Within the normal periods (class a) the average
geometry is similar to the equilibrium geometry at T� 0 K
with a strongly asymmetric hydrogen bond and distinctly
different C ± O distances and C ± C distances. In contrast, the
average geometry of the crossover points of the transitions
(class c) is close to the C2v-symmetric transition state that
emerges from zero-point calculations, with a rather short O ± O
distance and almost equal C ± O distances and C ± C distances.
However, from the ranges given in Table 2, it is evident that
the geometries of the individual crossover points can signifi-
cantly deviate from this average geometry. Hence, the finite-
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temperature PAW simulations do not yield a well-defined
transition state corresponding to a preferred bottleneck-like
reaction path for the proton-transfer processes; instead, they
indicate a more complicated situation. This is not unexpected,
because at the temperatures considered the total kinetic
energy of the molecule is about 40 kJ molÿ1 and the
dynamics is expected to be rather complex. Con-
sequently, the question arises whether there are
systematic relationships between combinations of
molecular parameters and the occurrence of pro-
ton-transfer processes, or at least, whether those
parameters can be determined which most prom-
inently govern the probability of proton transfer.


Among the geometric parameters that govern
the proton-transfer process, the O ± O distance is
the most important. A plot of R(OO) versus
R(OH) of the points in the sample set shows that
most proton-transfer transitions are associated
with small O ± O distances (Figure 5). Up to about


Figure 5. R(OO) versus R(OH) for the points used for data analysis (see
text): ~ normal periods, & near-transitions, ^ proton-transfer transitions.


98.5 % of the points belonging to classes a (normal regions)
and c (transitions) are distinguished correctly by a limiting
distance of 2.53 � (dotted horizontal line in Figure 5), and
91.5 % of the points are still correctly classified if a distinction
is made between classes a�b (nontransitions� normal re-


gions�near-transitions) and class c (transitions). The under-
lying reason for the crucial role of the O ± O distance was
demonstrated in a recent ab initio study at the MP2/6-31G**
level of theory,[10] in which potential energies were calculated
as a function of increasing O ± H distance (i.e. , for hypo-
thetical proton transfer transitions) at fixed O ± O distances,
but with otherwise full geometry optimization. For the
equilibrium O ± O distance, the well-known double-minimum
potential was obtained, and the two minima were separated
by an energy barrier of about 40 kJ molÿ1. For shorter O ± O
distances the barrier decreased, and it vanished below 2.3 � to
give a symmetric single-minimum potential. We have per-
formed similar point-to-point potential energy calculations
for such hypothetical proton-transfer transitions at fixed O ± O
distances with the PAW program; in our case the proton-
transfer reaction coordinate was defined by 1� [R(OAH)-
cosq(OBOAH)]/R(OO).[31] In Figure 6 the results are dis-
played for three representative O ± O distances. At 2.80 �,
which is close to the upper limit of the O ± O distances in our
simulations, the two minima are separated by a potential
energy barrier of 66 kJ molÿ1, which exceeds the total kinetic


energy of the molecule at 500 K (50 kJ molÿ1). At 2.58 �,
which is the upper limit observed for crossover points of
isolated transitions, the barrier decreases to 19 kJ molÿ1, while
at 2.36 �, which is the mean value of shuttling transitions, an
almost perfect single-minimum potential is obtained. Note
that these model calculations can not represent real proton-
transfer transitions because of the assumption of fixed O ± O
distance. However, they clearly indicate that, depending on
the O ± O distance, the energetic preconditions for proton-
transfer processes and therefore the probability of proton
transfer can differ widely. At large O ± O distances (Figure 6a)
proton transfer should be almost impossible, at medium
distances (Figure 6b) it should be a rare event, and at short
distances (Figure 6c) proton transfer should degenerate to a
large-amplitude n(OH) vibration of a (nearly) symmetric
O ´´´ H ´´´ O hydrogen bond.


Although the O ± O distance is an important factor
governing the proton motion, a short O ± O distance is neither
a necessary nor a sufficient criterion for proton transfer:
distances of up to 2.586 � are found for the crossover points,
but as short as 2.490 � in the normal regions, and even as
short as 2.358 � for the turning points of the near-transitions.
Therefore, we performed a multidimensional analysis of our


Table 2. Mean values and ranges (in parentheses) of selected bond lengths
[�] and angles [8] of the points included in the sample set used for data
analysis (see text): a) points of normal periods, b) turning-points of near-
transitions, and c) crossover-points of proton transfer transitions.


a b c


O ´´´ O 2.64 (2.49 ± 2.80) 2.53 (2.36 ± 2.70) 2.38 (2.25 ± 2.59)
C ± O 1.34 (1.31 ± 1.44) 1.33 (1.28 ± 1.40) 1.30 (1.25 ± 1.37)
C�C 1.38 (1.30 ± 1.50) 1.38 (1.29 ± 1.50) 1.41 (1.32 ± 1.50)
C ± C 1.44 (1.34 ± 1.56) 1.44 (1.35 ± 1.53) 1.41 (1.33 ± 1.50)
C�O 1.26 (1.19 ± 1.33) 1.27 (1.22 ± 1.31) 1.30 (1.23 ± 1.36)
O ± H ´´´ O 145 (129 ± 165) 151 (139 ± 169) 155 (146 ± 169)
C-O-H 105 (95 ± 116) 102 (92 ± 111) 102 (91 ± 111)
C�O ´´´ H 98 (88 ± 106) 100 (90 ± 110) 102 (92 ± 111)
O ± C�C 123 (115 ± 131) 123 (114 ± 132) 121 (113 ± 128)
C ± C�O 123 (116 ± 133) 123 (114 ± 131) 121 (113 ± 128)
C ± C�C 121 (113 ± 128) 118 (111 ± 125) 116 (109 ± 125)


Figure 6. Potential energy as a function of the proton reaction coordinate 1[31] with fixed
O ± O distances but otherwise full geometry optimization.
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sample data set by discriminant analysis and with a neural
network. The aim was to identify the parameters which in
combination with the O ± O distance would provide the most
reliable distinction between classes a, b, and c. Besides purely
geometric parameters, the analysis also included dynamic
parameters that were defined by the changes of geometric
parameters with respect to the preceding time steps. Without
going into details, some basic results are shown in Figure 7.


Figure 7. Percentage of correct classifications of nontransitions and
transitions obtained by discriminant analysis and with the neural network
by successive inclusion of parameters: geometric parameters (a), and
geometric plus dynamic parameters (b).


Here we restrict ourselves to the discrimination between the
combined classes a�b (nontransitions) and class c (transi-
tions). In an initial approach (Figure 7a), only geometric
parameters were considered: five distances (O ´´´ O, C ± O,
C ± C, C�C, C�O), six angles (C�C ± O, C ± C�O, C ± C�C,
O ± H ´´´ O, C ± O ± H, C�O ´´´ H), and four torsion angles (C ±
C�C ± O, C�C ± C�O, C�C ± O ± H, C ± C�O ´´´ H). Both the
discriminant and network analyses yielded about 95 % correct
classifications, which is moderately better than the 91.5 %
correct classifications based on the O ± O distance alone. For
both methods, only two or three parameters besides R(OO)
are relevant. In a second approach (Figure 7b), the changes D


of the above 15 parameters relative to the preceding time step
were also included, and the correct classifications increased by
about 1 % for both analyses. The parameters regarded as
relevant by the two methods differ in part and are therefore
not fully independent. Hence, they can be partly replaced by
one other. As expected, these parameters are distances and
angles within the hydrogen-bonded chelate ring and changes
therein. With both methods, the changes in the two C ± O ± H
angles enter the discrimination functions as relevant dynamic
parameters, but it is not clear whether the changes in these


angles directly influence the proton-transfer process, or
whether they are purely a consequence of the process.


Finally, the discriminating functions that emerged from the
analysis were used to classify all time steps of the trajectories
as transitions or nontransitions. An example is given in
Figure 8, which shows a 2.42 ps window of the 500 K time
evolutions of the two O ± H distances with the classifications
of the time steps. This analysis showed that not only the


Figure 8. O ± H distances versus time at 500 K and classification of the
points as transitions (1) or nontransitions (0).


crossover points and the four preceding time steps that were
included in the sample set, but that all points within a longer
time period (about 100 fs or more) are also classified as
transitions. Therefore, within the accuracy limits of the
analysis function, we can define a proton-transition period
during which the molecule has a geometry that is favorable for
proton transfer.


In summary, although both methods are capable of
identifying parameters that determine the proton-transfer
process, they fail to predict definite requirements for the
transfer to occur. Possible reasons are that the situations are
too complex and variable for an exact analysis or that the
analysis did not consider all relevant factors (see below).


Energetic considerations : Since the analysis of geometric data
did not provide fully satisfactory results regarding the
requirements for proton-transfer processes, we tried another
approach to obtain a better understanding of the driving
forces that govern the proton motion. Model calculations
were performed in the following way: 1) a molecular
geometry was taken from a single time step of a PAW
trajectory; 2) except for the proton under consideration, all
atoms were fixed (this is the main difference to the
calculations of Figure 6); 3) the proton under consideration
was moved step by step along the proton-transfer reaction
coordinate 1;[31] 4) under these constraints (i.e., a given 1


value and an otherwise fixed geometry), the proton position
was optimized for each step of 1, and the potential energy was
calculated. The resulting potential E(1)t represents the
energetic preconditions for a hypothetical motion of the
proton between the two oxygen atoms within a heavy ± light ±
heavy atom approximation[32] (i.e., under the assumption that
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the motion of the proton is much faster than that of all other
atoms). As such a Born ± Oppenheimer-like approximation is
rather poor in our case (the heavy atom to light atom mass
ratio is only around ten), the potential E(1)t could more
realistically be interpreted in terms of the potential experi-
enced by the proton at the time step just considered. This
potential should govern the next step(s) of its motion between
the two oxygen atoms; if we neglect the kinetic energy of the
proton, then to a first approximation, the proton should follow
the E(1)t gradient.


We calculated such E(1)t potentials for several consecutive
time frames from selected regions of the PAW trajectories and
thus obtained the time evolutions of the potential energy that
governs the proton motion along the proton-transfer reaction
coordinate 1 for the selected time periods. In Figure 9 such
E(1)t time evolutions are shown by staggered plots of single
time frames with 2.4 fs time intervals for six instances taken
from the 500 K trajectory. These correspond to the four
typical situations shown in Figure 4. The actual proton
positions for each time frame, as they emerged from the
trajectory, are indicated by filled circles and depict the proton
motion within the considered time period. Additionally, the
time evolutions of the two O ± H distances are shown; the


vertical lines indicate the time frames of the staggered
plots.


Figure 9 a shows 12 snapshots of a normal region. Within
the entire time period (26.6 fs) we obtain the asymmetric
double-minimum potentials that are characteristic of moder-
ately strong hydrogen bonds. The potential E(1)t is approx-
imately constant, the proton remains firmly attached at one
oxygen atom, and its motion corresponds to a stationary, high-
frequency, low-amplitude n(OH) vibration. As already noted
above, the PAW-calculated frequency of this motion is
85.5 THz (2850 cmÿ1), which almost exactly matches the
experimental n(OH) frequency of 2860 cmÿ1. Such a frequen-
cy is characteristic for moderately strong, but clearly asym-
metric intramolecular O ± H ´´´ O hydrogen bonds with an
equilibrium O ± O distance of about 2.55 �.


Figures 9 b and 9 c display seven and eight snapshots of two
isolated transitions with total time periods of 14.5 and 16.9 fs,
respectively. The potential-energy evolutions start with a
strongly asymmetric potential whose minimum is located at
one oxygen atom. This is the usual situation in the normal
regions, where the proton is trapped in one tautomeric form.
In the following steps, the potential rapidly changes to a
shallow double-minimum potential and then again becomes


Figure 9. Potential energy as a function of the proton reaction coordinate 1[31] with otherwise fixed geometry for consecutive time frames at intervals of
2.42 fs and the corresponding R(OH) time evolutions of a normal period (a), two isolated transitions (b,c), two shuttling region regions (d,e), and a near
transition (f).
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strongly asymmetric, but with the minimum located at the
other oxygen atom. While the proton moves uphill
(frames 3, 4 and 4, 5), the barrier decreases and the potential
changes in such a way that the proton falls into the new
minimum at the other oxygen atom (frames 5 ± 7 and 6-8). The
changes in the shape of the potential E(1)t that drive the
proton-transfer process occur within a time period not longer
than that of a single n(OH) vibration.


Figures 9 d and 9 e display 13 and 9 potential energy
snapshots (time periods: 29 and 19.4 fs) taken from two
shuttling periods. These situations differ significantly from
those of Figures 9 b and 9 c in having more or less symmetric
single-minimum potentials that undergo only minor changes
during the entire time periods considered. In these cases the
proton motion is not a true proton transfer, but rather a
(quasi)stationary, low-frequency, large-amplitude vibration,
which takes place as long as the single minimum potential
persists (i.e. , as long as the geometry remains favorable). The
average frequency of the periodic proton motion within the
shuttling regions of 61.5 THz corresponds to a n(OH)
frequency of about 2050 cmÿ1.


Figure 9 f shows 15 snapshots from a region that covers a
near-transition. The potential-energy evolution starts with an


asymmetric double-minimum potential with the minimum at
the left oxygen atom OA, displays a series of symmetric
double-minimum potentials and single-minimum potentials,
and ends with a strongly asymmetric single-minimum poten-
tial whose minimum is again located at OA. The actual proton
motion makes this picture particularly interesting. At frame 6
the proton comes close to the crossover point (1� 0.5), but it
follows the potential energy gradient and turns back just
before the potential becomes favorable for proton transfer
(frames 8 ± 11). At frames 12 and 13, where the proton again
comes close to 1� 0.5, the potential has already changed such
that the proton remains trapped at OA. Figure 9f clearly
shows that a proton-transfer transition is not only governed by
certain potential energy situations that are directly related to
the geometry of the rest of the molecule, but also depends on
the current position of the proton and, in particular, on the
current direction of its momentum. The latter finding is not
surprising and is probably one reason why the statistical
analysis in which proton position and momentum were not
explicitly considered did not give better results.


Let us finally consider the difference between isolated
proton-transfer transitions and proton-shuttling periods,
which in Figure 4 were distinguished from a purely visual
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view point. From Figure 9 it is evident that this discrimination
seems to be physically meaningful. Isolated transitions and
proton-shuttling transitions represent two extreme cases,
while the actually observed proton transfers range from
purely isolated transitions, through borderline cases, to clear
shuttling processes. Within the framework of our model, both
isolated and shuttling transitions are associated with a change
of the normally strongly asymmetric potential E(1)t to a
nearly symmetric double- or single-minimum potential. In the
first case the usual asymmetric potential is rapidly reestab-
lished (within a time shorter than a n(OH) vibrational cycle),
whereas in the latter case it takes a distinctly longer time
(more than two n(OH) vibrational cycles). What is more,
isolated transitions and shuttling periods also represent two
borderline cases with respect to geometric parameters,
especially the O ± O distance. Table 3 lists the mean values
and standard deviations of selected bond lengths and angles
for the eight most representative crossover points of isolated
and shuttling transitions. On average, R(OO) is larger by
about 0.13 � for isolated than for shuttling transitions.


Summary and Conclusions


We have performed ab initio PAW molecular dynamics
calculations on malonaldehyde at temperatures between 1
and 600 K that shed some new light on proton motion and
proton transfer. Our conclusions are as follows:


Within the framework of the PAW approach, which neglects
quantum effects, proton transfer is described as a dynamic
process that results from the full dynamics of the molecule. At
elevated temperatures, proton transfer is not associated with a
well-defined transition state and a corresponding preferred
reaction path, but takes place in various, widely differing
geometrical situations. Due to the molecular dynamics, the
molecular geometry permanently changes, and sometimes
situations occur that are favorable for proton transfer.


Although it was not possible to clearly specify the require-
ments and preconditions for proton transfer for each event by
using appropriate analysis methods (discriminant analysis,
neural network) we found the most relevant molecular
parameters for distinguishing periods of transitions and
periods of nontransitions with an accuracy greater than


95 %. As expected, a short O ± O distance proved to be the
most important parameter, but a limiting O ± O distance is
neither a necessary nor a sufficient condition.


Two extreme situations of proton transfer can be discrimi-
nated: statistical isolated transitions and nonstatistical shut-
tling transitions, which represent the limits of long and short
O ± O distances, respectively. In the first case, proton transfer
remains a single event in which the proton is trapped at one
oxygen atom at the beginning and at the other oxygen atom at
the end. The second case is characterized by multiple
consecutive proton-transfer transitions that correspond to a
(quasi)stationary, large-amplitude, low-frequency motion.


The actual proton motion that emerges from the PAW
calculations can be reasonably well understood in terms of the
time evolution of the potential energy along an appropriately
chosen proton-transfer reaction coordinate. At any time, this
potential is determined by the current molecular geometry,
which permanently changes due to the dynamics of the
molecule. Isolated transitions start with an asymmetric
potential (i.e., the proton is firmly located at one oxygen),
pass through a series of nearly symmetric, broad potentials,
and end with another asymmetric potential whose minimum is
now located at the other oxygen atom. Proton shuttling
processes are associated with a more or less symmetric single-
minimum potential that persists for a longer time period
without significant changes, and the proton undergoes a
(quasi)stationary motion within this potential.


In addition to the necessary potential energy conditions, for
proton transfer to occur, favorable position and momentum of
the proton are also required.
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Structure and Bonding of Low-Valent (Fischer-Type) and High-Valent
(Schrock-Type) Transition Metal Carbene Complexes**
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Abstract: Quantum mechanical ab ini-
tio calculations are reported at the MP2
level of theory with effective core po-
tentials for the heavy atoms of the
low-valent carbene complexes
[(CO)5WCH2] (1), [(CO)5WCF2] (2),
[(CO)5WCHF] (3), and [(CO)5WCH-
(OH)] (4), and for the high-valent
carbene complexes [F4W(CH2)] (5),
[F4W(CF2)] (6), [Cl4W(CH2)] (7),
[Br4W(CH2)] (8), [I4W(CH2)] (9),
[(OH)4W(CH2)] (10), [F5W(CH2)]ÿ


(11), and [F5W(CF2)]ÿ (12). Metal ± car-
bene bond energies are predicted at
CCSD(T) with MP2 optimized geome-
tries. The bonding situation is analyzed


with the help of Bader�s topological
theory of atoms in molecules, Wein-
hold�s NBO-partitioning scheme and the
CDA method for donor ± acceptor inter-
actions. The analysis of the calculated
data shows that the chemical and phys-
ical properties of the two types of
compounds can be understood when
the electronic configuration at the metal
is considered. The Taylor and Hall


model is supported by the CDA results
for the neutral compounds. This model
suggests that the metal ± carbene bonds
in Fischer-type complexes are due to
donor ± acceptor interactions between
the metal fragment and singlet carbenes,
while Schrock-type complexes have nor-
mal covalent bonds between open-shell
metal fragments and triplet carbenes.
Donor ± acceptor bonds are found for
1 ± 4 and normal covalent bonds are
found for 5 ± 10. The high-valent nega-
tively charged complexes 11 and 12,
however, have donor ± acceptor bonds.


Keywords: ab initio calculations ´
carbene complexes ´ donor ± accep-
tor interactions ´ metal ± ligand in-
teractions ´ tungsten


Introduction


The first synthesis of a transition metal carbene complex by
Fischer and Maasböl in 1964[1] introduced a new class of
organometallic compounds into chemistry that soon proved
very useful and versatile for organic and organometallic
synthesis.[2±4] The metal ± carbene bond of the Fischer complex
is usually discussed[4] in terms of the familiar Dewar ± Chatt ±
Duncanson model,[5] which considers the dominant bonding
interactions to arise from ligand!metal s donation and
metal!ligand p back-donation. In the case of singlet (1A1)
carbene as a ligand, the most important orbital interactions
should be donation from the occupied a1 orbital of CR2 into
the empty dz2 metal orbital, and back-donation from the dxz


metal AO to the empty p(p) carbon orbital of CR2. This is
schematically shown in Scheme 1.


Ten years after Fischer�s
synthesis of [(CO)5WCMe-
(OMe)][1] another class of
transition metal (TM) com-
pounds with a metal ± carbon
double bond was introduced
into organometallic chemis-
try by Schrock, who synthe-
sized [(Me3CCH2)3Ta-
(CHCMe3)].[6] Unlike the
Fischer carbene complexes,
Schrock�s compound did not
have a stabilizing substituent
(usually OR or NR2) at the
carbene ligand. It was soon
recognized that the latter
type of carbene complex be-
longs to a class of transition
metal compounds that be-
haves, chemically, very differ-
ently to the Fischer com-
plexes.[7] The carbene ligand
of Fischer complexes is usu-
ally electrophilic, while Schrock complexes have a nucleo-
philic carbene center. Also, Fischer complexes have transition
metals that are usually in a low oxidation state, whereas
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Scheme 1. Schematic representa-
tion of the dominant orbital inter-
actions in a) Fischer-type carbene
complexes and b) Schrock-type
carbene complexes.
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Schrock complexes have transition metals in a high oxidation
state. It has been pointed out, however, that the oxidation
state is not a safe criterion for predicting electrophilic or
nucleophilic reactivity.[8]


The different chemical behavior has been explained
with a qualitatively different bonding situation between
the two classes of compounds.[9, 10] The metal ± carbene bond-
ing in Schrock complexes was described as a covalent
double bond between a triplet carbene and a triplet
metal fragment (Scheme 1). Since the latter model
does not employ donor ± acceptor interactions between
the metal and the carbene, the more appropriate
name for the Schrock complexes is transition metal
alkylidenes. Since the name Schrock complex is com-
mon in organometallic chemistry, we will use it in this
paper.


The nature of the metal ± carbene bond has been the subject
of several theoretical studies, but most of the earlier work was
carried out with use of either assumed geometries or
Hartree ± Fock (HF) optimized structures.[10±15] It is well
known now that geometries of transition metal complexes in
low oxidation states have to be optimized at correlated levels
in order to get accurate geometries.[16] Nevertheless, some
important theoretical results have been obtained. Taylor and
Hall[10] studied the Fischer complexes [(CO)5MoCH2] and
[(CO)5MoCH(OH)] as well as the Schrock complexes
[CpCl2NbCH2] and [CpCl2NbCH(OH)]. They suggested in
a pioneering study that the different chemical behavior of the
two classes of TM compounds is not due to the carbene ligand,
but rather that it is caused by the metal moiety. This work is
important, because the different bonding models shown in
Scheme 1 were suggested for the first time. A dominant
influence of the metal fragment on the metal ± carbene bond
has also been postulated by Cundari and Gordon,[11] who
reported a configuration interaction (CI) study of several
Schrock complexes using HF-optimized geometries. Goddard
et al.[9] employed the GVB method for an analysis of Schrock
and Fischer complexes. The electronic and molecular struc-
ture of the Fischer complex and higher analogues [(CO)5-


MoAH2] (A�C, Si, Ge, Sn) have been studied by MaÂrquez
and Fernandez Sanz[12] at the CASSCF level with HF-
optimized geometries. The most recent theoretical work on
Fischer complexes was carried out by Ziegler et al. ,[13] who
reported DFT calculations of [(CO)5MCH2] (M�Cr, Mo,
W),[13a] and later [(CO)5CrAH2] (A�C, Si, Ge, Sn) and
[(CO)5MCH2] (M�Mo, W, Mn�).[13b] We want to point out
that theoretical work has also been carried out on naked metal
carbenes MCH2.[17]


In this paper we report our theoretical studies of the low-
valent carbene complexes [(CO)5WCH2] (1), [(CO)5WCF2]
(2), [(CO)5WCHF] (3) and [(CO)5WCH(OH)] (4), and the
high-valent alkylidenes [F4W(CH2)] (5), [F4W(CF2)] (6),
[Cl4W(CH2)] (7), [Br4W(CH2)] (8), [I4W(CH2)] (9),
[(OH)4W(CH2)] (10), [F5W(CH2)]ÿ (11), and [F5W(CF2)]ÿ


(12). We present theoretically predicted geometries and
tungsten ± carbene bond dissociation energies of 1 ± 12. The
bonding situation of the compounds has been analyzed with
the topological analysis of the electron-density distribution[18]


and the natural bond orbital analysis (NBO).[19] Additional


information about the tungsten ± carbene interactions has
been obtained from the charge-density analysis (CDA) of 1 ±
12.[20, 21]


The very helpful comments of two referees made it clear
that we should clarify the unconventional use of some terms in
our work, which otherwise might lead to some confusion. In
particular, the classification of carbene complexes as Fischer
and Schrock type is somewhat different from that used in
many textbooks of organometallic chemistry. The name
Fischer carbene complexes is normally used for compounds
that have a heteroatom linked to the carbenoid carbon; they
usually have a metal in a low oxidation state, p-acceptor
ligands, and electrophilic character at the carbene carbon
atom. Schrock carbene complexes (better: alkylidenes) are
those with alkyl groups or hydrogen atoms at the carbene
center; these usually present higher oxidation states of the
metal atom, a variety of ligands, which are usually not closed-
shell species as free molecules, and they have nucleophilic
character at the carbene carbon atom. Such criteria are easy to
use for classifying a carbene complex to belong to one or the
other type, but sometimes it becomes difficult and arbitrary to
label a compound in this way. For example, the osmium
carbene complex [(PPh3)2Cl(NO)OsCH2] should be labelled
as Fischer-type, because of the low oxidation state of OsII, but
the carbene ligand reacts with a variety of electrophilic
reagents at the carbene carbon, which is typical for Schrock
carbenes.[8]


In this paper we decided to use the terms Schrock and
Fischer carbenes strictly for complexes that have metals in a
high or low oxidation state, respectively. Thus, 1 ± 4 are called
Fischer-type complexes and 5 ± 12 are termed Schrock com-
plexes. The results of the calculations showed that, for
example, the bonding properties of 1, which has a CH2


(Schrock-type) ligand and 4, which has a CH(OH) (Fischer-
type) ligand are very similar, while the differences between
the methylene complexes 1 and 5 are striking. If the terms
Fischer and Schrock carbene complexes are used for com-
pounds in which the carbene ligand has electrophilic or
nucleophilic character, then neither the oxidation state nor
the ligand type gives a clear answer to which category a
particular complex belongs. We want to emphasize, however,
that our analysis of the metal ± carbene binding in 1 ± 12
focuses on the model of Taylor and Hall,[10] who suggested
that the electronic configuration at the metal center must be
taken into consideration to explain the different reactivity of
the two types of carbene complexes. We were interested to see
if the low-valent complexes 1 ± 4 all have metal ± carbene
bonds that are formed through donor ± acceptor interactions
(Scheme 1a), and if the high-valent complexes 5 ± 12 all have
bonds that are formally formed from two open-shell frag-
ments (Scheme 1b). It will be shown below that the analysis of
the bonding situation by means of the CDA method makes it
possible to distinguish between the two bonding types. It was
found that the assumption about different bonding situations
in high-valent and low-valent complexes is justified for the
neutral compounds 1 ± 10. In case of the negatively charged
complexes 11 and 12, however, the CDA finds donor ± ac-
ceptor interactions for the tungsten ± carbene bonds, although
these are high-valent compounds. We are currently inves-
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tigating by theoretical methods if ligands other than carbenes
show a similar dual-binding-type behavior.


Another source of possible confusion are the terms that we
use for the different binding types shown in Scheme 1. The
bonding situation typical for a Lewis acid ± base pair depicted
in Scheme 1a is termed a donor ± acceptor bond. In textbooks
it is sometimes called a semicovalent bond, because the nature
of the bonding interaction is partly covalent and partly ionic.
The name dative bond has also been suggested.[22] Donor ±
acceptor bonds dissociate in a heterolytic way. The homolyti-
cally formed bond shown in Scheme 1b we call a normal
covalent bond, in order to distinguish it from the term
semicovalent bond. We want to point out that donor ± accep-
tor and normal covalent bonds may both have covalent and
ionic contributions.


Finally we want to emphasize that, although the present
work deals only with carbene complexes of tungsten, the
conclusions made from the results should hold for other
metals as well. We are aware that complexes of the early and
late transition metals are quite different, mainly because of
the number of d electrons; this gives rise to the fact that for
some transition metals only one type of carbene complex has
been synthesized so far. However, the focus on the electronic
configuration at the metal will always be a good way to
understand the nature and reactivity of the metal ± carbene
bond.


Computational Methods


Two different basis sets I and II were used in this study. Basis set I has a
quasirelativistic small-core effective-core potential (ECP) with a (441/41/
21) valence basis set for W,[23a] an ECP with a (21/21/1) valence basis set for
Cl, Br, and I[23b] and 3-21G all-electron basis sets for the other atoms.[24]


Basis set II has the same ECPs as in basis set I. However, a less contracted
(441/2111/21) valence basis set for W and 6-31G(d) all-electron basis sets[25]


for H, C, F, O were employed in basis set II. The valence basis sets for Cl,
Br, and I in II are the same as in I. The performance of basis sets I and II
was studied systematically for calculating transition metal compounds.[16]


The geometries of 1 ± 12 were optimized at the Hartree ± Fock (HF) level of
theory with basis sets I and II, and at the level of second-order Mùller ±


Plesset perturbation theory (MP2)[26] with basis set II. Vibrational fre-
quencies and the zero-point energies (ZPE) were calculated only at HF/I.
All structures reported here are minima on the potential energy surface at
HF/I (number of imaginary frequencies i� 0). The tungsten ± carbene bond
dissociation energies were calculated at the CCSD(T)/II level with MP2/II
optimized geometries. For computational reasons we could not carry out
CCSD(T) calculations of 2, 3, and 4. In these cases bond dissociation
energies at CCSD(T)/II have been estimated from isostructural reac-
tions.[27] It has been shown that estimated bond energies from isostructural
reactions are very similar to directly calculated values.[27] The calculations
were performed with the program packages Gaussian 92,[28] Turbomole,[29]


and ACES II.[30] The topological analysis of the electron-density distribu-
tion was carried out with the programs EXTREME, PROAIM, and
BONDER.[31]


Inspection of the tungsten ± carbene interactions was performed by charge-
density analysis (CDA).[20] In the CDA method the molecular orbitals
(canonical, natural, or Kohn ± Sham) of the complex are expressed in terms
of the MOs of appropriately chosen fragments. In the present case, the
natural orbitals (NO) of the MP2/II wavefunctions are formed in the CDA
calculations as a linear combination of the MOs of the carbene ligand and
those of the remaining fragment WLn [W(CO)5 for the Fischer complexes,
WL4 or WLÿ5 for the Schrock complexes] in the geometry of the carbene
complex. The orbital contributions are subdivided into four parts: i) the
mixing of the occupied MOs of the carbene ligand and the unoccupied MOs
of the fragment (carbene!WLn donation); ii) the mixing of the
unoccupied MOs of the carbene and the occupied MOs of the fragment
(LnW!carbene back-donation); iii) the mixing of the occupied MOs of the
carbene and the occupied MOs of the fragment (carbene<!WLn


repulsive polarization); and iv) the residue term arising from the mixing
of unoccupied orbitals. It has been shown that the residue term is � 0 for
closed-shell interactions, while shared interactions have values for the
residue terms that are significantly different from zero.[32a±c] A more
detailed presentation of the method and the interpretation of the results is
given in refs. [20] and [32]. The CDA calculations were performed with the
program CDA 2.1.[21]


Results and Discussion


Geometries and bond energies : The optimized structures of
the carbene complexes 1 ± 12 are shown in Figure 1. The
theoretically predicted metal ± ligand bond lengths and angles
for the Fischer complexes 1 ± 4 are presented in Table 1. The
calculated geometries of the Schrock complexes 5 ± 12 are
shown in Table 2. Table 3 gives the theoretically predicted
metal ± carbene bond dissociation energies.


Figure 1. Optimized structures at MP2/II of the Fischer complexes 1 ± 4 and the Schrock complexes 5 ± 12. For the geometrical data see Tables 1 and 2.
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The tungsten ± carbene bond lengths of the Fischer com-
plexes 1 ± 4 become slightly longer at the HF level when the
basis set is improved from BS I to II (Table 1). The (CO)5W ±
CXY bonds are clearly shorter at MP2/II compared to the HF
values. It is well known that bond lengths of donor ± acceptor
complexes are generally predicted to be too long at HF, while
MP2 gives values that are in good agreement with experiment.
This holds for complexes of main-group elements[33] and for
transition metal complexes.[16]


Although transition metal carbene complexes with CH2 as
the carbene ligand have frequently been used to mimic
Fischer complexes,[12, 13, 15] compound 1 is not a particularly
good model for these molecules, because it is well known that
a p-stabilizing substituent (usually O or N) at the carbene
ligand is necessary in order to make the complexes stable
enough to become isolable.[2, 3] Otherwise the carbene carbon


atom in Fischer complexes is too reactive for nucleophilic
attack to be isolable. Table 1 shows that two fluorine atoms
and the even better p-donor substituent OH yield longer W ±
carbene bonds in 2 and particularly in 4 than in 1. The bond
dissociation energies of the W ± carbene bonds of the Fischer
complexes with p-donor substituents at the carbene ligand in
2 and 4 are also lower than that of 1 (Table 3). Please note that
the bond dissociation energies are calculated with respect to
the electronic ground state of the fragments. CHF, CF2, and
CHOH have (1A or 1A1) singlet ground states, while CH2 has a
(3B1) triplet ground state, which is 9.0 kcal molÿ1 lower in
energy than the (1A1) singlet state.[34] Since the electronic
reference state of the Fischer complexes for the carbene
ligand is the singlet state, the binding interactions between
W(CO)5 and CH2 in 1 are 9.0 kcal molÿ1 higher than the


Table 1. Optimized geometries of the Fischer carbene complexes 1 ± 4. Bond
lengths in �, angles in degrees.


Sym-
metry


Geometrical
parameter


HF/I HF/II MP2/II


[(CO)5W(CH2)] (1) C2v W ± C2 (carbene) 2.045 2.053 2.031
W ± C5 (cis) 2.095 2.11 2.064
W ± C13 (trans) 2.139 2.151 2.119
aC2-W-C5 88.8 89.0 88.3


[(CO)5W(CF2)] (2) C2v W ± C2 (carbene) 2.077 2.105 2.057
W ± C5 (cis) 2.094 2.106 2.060
W ± C13 2.111 2.121 2.083


[(CO)5W(CHF)] (3) Cs W ± C2 (carbene) 2.047 2.062 2.029
W ± C5 (cis) 2.090 2.102 2.059
W ± C7 (cis) 2.099 2.113 2.065
W ± C9 (trans) 2.133 2.149 2.114
aC2-W-C5 89.6 89.3 88.3
aC2-W-C7 89.5 89.5 88.1
aC2-W-C9 180.2 179.4 179.1


[(CO)5W(CH(OH))] (4) Cs W ± C2 (carbene) 2.128 2.151 2.088
W ± C5 (cis) 2.089 2.105 2.059
W ± C7 (cis) 2.082 2.093 2.051
W ± C9 (trans) 2.098 2.107 2.085
C2 ± O4 1.333 1.301 1.333
aC2-W-C5 88.1 88.0 86.5
aC2-W-C7 92.0 91.5 91.8
aC2-W-C9 177.6 177.3 176.0


Table 2. Optimized geometries of the Schrock carbene complexes 5 ± 12.
Bond lengths in �, angles in degrees.


Sym-
metry


Geometrical
parameter


HF/I HF/II MP2/II


[F4W(CH2)] (5) C2v W ± C 1.830 1.845 1.860
W ± F 1.833 1.852 1.856
C ± H 1.080 1.081 1.091
aC-W-F 103.3 103.2 103.4


[F4W(CF2)] (6) C2v W ± C 1.928 1.946 1.892
W ± F 1.840 1.863 1.854
C ± H 1.314 1.277 1.339
aC-W-F 99.0 99.4 99.3


[Cl4W(CH2)] (7) C2v W ± C 1.867 1.859 1.850
W ± Cl 2.300 2.323 2.301
C ± H 1.081 1.081 1.081
aC-W-Cl 101.5 101.6 102.7


[Br4W(CH2)] (8) C2v W ± C 1.872 1.863 1.851
W ± Br 2.475 2.502 2.472
C ± H 1.081 1.081 1.094
aC-W-Br 101.2 101.3 102.4


[I4W(CH2)] (9) C2v W ± C 1.885 1.870 1.844
W ± I5 2.629 12.667 2.661
W ± I6 2.762 2.784 2.731
C ± H 1.083 1.083 1.097
aC-W-I5 114.1 110.0 111.8
aC-W-I6 91.8 94.7 95.8
aH-C-H 114.4 115.2 118.0


[(OH)4W(CH2)] (10) C2v W ± C 1.864 1.865 1.886
W ± O5 1.840 1.896 1.922
W ± O6 1.890 1.953 1.941
W ± O7 1.855 1.896 1.921
aC-W-O5 101.4 110.3 109.5
aC-W-O6 105.6 99.2 99.6
aC-W-O7 100.2 110.3 109.5
aC-W-O8 107.0 99.2 99.6


[F4W(CH2)]ÿ (11) C2v W ± C 1.896 1.924 1.934
W ± F5 1.862 1.856 1.861
W ± F7 1.844 1.916 1.907
W ± F9 1.880 1.949 1.974
C ± H 1.081 1.082 1.093
aC-W-F5 82.9 89.0 89.6
aC-W-F7 94.9 97.3 97.6


[F4W(CF2)]ÿ (12) C2v W ± C 1.984 2.005 1.966
W ± F5 1.834 1.853 1.851
W ± F7 1.897 1.938 1.961
W ± F9 1.896 1.920 1.934
C ± F 1.338 1.304 1.374
aC-W-F5 82.9 84.3 85.3
aC-W-F7 94.9 95.9 97.7
aF-C-F 105.6 106.0 106.1


Table 3. Dissociation energies of the carbene complexes 1 ± 12 (kcal molÿ1)
with respect to the electronic ground states of the respective fragments.[a]


MP2/II CCSD(T)
De Do De Do


1 81.3 75.7 78.9 73.3
2 67.5 65.7 60.6[b] 58.8[b]


3 86.9 84.1 80.0[b] 77.2[b]


4 81.9 78.0 75.0[b] 71.1[b]


5 127.7 125.6 118.2 116.1
6 65.3 63.7 57.5 55.9
7 91.2 89.5 75.3 73.6
8 87.9 86.4 74.2 72.7
9 82.5 81.4 70.5 69.4
10 119.0 116.5 108.0 105.5
11 110.0 104.5 101.3 95.8
12 70.7 68.6 62.8 60.7


[a] Singlet state of W(CO)5, triplet state of WX4, singlet state of WFÿ5 ,
triplet state of CH2, singlet state of CHF, CF2, and CH(OH). [b] The
CCSD(T) values were estimated from isostructural reactions.[27]
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dissociation energy given in Table 3. It follows that the higher
stability of p-donor-substituted Fischer carbene complexes is
not caused by stronger metal ± carbene bonds, but rather by
the electronic structure at the carbene ligand. This will be
discussed in more detail below.


The theoretically predicted W ± carbene bond length of 4
(2.088 �) is in excellent agreement with the experimentally
derived value of 2.086 � for the related compound
[(CO)5W ± C(OMe)(cy ± C5H7)].[35] A slightly longer W ± car-
bene bond length of 2.15 � has been reported for
[(CO)5WC(Ph)2].[36] Although fluorocarbene complexes of
transition metals have been synthesized,[37] we do not know of
any experimental geometry of a tungsten ± fluorocarbene
complex. The calulations show that the W ± CO bond of 1 ± 4,
which is trans to the carbene ligand, is always longer than the
W ± COcis bond. The W ± COtrans bond length shows that the
order with respect to the carbene ligands is CH2>CHF>
CF2>CHOH. This is in agreement with experimental evi-
dence, which shows that decreasing p-acceptor properties of a
carbene ligand decreases the bond length of a trans metal ±
CO bond.[38]


The planar carbene ligand has a staggered conformation
with regard to the cis carbonyl groups in 1 ± 4. However, the
barrier for rotation about the W ± carbene bond is very low.
The eclipsed conformations of 1 ± 4, which are transition
states, are only �0.5 kcal molÿ1 (MP2/II) higher in energy
than the staggered ground-state forms. The hydroxyl group of
4 has a trans conformation. Geometry optimization with a cis
conformation of the OH group leads to a higher lying form 4 a,
which is 5.6 kcal molÿ1 less stable than 4. Experimental
evidence shows that, in the absence of steric interactions,
the trans form is usually the more stable form of [(CO)5M ±
C(OR)X] (M�Cr, Mo, W) complexes, but the cis form may
also be present.[3a, 38]


The calculations suggest that the carbene ligands in 1 ± 4 are
much more strongly bound to the metal than CO in tungsten
hexacarbonyl. The theoretically predicted W ± carbene disso-
ciation energies of the hydroxycarbene ligand in 4 are De�
75.0 kcal molÿ1 and Do� 71.1 kcal molÿ1 (Table 3). The first
bond dissociation energies of [W(CO)6] calculated at
CCSD(T)/II are De� 48.0 kcal molÿ1 and Do�
45.7 kcal molÿ1.[39] The experimental value is Do� 46�
2 kcal molÿ1.[40] The calculated bond energies demonstrate
that a stonger bond does not lead to lower reactivity. The
carbene ligand is usually more reactive than CO, because the
carbene reacts further in exothermic processes, which makes
the overall reaction thermodynamically favorable.


A comparison of the optimized geometries of the Fischer
complexes 1 ± 4 (Table 1) with the structures of the Schrock
complexes 5 ± 12 (Table 2) shows that the latter have much
shorter metal ± carbene bonds than the Fischer complexes.
This holds particularly for the neutral Schrock complexes 5 ±
10, which have W ± carbene bond lengths between 1.844 �
(for 9) and 1.892 � (for 6). The calculated W ± carbene bonds
of the Fischer complexes 1 ± 4 are between 2.029 � (for 3) and
2.088 � (for 4). This is in agreement with the results of X-ray
structure analyses, which show that typical Schrock complexes
have shorter metal ± carbene bonds than Fischer com-
plexes.[2, 7] An example that comes close to our model


compounds 8 and 10 is [WBr2(OCH2tBu)2(�C(CH2)4], which
has an experimentally observed W ± carbene bond length of
1.890 �.[41] The calculated W ± carbene interatomic distances
are 1.851 � and 1.886 � for 8 and 10, respectively (Table 2).


Two reasons can be given to explain the different bond
lengths between Fischer and Schrock carbene complexes. One
is the smaller radius of the metal atom in the Schrock
complexes in which the metal is in a high oxidation state. The
second reason is the different type of metal ± carbene bonding
interactions, which will be discussed below. The longer W ±
carbene bonds of the anions 11 and 12 are intermediate
between those of the neutral Schrock complexes 5 and 6 and
the respective Fischer complexes 1 and 2 (Tables 1 and 2). We
will show below that the analysis of the bonding situation
suggests that 11 and 12 have metal ± carbene bonds that are
more similar to those of the Fischer complexes 1 ± 4 than those
of the neutral Schrock complexes 5 ± 10.


A comparison of the geometries of 5 ± 12 obtained at
different levels of theory shows that at MP2/II the W ± car-
bene bond becomes on the one hand shorter and on the other
hand longer than at HF/II. This is different to the Fischer
complexes, where MP2/II always gives shorter bonds than HF/
II. Note that the CF2 complexes 6 and 12 at MP2/II have
significantly shorter W ± carbene and longer C ± F bonds than
at HF/II.


Table 3 gives the W ± carbene bond dissociation energies of
the Schrock complexes 5 ± 12. The dissociation of the neutral
complexes 5 ± 10 is given with respect to the triplet electronic
ground states of WX4. The ground states of the carbene
ligands are 3B1 for CH2 and 1A1 for CF2. This is important for
a comparison of the W ± carbene bond strengths of 5 and 6.
Table 3 shows that 5 has a much stronger bond (De�
118.2 kcal molÿ1) than 6 (De� 57.5 kcal molÿ1), although the
W ± carbene bond lengths are not very different (Table 2).
However, the reference electronic state of CF2 in 6 is not the
singlet ground state, but the 3B1 first excited state (Scheme 1).
The experimentally observed 3B1!1A1 excitation energy of
CF2 is 56.7 kcal molÿ1.[42] This leads to a bond dissociation
energy 6 (3B1, CF2) of De� 114.2 kcal molÿ1, which is a better
estimate of the bonding interaction energy of the W ± carbene
bond. The higher value of the binding interactions also
explains the rather short F4W ± CF2 bond (Table 2).


The effect of substituting hydrogen with fluorine at the
carbene ligand on the bond energies between the Fischer
complexes (1!2) and the Schrock complexes (5!6), shows
the usefulness of the approach to consider the different
bonding situation of the two types of compounds (Scheme 1),
and to explain the properties of these compounds. The W ±
carbene bond energy of 6 is much lower than that of 5,
because CH2 has a triplet ground state, while CF2 has a singlet
ground state and a large singlet!triplet excitation energy.
The bond energy of 2 is only slightly lower than in 1, because
singlet CF2 has a low-lying lone-pair orbital and thus is a
weaker Lewis base than singlet CH2. This compensates the
triplet!singlet excitation energy of CH2.


The W ± carbene bond strength of the methylene complexes
X4WCH2 increases with higher electronegativity of the
substituent X: F>OH�Cl>Br> I. This is an interesting
result that might be helpful for experimental studies. Com-
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pounds [F4W(CH2)] (5) and [(OH)4W(CH2)] (10) have higher
W ± carbene bond dissociation energies than the Fischer
complexes, but the bond energies of 6 ± 9 are comparable in
magnitude with those of 1 ± 4 (Table 3). This also shows that
the stability of the Schrock complexes is not primarily due to
the metal ± carbene bond strength, but is caused by the
electronic structure at the carbene carbon atom as discussed
below. Addition of Fÿ to 5 and 6 yields the negatively charged
complexes 11 and 12, respectively. Table 3 shows that the
metal ± carbene bond energy of 11 is a little less than that of 5,
while 12 has a bond energy which is slightly higher than that
of 6.


Analysis of the bonding situation : Table 4 gives the results of
the topological analysis of the electron-density distribution of


1 ± 12. Figure 2 shows the contour line diagrams of the
Laplacian of selected compounds.


A comparison of the Laplacian distributions of the carbene
complexes with CH2 ligands 1, 5, and 11, and free CH2 shows
clearly the difference between the Fischer and Schrock
complexes. There are few changes at the carbene ligand when
the contour line diagrams in the CH2 plane are compared
(Figures 2a, 2e, 2g, 2i, 2k). The area of charge concentration at
the carbene carbon atom pointing towards the tungsten atom,
which corresponds to the carbon lone-pair electrons of CH2, is
not much distorted by the presence of the metal fragment in
both types of carbene complexes. Significant differences are
found when the Laplacian distribution in the p plane of the
carbene ligand are examined. The Fischer complex 1 shows an
area of charge depletion (dashed lines) in the direction of the


p(p) orbitals of the carbene
carbon atom, which are indi-
cated by arrows in Figure 2b.
These holes in the electron
concentration, which are visi-
ble signs for the direction of a
possible nucleophilic attack at
the carbene ligand, are still
present in 4 (Figure 2d) al-
though the carbene ligand has
a p-stabilizing OH group. In
contrast to the Fischer com-
plexes, the carbene carbons
atoms of the Schrock com-
plexes 5 and 11 are shielded
by continous areas of charge
concentration (Figures 2f and
2h). The carbene ligands of 5
and 11 have Laplacian distri-
butions that are similar to
those of (3B1) CH2, while the
carbene ligand of 1 resembles
(1A1) CH2.


A closer examination of Fig-
ure 2 shows that the position of
the bond critical point (rc) of
the W ± carbene bond is, in case
of the Schrock complexes 5 and
11, closer to the charge con-
centration of the carbene car-
bon atoms compared with the
Fischer complexes 1 and 4. This
is important, because the cal-
culated values at the bond
critical point can be used to
analyze and classify the
bond.[18, 43] The calculated val-
ues given in Table 4 show that
the W ± carbene bonds of the
Fischer and Schrock complexes
are very different. Firstly, the
energy density at the bond
critical point H(rc) of the W ±
carbene bond has much higher


Figure 2. Contour line diagrams of the Laplacian distribution r21(r) at MP2/II of a) 1 in the plane of the carbene
ligand; b) 1 perpendicular to the plane of the carbene ligand; c) 4 in the plane of the carbene ligand; d) 4
perpendicular to the plane of the carbene ligand; e) 5 in the plane of the carbene ligand; f) 5 perpendicular to the
plane of the carbene ligand; g) 11 in the plane of the carbene ligand; h) 11 perpendicular to the plane of the
carbene ligand; i) free (1A1) CH2 in the molecular plane; j) free (1A1) CH2 perpendicular to the molecular plane;
k) free (3B1) CH2 in the molecular plane; l) free (3B1) CH2 perpendicular to the molecular plane. Dashed lines
indicate charge depletion (r21(r)> 0); solid lines indicate charge concentration (r21(r)< 0). The solid lines
connecting the atomic nuclei are the bond paths; the solid lines separating the atomic nuclei indicate the zero-flux
surfaces in the plane. The crossing points of the bond paths and zero-flux surfaces are the bond critical points rc.
The large arrows in b) and d) show the hole in the valence sphere of the carbene ligand that is prone to attack by a
nucleophilic agent.
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negative values for 5 ± 12 than for 1 ± 4. It has been shown that
shared-electron (covalent) bonds have negative energies at
the bond critical point, while closed-shell interactions (ionic
bonds or van der Waals interactions) have H(rc) values �0.[43]


The H(rc) values of the W ± carbene bonds of 1 ± 4 are
comparable in magnitude with the W ± CO donor ± acceptor
bonds, while the W ± carbene bonds of 5 ± 12 have much more
negative H(rc) values than the W ± X bonds (X� halogen or
oxygen), thereby indicating a larger degree of bond covalency.


Secondly, the calculated ellipticities (ec), which are a
measure of the double-bond character,[44] show that the W ±
carbene bonds of the Schrock complexes 5 ± 12 have a much
higher double-bond character than the Fischer complexes 1 ±
4. The higher W ± carbene double-bond character of the
Schrock complexes is supported by the calculated bond
orders, which have values between 1.48 (for 11) and 1.87
(for 9), while the Fischer complexes have bond orders for the
W ± carbene bonds between 0.93 (for 2 and 4) and 1.18 (for 1).
Also the values for the electron densities 1(rc) and the
Laplacian r21(rc) at the bond critical points are clearly
different for the Fischer and Schrock complexes.


Additional information about the W ± carbene bonds is
given by the results of the NBO analysis, which are listed in
Table 5. Again, there are typical differences between the
Fischer and Schrock complexes. The optimal Lewis structure
predicted by the NBO-partitioning scheme for the Fischer
complexes 1 and 3 has a W ± carbene s and a p bond, while 2
and 4, which are more realistic models for a Fischer complex,
have only a s bond. The W ± carbene s bond of 1 ± 4 is clearly
polarized towards the carbon end (only 23 % ± 28 % are at the
tungsten end), while the W ± carbene p bond of 1 and 3 is
polarized (63 % and 67 %) toward W. The NBO-bonding
pattern for 2 and 4 suggests that the W ± carbene p bond is
even more polarized towards the metal end, because the
optimal Lewis structure has a tungsten lone-pair d(p) orbital
rather than a p bond. The calculated hybridization shows that
the s bond has mainly d character at the tungsten end, while
the p bond at tungsten is purely d(W). The carbene ligand of
the Fischer complexes carries only a small partial charge
between ÿ0.13 and �0.13.


It is interesting to note that the population of the p(p) AO
of the CH2 carbene carbon atom in 1 (0.67) is very similar to
those of the CHF, CF2, and CHOH ligands in 2 ± 4 (Table 5).
This is in agreement with the Laplacian of 1 and 4 in the p


plane of the carbene ligands, which showed holes in the
electron concentration of both molecules. This is surprising,
because 4 is experimentally a clearly more stable Fischer
complex than 1, which is usually explained with the stabiliza-
tion of the p(p) orbital of the carbene carbon atom by the
substituent. The NBO results suggest that the higher stability
of 4 relative to 1 is a kinetic effect. Breaking the W ± carbene
bond of 4 retains the electronic stabilization of the carbene
ligand by donation of the OH substituent into the p(p) orbital,
while the only stabilization of the carbene through metal
!carbene p back-donation is lost when the W ± carbene bond
of 1 is stretched. This makes the reaction of the carbene ligand
of 1 with a nucleophilic agent more favorable compared with
that of 4.


The NBO results of the Schrock complexes 5 ± 12 are very
different to those of the Fischer complexes 1 ± 4. i) All
Schrock complexes have W ± carbene s and p bonds that are
both polarized towards the carbon end. The calculated
polarization of the p bond is in agreement with the previous
study of Taylor and Hall, who found that the p electrons in
Fischer complexes are polarized towards the metal, while in
the Schrock complex they are more equally distributed.[10] The
d(W) AOs contribute the largest parts of the W ± carbene s


and p bonds at the tungsten end. It is interesting to see that
the polarization of the s bonds of the neutral Schrock
complexes 5 ± 10 is very similar to that of the respective p


bonds. ii) The carbene ligands of 5 ± 12 carry a distinct
negative partial charge. iii) The population of the p(p) orbital
of the carbene carbon atoms is significantly higher (1.09 ±
1.20) in the Schrock complexes than in the Fischer complexes.
This explains why the Laplacian of the electron-density
distribution of the Schrock complexes have an area of
electron concentration around the carbene carbon atoms,
while the Fischer complexes have a hole in the p direction.
Thus, the NBO analyses of 1 ± 12 complement nicely the
results of the topological analysis of the electron-density


Table 4. Results of the topological analysis of the electron density
distribution at the MP2/II level.[a]


Bond 1(rc) r21(rc) H(rc) ec Bond
order[b]


dc[c]


1 W ± C2 0.885 6.580 ÿ 0.382 0.122 1.18 0.481
W ± C5 0.700 9.453 ÿ 0.198 0.115 0.82 ±
W ± C13 0.632 8.327 ÿ 0.164 0.512 0.76 ±


2 W ± C2 0.775 9.446 ÿ 0.256 0.154 0.93 0.489
W ± C5 0.700 9.809 ÿ 0.197 0.032 0.84 ±
W ± C13 0.667 9.376 ÿ 0.178 0.291 0.81 ±


3 W ± C2 0.873 8.216 ÿ 0.355 0.127 1.10 0.515
W ± C5 0.702 9.757 ÿ 0.199 0.072 0.84 ±
W ± C9 0.629 8.652 ÿ 0.159 0.383 0.75 ±


4 W ± C2 0.770 7.464 ÿ 0.272 0.123 0.93 0.490
W ± C5 0.701 9.769 ÿ 0.198 0.044 0.86 ±
W ± C9 0.670 9.139 ÿ 0.184 0.224 0.82 ±


5 W ± C 1.374 0.920 ÿ 0.940 0.549 1.71 0.444
W ± F 1.018 20.417 ÿ 0.242 0.093 0.72 ±


6 W ± C 1.267 3.969 ÿ 0.793 1.147 1.54 0.464
W ± F 1.024 20.669 ÿ 0.247 0.140 0.74 ±


7 W ± C 1.404 0.576 ÿ 0.973 0.500 1.82 0.440
W ± Cl 0.655 5.639 ÿ 0.172 0.080 0.90 ±


8 W ± C 1.392 1.099 ÿ 0.956 0.486 1.85 0.441
W ± Br 0.553 3.195 ÿ 0.159 0.063 0.97 ±


9 W ± C 1.412 1.371 ÿ 0.978 0.450 1.87 0.443
W ± I5 0.484 1.178 ÿ 0.155 0.053 1.11 ±
W ± I6 0.427 1.453 ÿ 0.126 0.018 1.03 ±


10 W ± C 1.289 1.991 ÿ 0.831 0.530 1.67 0.451
W ± O5 0.958 14.665 ÿ 0.273 0.195 0.82 ±
W ± O6 0.911 14.997 ÿ 0.237 0.105 0.79 ±
W ± O7 0.958 14.665 ÿ 0.274 0.195 0.78 ±


11 W ± C 1.184 3.589 ÿ 0.702 0.666 1.48 0.464
W ± F5 0.992 20.212 ÿ 0.212 0.036 0.66 ±
W ± F7 0.897 17.427 ÿ 0.168 0.104 0.49 ±


12 W ± C 1.043 7.044 ÿ 0.530 0.393 1.57 0.476
W ± F5 0.934 18.769 ÿ 0.181 0.094 0.60 ±
W ± F9 0.830 16.998 ÿ 0.134 0.240 0.58 ±


[a] Electron density at the bond critical points in the carbene complexes
1(rc)(e �ÿ3), Laplacian of electron density at the bond critical point r21(rc)
(e�ÿ5), electron energy density H(rc) (Hartree �ÿ3), and ellipiticity ec.
[b] Bond order according to Cioslowski and Mixon.[45] [c] Position of the
bond critical point given by dc� (rc ± Ccarbene)/(Ccarbene ± W).
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distribution. This is gratifying, because the NBO analysis
focuses on the orbital structure of the molecules, while the
topological analysis considers the total electron-density dis-
tribution.


A final difference between the Fischer complexes 1 ± 4 and
the Schrock complexes 5 ± 12 concerns the electronic config-
uration and the atomic partial charge at the metal. The
tungsten 5d-shell population in the Fischer complexes is � 6
electrons, and the small negative partial charges �ÿ 0.5 are
due to the population of the 6s orbital (Table 5). The
calculated 5d population agrees with the formal notation of
these compounds as W(6d) compounds with the oxidation
state zero (i.e. , W0).[46] However, the concept of oxidation
state is based on a formal assigments of the bonding electrons
to the metal and the ligand. The NBO results for the Schrock
complexes show that the formal charge is as low as �0.27 for
9, which is very different to the formal charge of�6 for a WVI


compound. Nevertheless, the calculated partial charges
indicate that the tungsten atom of the Schrock complexes is
more positively charged and has a lower 5d population than
the Fischer complexes. Please note that the negatively
charged complexes 11 and 12 have practically the same
partial charge at the metal as the respective neutral com-
pounds 5 and 6. This is because the fluorine atoms carry most
of the additional charge.


A bonding model that is very popular in the transition
metal community, and which is frequently used to discuss the
metal ± ligand interactions in transition metal complexes, is
the donor ± acceptor bonding scheme introduced by Dewar,
Chatt, and Duncanson.[5] This model considers the bonding
interactions to arise from ligand!metal s donation and
metal!ligand p back-donation. Ligands are often classified
with regard to their ability to act as a donor and/or an acceptor
in a complex. The strength of the relative s donation and p


back-donation is usually estimated from experimental results,
such as the shift of vibrational frequencies or rotational
barriers of the metal ± ligand bond. We developed the CDA
method as a theoretical tool to quantify the relative amount of
s donation and p back-donation. Details about the method
and its application are given in Computational Methods and
in the literature.[20, 32]


Table 6 shows the CDA results of 1 ± 12. The result for the
carbonyl ligand in [W(CO)6] is given for comparison. The data


for the Fischer complexes 1 ± 4 indicate that the carbene
ligand is a stronger electron donor than electron acceptor. We
want to emphasize that the absolute numbers of the L!metal
donation and metal!ligand back-donation are not impor-
tant, but rather the relative values. The donation/back-
donation ratio for 1 ± 4 suggests that the carbene ligands have


Table 5. Results of the NBO analysis of the tungsten carbene complexes at the MP2/II level.


AO occupation of the tungsten
atom


W ± C bond Charge p(p)


6s 5d 6p
Occup. %W %s %p %d W CXY[a] Ccarbene


[b]


1 0.53 5.86 0.02 s :1.77 24.51 11.5 11.1 77.4 ÿ 0.41 ÿ 0.13 0.67
p :1.68 62.90 0 0 100


2 0.50 6.06 0.02 s :1.91 28.19 31.6 0 68.4 ÿ 0.57 � 0.04 0.67
3 0.49 5.97 0.02 s :1.77 22.66 10.3 16.3 73.4 ÿ 0.48 ÿ 0.04 0.67


p :1.66 67.27 0 0 100
4 0.49 6.02 0.02 s :1.90 27.95 30.8 0 69.2 ÿ 0.54 � 0.13 0.61
5 0.33 3.16 0.05 s :1.94 38.77 29.7 0 70.3 � 2.41 ÿ 0.38 1.20


p :1.74 33.82 0 29.2 70.8
6 0.37 3.22 0.07 s :1.94 34.75 29.3 0 70.7 � 2.32 ÿ 0.33 1.13


p :1.73 39.33 0 21.5 78.5
7 0.45 4.37 0.05 s :1.94 41.47 18.0 0 81.6 � 1.06 ÿ 0.24 1.11


p :1.95 48.63 0 9.9 89.9
8 0.50 4.72 0.07 s :1.94 41.10 19.5 0 80.5 � 0.63 ÿ 0.24 1.10


p :1.80 42.43 0 21.4 78.6
9 0.57 4.97 0.10 s :1.94 41.11 15.0 0 85.0 � 0.27 ÿ 0.25 4.09


p :1.90 45.67 0 10.1 89.9
10 0.36 3.46 0.04 s :1.77 30.13 21.7 5.80 72.5 � 2.10 ÿ 0.40 1.17


p :1.68 33.27 0 29.0 71.0
11 0.31 3.06 0.07 s :1.94 27.71 35.3 0 64.7 � 2.45 ÿ 0.63 1.19


p :1.94 42.70 0 0 100
12 0.32 3.16 0.07 s :1.93 24.38 35.0 0 65.0 � 2.34 ÿ 0.54 1.12


p :1.75 40.85 0 0 0


[a] Partial charge of the carbene ligand. [b] Natural occupation of the 2p-p orbital of C.


Table 6. CDA results for the carbene complexes 1 ± 12 at the MP2/II level.


Carbene!WLn LnW!Carbene LnW$Carbene Residue
donation back-donation repulsion term


1 0.314 0.282 ÿ 0.370 0.016
2 0.369 0.219 ÿ 0.289 0.027
3 0.324 0.268 ÿ 0.325 0.017
4 0.417 0.177 ÿ 0.285 0.032
5 0.013 ÿ 0.084 0.209 0.380
6 0.440 0.223 ÿ 0.311 0.351
7 ÿ 0.031 ÿ 0.058 0.141 0.416
8 ÿ 0.014 ÿ 0.074 0.113 0.406
9 0.343 ÿ 0.044 ÿ 0.271 0.423
10 0.016 ÿ 0.069 0.221 0.396
11 0.451 0.234 ÿ 0.334 ÿ 0.006
12 0.440 0.223 ÿ 0.311 0.005
[W(CO)6][a] 0.315 0.233 ÿ 0.278


[a] Ref. [32d]. CO!W(CO)5 donation, W(CO)5!CO back-donation, and
W(CO)5$CO repulsive polarizations are given.
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the order of acceptor strength CH2<CHF<CF2<CHOH.
The repulsive polarization term is always negative. This is
reasonable, because it gives the amount of electronic charge
that is removed from the overlapping area of occupied
orbitals of the ligand and the metal fragment. The residue
term is � 0. This means that the complexes 1 ± 4 can be
reasonably interpreted as complexes between the closed-shell
fragments W(CO)5 and CXY.


A comparison of the relative donor/acceptor ability of the
CHOH ligand of 4, which is a realistic model for a carbene
ligand of a Fischer complex, and CO is very interesting.
Fischer concluded from the observed C ± O stretching fre-
quencies of [(CO)5CrL] (where L�CO or C(OCH3)(Ph))
that the carbene ligand possesses a substantially larger s-
donor/p-acceptor ratio than CO.[38] Table 6 shows that the
CDA results are in agreement with Fischer�s suggestion. The
calculated s-donor/p-acceptor ratio of CHOH in 4 is 0.417/
0.177� 2.36, the value for CO in [W(CO)6] is 0.315/0.233�
1.35.


The CDA results may lead to the conclusion that the
carbene!metal s donation is clearly more important for the
binding energy than the metal!carbene p back-donation.
This is not correct. The carbene lone-pair orbital overlaps not
only with empty metal orbitals, but also with occupied metal d
orbitals, which leads to repulsive interactions. Jacobsen and
Ziegler[13b] gave a breakdown of the binding energies in
[(CO)5M(CH2)] (M�Cr, Mo, W); this shows that the p


contribution to the (CO)5W�CH2 bond is 51.8 kcal molÿ1, the
s contribution is 54.7 kcal molÿ1, and the calculated total bond
energy of 71.8 kcal molÿ1. It follows that most of the s-type
bonding between the carbene ligand and the metal is
compensated by repulsive interactions. However, there are
very stable transition metal carbene complexes in which the
carbene ligand acts mainly as s donor. N-heterocyclic
carbenes,[47] which were first isolated by Arduengo,[48] form
very stable transition metal complexes with various early and
late transition metals.[49] Analysis of the peculiar bonds in
these complexes has shown that there is little metal!carbene
p back-donation and yet the calculated bond strengths may be
as high as 82.8 kcal molÿ1 in ClAu ± Ccarbene.[50]


The CDA results for the neutral Schrock complexes 5 ± 10,
which are calculated from the interactions between closed-
shell fragments WL4 and carbene ligand, differ substantially
from the data for the Fischer complexes. The donation and
back-donation terms are in some cases negative, which is a
physically unreasonable result. More striking are the results
for the residue term, which gives the contributions of the
unoccupied orbitals of the fragments to the electronic
structure of the respective complex. The residue terms are
in all cases large positive numbers! This means that the
electronic structure of 5 ± 10 should not be discussed in terms
of donor ± acceptor interactions between the closed-shell
carbene ligand and the metal fragment. Inspection of the
orbitals that make up the residue term shows that the p(p) AO
of the carbene carbon atom, which is unoccupied in the CH2


fragment, is a large contributor to the metal ± carbene
interactions. This means that the W ± carbene bonds of 5 ± 10
should be discussed in terms of interactions between the (3B1)
triplet state of the carbene and the triplet ground state of


WCl4. The CDA result for 5 ± 10 are in agreement with the
bonding model suggested by Taylor and Hall for Schrock
complexes.[10]


The CDA results for the negatively charged Schrock
complexes 11 and 12 suggest that the metal ± carbene bonding
in these compounds can be interpreted as donor ± acceptor
interactions between the closed-shell fragments WClÿ5 and
CX2. This is not very surprising, because WClÿ5 has a singlet
ground state, while WCl4 is a triplet. The residue term of 11
and 12 is � 0. CH2 and CF2 are even better donor ligands in 11
and 12 than in 1 and 2 (Table 6). The CDA results for 11 and
12 show that a transition metal in a Schrock-type high
oxidation state may have a donor ± acceptor carbene bond just
like a Fischer-type carbene complex, which has a metal in a
low oxidation state. We want to point out that a similar
situation exists for transition metal complexes with p-bonded
ligands such as ethylene or acetylene. The analysis of the
bonding situation in [W(CO)5L] complexes ( L� ethylene,
acetylene) with the CDA method showed that these com-
pounds should be considered as donor ± acceptor complexes,
while [WCl4L] compounds should be interpreted as metal-
lacyclic molecules.[32a,b] The corresponding anions [WCl5L]ÿ


can be considered as donor ± acceptor complexes.


Summary and Conclusion


The calculated geometries of 1 ± 12, which are in very good
agreement with experimental values of related compounds,
show that the W ± carbene bonds of the Fischer complexes 1 ±
4 are significantly longer than those of the Schrock complexes
5 ± 12. The metal ± carbene bond dissociation energies are
rather high. The Schrock complexes have slightly higher or
similar bonding energies to those of the Fischer complexes.
The shorter W ± carbene bonds of the Schrock complexes are
explained by the smaller atomic radius of WVI compared with
W0, and from the different bonding interactions. The higher
stability of the Fischer carbene complexes with p-donor
substituents at the carbene ligand has a kinetic origin and is
not due to stronger metal ± carbene bonding. The (CO)5W ±
CH2 bond in 1 is shorter and stronger than the (CO)5W ±
CH(OH) bond in 4.


The analysis of the bonding situation shows significant
differences between Fischer and Schrock complexes. The
topological analysis of the electron-density distribution re-
veals that the W ± carbene bonds of Fischer complexes are less
covalent, and have lower double-bond character and bond
orders; this is an indication of W ± carbene single bonds. The
Schrock complexes have a much more covalent W ± carbene
bond and a larger bond order with a higher double-bond
character. The Fischer complexes have carbene carbon atoms
that are electron deficient in the p(p) direction. This is shown
by the Laplacian distribution, which shows an area of electron
depletion in the p(p) direction, and by the occupation of the
p(p) of the carbene carbon atom of 1 ± 4. The Schrock
complexes 5 ± 12 have a significantly higher p(p) population at
the carbene carbon atom. The NBO analysis of the Schrock
complexes gives W ± carbene s and p bonds that are both
polarized towards the carbon end.
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The CDA results suggest that the Fischer complexes 1 ± 4
can be interpreted as metal ± carbene donor ± acceptor com-
plexes, in which the carbene ligand has a substantially larger
s-donor/p-acceptor ratio than CO. The W ± carbene bonds of
the neutral Schrock complexes 5 ± 10 should be discussed in
terms of interactions between triplet WX4 and (3B1) carbene.
The bonding in the negatively charged Schrock complexes 11
and 12, however, can be interpreted in terms of donor ± ac-
ceptor interactions between singlet WClÿ5 and (1A1) CX2.
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Structure and Bonding of Low-Valent (Fischer-Type) and High-Valent
(Schrock-Type) Transition Metal Carbyne Complexes**


Sergei F. Vyboishchikov and Gernot Frenking*


Abstract: Quantum mechanical ab ini-
tio calculations are reported for 13 low-
valent (Fischer-type) and 13 high-valent
(Schrock-type) tungsten carbyne com-
plexes. The geometries have been opti-
mized at the HF and MP2 levels of
theory with relativistic effective core
potentials for the heavy atoms with
valence basis sets of DZP quality. Tung-
sten ± carbyne bond dissociation ener-
gies are predicted at CCSD(T) with
MP2 optimized geometries. The elec-
tronic structure of the complexes and


the metal ± ligand bonding have been
analyzed with the help of the NBO
method, the topological analysis of the
electron-density distribution and the
CDA method. The LnW ± CR bonds of
the Fischer and Schrock carbyne com-
plexes are much stronger than those of


related carbene complexes. The strength
of the LnW ± CR bond is strongly influ-
enced by the nature of R. Substituents
with p(p) lone-pair electrons yield lower
bond dissociation energies. This can be
explained by a bonding model that uses
the 1S� ground state of CR� as reference
state for the ligand of the Fischer com-
plexes and the 4Sÿ excited state of CR as
reference state for the ligand of Schrock
complexes.


Keywords: ab initio calculations ´
carbyne complexes ´ donor ± accep-
tor interactions ´ metal ± ligand in-
teractions ´ tungsten


Introduction


In the preceding paper of this issue we presented a theoretical
study about structure and bonding of transition metal (TM)
carbene complexes in which the metal is in a low (Fischer-
type) or high oxidation state (Schrock-type).[1] It happened
that the same authors who introduced the two classes of TM
compounds that have a metal ± carbon double bond were also
the first to report the synthesis of analogous TM compounds
with metal ± carbon triple bonds. In 1973, Fischer et al.
succeeded in isolating [Br(CO)4W(CMe)].[2] Five years later,
Schrock reported the synthesis of [CpCl(PMe3)Me-
Ta(CPh)].[3] Although the distinction between the two types
of carbyne or alkylidyne complexes is less clear-cut than in
case of the carbene complexes, it has become a useful model
to explain the differences in the chemical behaviour of Fischer
and Schrock carbyne complexes. Generally, the carbyne
ligand of Fischer complexes displays electrophilic behavior,
while Schrock alkylidene complexes usually exhibit nucleo-


philic reactivity.[4] Again, the differences are not as pro-
nounced as the in case of the carbene complexes. An
important difference between Fischer-type carbene and
carbyne complexes is that the latter compounds do not need
a p-stabilizing substituent R at the carbyne ligand LnMCR in
order to become isolable.[6, 7]


Experimental research on carbyne complexes increased
considerably after the discovery that [(tBuO)3W(CMe)] is an
active catalyst in alkyne metathesis reactions.[5] Fischer and
Schrock carbyne complexes have now become versatile
compounds for many synthetic and catalytic processes.[4, 6, 7]


In contrast to the intensive experimental work on carbyne
complexes, only few theoretical studies have been devoted to
this important class of compounds. In particular, no accurate
ab initio investigations of alkylidene complexes have been
published so far. Kostic and Fenske have reported semi-
empirical Fenske ± Hall type calculations for several Fischer-
type carbyne complexes.[8] Nakatsuji published Hartree ± Fock
(HF) calculations for metal ± carbon multiple ± bonded mol-
ecules including the Fischer carbyne complexes
[(CO)5Cr(CH)]� and [Cl(CO)4Cr(CH)].[9] The most ad-
vanced study of carbyne complexes was published by Benard
et al. , who investigated [Cl(CO)4Cr(CH)] at the CASSCF
level of theory.[10]


Most theoretical work has focused on the analysis and
interpretation of the metal�carbon triple bond.[8±10] R. Hoff-
mann has shown that valuable insight into the bonding
situation of TM compounds can be won by use of the simple
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extended Hückel theory (EHT) method.[11] In spite of the
qualitative nature of the method, important aspects of the
bonding features can be revealed. The most detailed study in
this spirit that focuses on carbyne complexes has been
presented by P. Hofmann, who analyzed the metal ± carbyne
bonds in Fischer and Schrock complexes in terms of orbital
interactions between the carbyne ligand and the metal
fragment.[12] Because the neutral carbyne ligand is a radical,
the discussion of carbyne complexes in terms of donor ± ac-
ceptor interactions from the Dewar ± Chatt ± Duncanson
(DCD) model[13] leads to a somewhat arbitrary choice of the
appropriate closed-shell model ligand. P. Hofmann chose the
positively charged CR� as a ligand model, because the orbital
picture of the 1S� ground state[35] of CH� and related
analogues (CR�) is very convenient for an orbital interaction
diagram with the orbitals of [X(CO)4M]ÿ , which yields a
model electronic structure for the Fischer carbyne complexes


[X(CO)4M(CR)].[12] Also,
the orbital interaction dia-
gram becomes very similar
to the DCD model for
Fischer carbene complexes
as discussed before.[1] Sche-
me 1a shows that the car-
byne ligand CR� in the
singlet electronic ground
state has a s-donor orbital
and a degenerate p(p)-ac-
ceptor orbital; these are
perfectly suited for symbi-
otic donation/back-dona-
tion interactions with the
metal fragment.


We want to mention that
an alternative model in-
volves CR3ÿ as carbyne li-
gand; this ligand has the
degenerate p(p) orbital oc-
cupied with four electrons
and thus is a pure donor
ligand. This model is some-
times used to describe the
metal ± carbon interactions
in Schrock carbyne com-
plexes.[4] We will use the
1S� ground state of CR�


for the description of the metal ± carbyne bond in Fischer
complexes, because it is closely related to the model that was
used for Fischer carbene complexes.[1] For the description of
the Schrock carbyne complexes we have also chosen a model
that is related to the carbene complexes. Guided by the results
of charge-density analysis (CDA) that are described below, it
became clear that the metal ± carbyne bond of Schrock-type
complexes should not be discussed in terms of closed-shell
interactions. Homolytic cleavage of the M�C triple bond in
L3MCR yields the metal fragment L3M and CR in a quartet
state. A quartet state is probably the electronic ground state
for many L3M fragments.[14] Scheme 1b shows the dominant
orbital interactions in Schrock-type carbyne complexes. CH


has a 2P ground state, but
the electronically excited 4Sÿ


state (Scheme 2) is only
15.9 kcal molÿ1 higher in ener-
gy.[15] As shown below, the
strength of the metal ± carbyne
bonds is related to the 2P!4Sÿ


excitation energy of CR; simi-
larly the 1A1!3B1 excitation en-
ergy of CR2 is related to the
LnM�CR2 bond strength in Schrock-type carbene com-
plexes.[1, 16]


In this paper we report the theoretical results for
the Fischer carbyne complexes [F(CO)4W(CH)] (1),
[F(CO)4W(CF)] (2), [Cl(CO)4W(CH)] (3), [Br(CO)4W(CH)]
(4), [Br(CO)4W(CMe)] (5), [Br(CO)4W(CF)] (6), [Br-
(CO)4W{C(NH2)2}] (7), [I(CO)4W(CH)] (8), [Me(CO)4W-
(CH)] (9), [Cl(PH3)4W(CH)] (10), [Cl(PH3)4W(CMe)] (11),
[Me(PH3)4W(CH)] (12), [Me(PH3)4W(CMe)] (13), and for
the Schrock carbyne complexes [F3W(CH)] (14),
[F3W(CMe)] (15), [Cl3W(CH)] (16), [Cl3W(CMe)] (17),
[Cl3W(CF)] (18), [Cl3W{C(NH2)2}] (19), [Me3W(CH)] (20),
[Me3W(CMe)] (21), [(OH)3W(CH)] (22), [(OH)3W(CMe)]
(23), [Cl4W(CH)]ÿ (24), [Cl4W(CMe)]ÿ (25), and
[(OH)4W(CH)]ÿ (26). The geometries of 1 ± 26 were opti-
mized at the HF and MP2 levels of theory and the metal ±
carbyne bond strengths of selected compounds are theoret-
ically predicted at CCSD(T). The metal ± carbyne bonding was
analyzed by the topological analysis of the electron-density
distribution[17] and natural bond orbital analysis (NBO).[18]


Additional information about the tungsten ± carbyne inter-
actions was obtained from the charge-density analysis (CDA)
of 1 ± 26.[19, 20] The performance of the CDA for analyzing
donor ± acceptor interactions has been reported in several
studies of transition metal and main-group complexes.[21]


Concerning the classification of the carbyne complexes 1 ±
26 as Fischer- or Schrock-type complexes, we refer to the
Introduction of our work about carbene complexes in the
preceding paper in this issue.[1] Using the same reasoning
given there, we call the low-valent compounds 1 ± 13 Fischer
complexes and the high-valent compounds 14 ± 26 Schrock
complexes.


Computational Methods


The same theoretical methods were used in this study as in our previous
work about TM carbene complexes.[1] Geometries were optimized at HF/I,
HF/II, and MP2/II. Because more structures and larger molecules have
been considered in this work than in the investigation of carbene
complexes, the vibrational frequencies were only calculated at HF/I, and
metal ± carbyne bond dissociation energies could only be calculated for
selected compounds. All structures reported here are minima on the
potential energy surfaces at HF/I. Further details about the theoretical
methods can be found in the preceding paper.[1]


Results and Discussion


Geometries and bond energies : The optimized structures of
the carbyne complexes 1 ± 26 are shown in Figure 1. Table 1


Scheme 1. Schematic representa-
tion of the dominant orbital inter-
actions a) in Fischer-type carbyne
complexes; b) in Schrock-type car-
byne complexes.


Scheme 2. Schematic repre-
sentation of the 2P ground
state and 4Sÿ excited state of
carbynes CR.
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gives the most important geometrical variables at the three
levels of theory for the Fischer complexes 1 ± 13. The geo-
metries for the Schrock complexes 14 ± 26 are listed in Table 2.


The theoretically predicted W ± carbyne bond lengths of the
Fischer carbyne complexes 1 ± 13 at MP2/II are between
1.840 � (for 10) and 1.873 � (for 13). This is significantly
shorter than the calculated W ± carbene distances for the
Fischer carbene complexes reported in the preceding paper
(2.029 ± 2.088 �).[1] There is an interesting difference between
the computational results at different levels of theory for the
Fischer carbyne and carbene complexes. While the W ± car-
bene bond lengths at MP2/II are always significantly shorter
than at the HF level,[1] the MP2/II distances for the W ± car-
byne bonds are always clearly longer than the HF values
(Table 1). This computational result has some relevance for
the interpretation of the chemical bond. It is known that bond


lengths of donor ± acceptor bonds are always shorter at the
MP2 level than at HF with the same basis set,[22] while classical
covalent multiple bonds become longer when going from HF
to MP2.[23] The results for the W ± carbyne bond lengths at HF
and MP2 indicate that the bond has more the character of a
normal multiple bond than a donor ± acceptor bond. We
remind the reader that a model for the W ± carbyne bond as
donor ± acceptor bond necessitates the use of charged frag-
ments such as LnMÿ and CR�, while the model fragments for
the W ± carbene bond LnW, and CR2, are the actual dissoci-
ation products.


Table 2 shows that the W ± carbyne bond lengths of the
Schrock complexes 14 ± 26 are clearly shorter (1.757 � ±
1.795 �) than those of the Fischer complexes 1 ± 13. They
are also � 0.1 � shorter than the calculated W ± carbene bond
lengths of the Schrock complexes.[1] Like the Fischer com-


Figure 1. Optimized structures at MP2/II of the Fischer carbyne complexes 1 ± 13 and the Schrock carbyne complexes 14 ± 26. For the geometrical data see
Tables 1 and 2.
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plexes, the W ± carbyne distances of 14 ± 26 are significantly
longer at MP2/II than at the HF level. The results at HF/I and
HF/II are not very different. The LnW-C-R bond angle of the
carbyne ligand of 1 ± 26 is always 1808. Experimental data
shows that most carbyne complexes have a linear or nearly
linear M-C-R moiety.[4, 6, 7] Deviations from a linear geometry
are probably the result of solid-state effects or intermolecular
interactions. Calculation of a recently reported[24] tungsten
methylidyne complex with a W-C-H angle of 162.38 showed
that the free compound has a linear methylidyne ligand.[25]


The agreement between the theoretically predicted geo-
metries at MP2/II level and the experimental results is very
good. The experimental W ± carbyne distances of Fischer
complexes taken from X-ray structure analysis are W ± C�
1.82� 0.04 � for 5 and W ± C� 1.77� 0.04 � for the CMe
derivative of 8.[26] An analysis of the vibrational spectra of
[X(CO)4(CMe)] (X�Cl, Br, I) showed that the W ± carbyne
stretching mode has nearly the same frequency in all three
compounds.[27] This is in agreement with the calculated W ±
carbyne bond lengths of 3, 4, and 8, which are very similar
(Table 1). Other experimental values conform with the MP2/
II data. For 5 the experimental value for the W ± Br bond is
2.648� 0.006 � (calcd 2.677 �), the average W ± CO bond
length is 2.11� 0.05 � (calcd 2.090 �), and the C ± Me bond
length is 1.44� 0.06 � (calcd 1.473 �).[26] The W ± I bond
length of the CMe derivative of 8 is 2.867� 0.003 � (calcd
2.880 �). Theory and experimental are also in accord with the
lengthening of the W ± carbyne distance when the carbonyl
ligands are substituted by phosphane. The experimental W ±
carbyne bond length of [Me(PMe3)4W(CMe)][28] is 1.891�
0.025 �, the calculated value for the related Fischer complex
13 is 1.873 � (Table 1). The experimental value for the W ±
carbyne bond length of [Cl(PMe3)4W(CH)][29] W ± C� 1.84 �
is the same as the theoretical value for 10 W ± C� 1.840 �.
The perfect agreement is of course fortuitous, but it shows that
the theoretical results are quite reliable.


Table 1. Optimized geometries of the Fischer carbyne complexes 1 ± 13. Bond
lengths in �, angles in degrees.


Sym-
metry


Geometrical
parameter


HF/I HF/II MP2/II


[F(CO)4W(CH)] (1) C4v W ± C2 1.816 1.809 1.861
W ± F 1.981 2.021 2.023
W ± C4 2.137 2.159 2.097
aC2-W-C4 90.0 932 92.2


[F(CO)4W(CF)] (2) C4v W ± C2 1.817 1.818 1.870
W ± F 1.972 2.010 2.007
W ± C4 2.134 2.155 2.093
aC2-W-C4 91.2 94.0 92.9


[Cl(CO)4W(CH)] (3) C4v W ± C2 1.806 1.794 1.845
W ± Cl 2.526 2.553 2.514
W ± C4 2.139 2.156 2.095
aC2-W-C4 92.8 93.9 94.1


[Br(CO)4W(CH)] (4) C4v W ± C2 1.804 1.805 1.843
W ± Br 2.706 2.712 2.674
W ± C4 2.139 2.156 2.094
aC2-W-C4 92.8 93.9 94.1


[Br(CO)4W{C(CH3)}] (5) Cs W ± C2 1.811 1.801 1.849
W ± C4 2.131 5.150 2.090
W ± C6 2.132 2.149 2.090
W ± C8 2.132 2.150 2.090
W ± Br 2.713 2.736 2.677
C2 ± C3 1.477 1.477 1.473
aC2-W-C4 92.6 93.8 93.9
aC2-W-C6 92.7 93.7 93.8
aC2-W-C8 92.7 93.8 93.8
aC2-W-Br 180.0 180.0 180.0


[Br(CO)4W(CF)] (6) C4v W ± C2 1.815 1.805 1.854
W ± Br 2.677 2.712 2.652
W ± C4 2.133 2.151 2.088
aC2-W-C4 93.8 94.3 94.5


[Br(CO)4W{C(NH2)}] (7) Cs W ± C2 1.854 1.843 1.849
W ± C4 2.123 2.141 2.083
W ± C5 2.123 2.141 2.081
W ± C7 2.123 2.141 2.078
W ± Br 2.707 2.729 2.674
C2 ± N 1.313 1.313 1.353
aC2-W-C4 92.7 93.6 94.3
a[a] 180 180 144.0


[I(CO)4W(CH)] (8) C4v W ± C2 1.802 1.790 1.841
W ± I 2.952 2.947 2.880
W ± C4 2.136 2.154 2.093
aC2-W-C4 92.8 93.6 94.1


[(CH3)(CO)4W(CH)] (9) Cs W ± C2 1.835 1.819 1.870
W ± C4 2.118 2.137 2.076
W ± C6 2.120 2.139 2.077
W ± C8 2.119 2.138 2.077
W ± C12 2.307 2.365 2.355
aC2-W-C4 93.4 94.2 96.5
aC2-W-C6 94.2 94.7 97.1
aC2-W-C8 93.7 94.4 96.5
aC2-W-C12 179.3 179.2 180.7


[Cl(PH3)4W(CH)] (10) C4v W ± C2 1.804 1.790 1.840
W ± Cl 2.601 2.618 2.536
W ± P 2.523 2.530 2.454
aC2-W-P 93.5 93.9 93.2


[Cl(Ph3)4W{C(CH3)}] (11) Cs W ± C2 1.807 1.795 1.844
W ± P4 2.519 2.525 2.449
W ± P5 2.520 2.524 2.449
W ± P6 2.519 2.524 2.449
W ± Cl 2.609 2.624 2.538
aC2-W-P4 93.7 94.2 93.2
aC2-W-P6 93.6 94.1 92.9
aC2-W-P8 93.5 94.1 92.7
aC2-W-Cl 179.9 180.0 179.8


Table 1. (Continued)


Sym-
metry


Geometrical
parameter


HF/I HF/II MP2/II


[(CH3)(Ph3)4W(CH)] (12) Cs W ± C2 1.834 1.818 1.868
W ± P4 2.505 2.513 2.438
W ± P5 2.507 2.513 2.439
W ± P6 2.506 2.514 2.440
W ± C20 2.338 2.377 2.328
aC2-W-P4 92.2 92.9 93.6
aC2-W-P6 92.6 93.2 93.6
aC2-W-P8 93.4 93.9 94.7
aC2-W-C20 179.3 179.0 179.6


[(CH3)(Ph3)4W{C(CH3)}] (13) Cs W ± C2 1.837 1.823 1.873
W ± P4 2.500 2.508 2.433
W ± P5 2.501 2.510 2.434
W ± P6 2.502 2.510 2.436
W ± C20 2.341 2.329 2.329
aC2-W-P4 92.40 92.7 92.7
aC2-W-P6 92.8 93.5 93.5
aC2-W-P8 93.5 94.9 94.9
aC2-W-C20 179.1 180.0 180.0


[a] Tilting angle of the amino group, see Figure 1.
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The calculated structures for the aminocarbyne complexes
7 and 19 are very interesting. The aminocarbyne ligand of
both compounds is planar at the HF level with both basis sets I
and II, but it becomes pyramidal at MP2/II (a� 144.08 for 7,
a� 132.78 for 19, Figure 1, Tables 1 and 2). This seems to be in
conflict with experimental results. The X-ray structure
analysis of the related complex [Br(CO)4Cr(CNEt2)] has a
planar structure for the carbyne ligand.[30] However, the
energy difference between the planar and pyramidal forms of
7 and 19 calculated at MP2/II is very small. Constrained
optimizations of 7 and 19 at MP2/II with planar aminocarbyne
ligands gave structures that are only 0.5 and 2.0 kcal molÿ1


higher in energy, respectively, than the pyramidal form. It is
possible that the pyramidal equilibrium structures of 7 and 19
are artefacts of the MP2/II level of theory, or that the
experimentally observed planar geometries of related com-
pounds are caused by solid-state effects. The N-C-W p


conjugation is not very large, but it is strong enough to
enforce (at HF/II) or to lower (at MP2/II) the inversion
barrier at the amino groups of 7 and 19. We want to point out
that the inversion barrier for NH3 is only 5.24 kcal molÿ1.[40]


Note that the W ± C carbyne bonds of 7 and 19 even at HF/II
are not much longer than in the other carbynes (Tables 1 and
2). This indicates that there is little conjugation between the
nitrogen lone-pair orbital and the W ± C p bonds in amino-
carbyne complexes. In the language of resonance theory form
A contributes significantly more to the description of 7 and 19
than B (Scheme 3). The same conclusion has been drawn
before from EHT calculations.[12, 31]


Scheme 3. Schematic representation of the most important resonance
structures A and B for aminocarbyne complexes. A is more important than
B in 7 and 19 (see text).


The theoretically predicted shortening of the W ± carbyne
bond lengths of the Schrock complexes 14 ± 26 with respect to
1 ± 13 is in agreement with experimental data. The typical
range of W�C triple bond distances in [L3W(CR)] complexes
is 1.74 ± 1.80 �.[4, 6] An X-ray structure analysis of
[(tBuO)3W(CMe)] shows that the compound is a dimer that
has two long W ± OR bridges.[32] The experimental W ± car-
byne bond length of 1.759� 0.006 � agrees very well with the
calculated MP2/II value for 23 W ± C� 1.766 � (Table 2).
Please note that the addition of Clÿ to 16 and 17, yielding the
anions 24 and 25, respectively, has hardly any influence on the
W ± carbyne bond length, while the addition of OHÿ to 22
gives a somewhat longer W ± carbyne bond in 26. We included
the negatively charged Schrock complexes 24 ± 26 in our
study, because neutral carbyne complexes in high oxidation
states are strong Lewis acids, and negatively charged com-
plexes can easily be prepared. An example is the complex
[N(Et)4]�[Cl4W(CtBu)]ÿ .[33] Unfortunately no experimental
geometries of negatively charged carbyne complexes are
known to us.


Table 2. Optimized geometries of the Schrock carbyne complexes 14 ± 26.
Bond lengths in �, angles in degrees.


Sym-
metry


Geometrical
parameter


HF/I HF/II MP2/II


[F3W(CH2)] (14) C3v W ± C 1.713 1.717 1.761
W ± F 1.845 1.861 1.863
aC-W-F 102.9 105.9 104.6


[F3W{C(CH3)}] (15) C3v W ± C 1.716 1.722 1.762
W ± F 1.85 1.869 1.868
aC-W-F 102.7 105.6 104.4


[Cl3W(CH)] (16) C3v W ± C 1.731 1.718 1.761
W ± Cl 2.269 2.291 2.265
aC-W-Cl 103.9 105.0 104.0


[Cl3W{C(CH3)}] (17) C3v W ± C 1.735 1.725 1.758
W ± Cl 2.280 2.301 2.270
aC-W-Cl 103.1 104.3 103.5


[Cl3W(CF)] (18) C3v W ± C 1.747 1.738 1.767
W ± Cl 2.271 2.296 2.266
aC-W-Cl 103.2 104.4 104.2


[Cl3W{C(NH2)}] (19) C1 W ± C 1.782 1.766 1.757
W ± Cl4 2.286 2.305 2.267
W ± Cl5 2.286 2.306 2.276
W ± Cl6 2.302 2.322 2.276
C ± N 1.301 1.305 1.376
aC-W-Cl4 104.3 105.4 104.4
aC-W-Cl5 104.3 1.05.5 103.3
aC-W-Cl6 98.6 100.2 103.1
a[a] 180 180 132.7


[(CH3)3W(CH)] (20) C3v W ± C2 1.742 1.730 1.775
W ± C4 2.216 2.144 2.117
aC2-W-C4 103.8 104.4 102.8


[(CH3)3W{C(CH3)}] (21) C3v W ± C2 1.744 1.735 1.776
W ± C4 2.132 2.149 2.118
aC2-W-C4 103.3 104.0 102.6


[(OH)3W(CH)] (22) C3v W ± C 1.723 1.720 1.767
W ± O 1.887 1.925 1.928
aC-W-O 103.6 104.5 102.4
aW-O-H 135.7 118.7 114.9


[(OH)3W{C(CH3)}] (23) C3v W ± C2 1.724 1.724 1.766
W ± O 1.898 1.932 1.931
aC-W-O 102.7 103.9 101.9
aW-O-H 131.9 117.7 114.5


[Cl4W(CH)]ÿ (24) C4v W ± C 1.725 1.714 1.764
W ± Cl 2.387 2.412 2.380
aC-W-Cl 101.8 102.6 101.5


[Cl4W{C(CH3)}]ÿ (25) Cs W ± C2 1.726 1.717 1.760
W ± Cl4 2.397 2.420 2.382
W ± Cl5 2.397 2.420 2.382
W ± Cl6 2.397 2.420 2.382
W ± Cl7 2.396 2.420 2.383
aC2-W-Cl4 101.3 102.0 100.9
aC2-W-Cl5 101.3 102.2 100.8
aC2-W-Cl6 101.0 102.0 101.1
aC2-W-Cl7 101.1 101.7 101.3


[OH4W(CH)]ÿ (26) C1 W ± C 1.743 1.740 1.795
W ± O4 1.969 2.023 2.030
W ± O5 1.940 1.991 1.996
W ± O6 1.919 1.968 1.973
W ± O7 1.942 1.996 2.015
aC-W-O4 105.9 107.6 104.3
aC-W-O5 103.0 104.3 101.6
aC-W-O6 104.2 104.3 102.9
aC-W-O7 107.3 108.0 109.3
aW-O4-H8 120.9 109.9 108.2
aW-O5-H9 128.7 113.9 110.1
aW-O6-H10 132.2 116.2 111.8
aW-O7-H11 119.1 108.7 104.7


[a] Tilting angle of the amino group, see Figure 1.
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Table 3 gives the tungsten ± carbyne bond dissociation
energies for selected compounds. Calculations at the
CCSD(T)/II level of theory could not be carried out for 4, 6,
and 7 because of the size of the molecules. The CCSD(T)/II


bond energies have been estimated from the MP2/II values
and the ratio of the CCSD(T)/II and MP2/II values for 16, 18,
19, and 24. Systematic studies have shown that MP2 over-
estimates the bond energies of transition metal ± ligand bonds,
but the trend of the bond energies is in agreement with
CCSD(T) results.[36] The previous paper about carbene
complexes supports this conclusion.[1]


The theoretically predicted bond energy of the tungsten ±
carbyne bond of the Fischer complex 4 (De� 133.9 kcal molÿ1)
is much higher than that of the tungsten ± carbene bond of
[(CO)5W�CH2] (De� 78.9 kcal molÿ1).[1] The W ± CH bond
becomes significantly weaker when the hydrogen atom of the
carbyne ligand is substituted by fluorine. The calculated
W ± CF bond dissociation energy of 6 is De� 105.0 kcal molÿ1.
The trend is similar to the carbene complexes.
The calculated bond dissociation energy of
[(CO)5W�CF2] is De� 60.6 kcal molÿ1.[1] The
weaker tungsten ± carbyne bond of 6 compared
with 4 can be explained by the effect of the
fluorine atom on the relevant donor and ac-
ceptor orbitals of CR� (Scheme 1). The carbon
lone-pair s orbital of CR� becomes lower in
energy when R�F, which makes it a weaker
donor than CH�. The fluorine lone-pair p(p)
orbitals donate electronic charge into the for-
mally empty p(p) orbitals of carbon, which
weakens the acceptor strength of CF�. Both
factors reduce the donor ± acceptor interactions
of CF� with a transition metal. The tungsten ±
carbyne bond of the aminocarbyne complex 7 is
even weaker (De� 95.2 kcal molÿ1) than that of
6 (Table 3). C(NH2)�2 is a better s donor than
CF�2 , but the p-acceptor strength of C(NH2)�2 is
lower compared with CF�2 , because nitrogen is a
better p(p) donor than fluorine. The calculated
bond strengths of 6 and 7 indicate that the
W!CR p back-bonding is more important for
the metal ± carbyne bond than the RC!W s


donation. The same conclusion has been drawn


in an analysis of metal ± ligand bonding in carbonyl com-
plexes.[37]


The W ± carbyne bond of the Schrock complex 16 is
stronger (De� 154.5 kcal molÿ1) than that of the Fischer
complex 4, and it is also much stronger than the W ± carbene
bond of the Schrock-carbene complex [Cl4W�CH2] (De�
75.3 kcal molÿ1).[1] Substitution of the hydrogen atom in 16
by fluorine lowers the strength of the W ± carbyne bond
significantly as seen in the Fischer complexes 4 and 6. The W ±
CF bond energy of 18 is only De� 111.7 kcal molÿ1 (Table 3).
This can be explained by the effect of the fluorine atom on the
(2P)!(4Sÿ) excitation energy of CR from the 2P ground state
to the 4Sÿ excited state of CR, which is the electronic
reference state for Schrock carbyne complexes (Schemes 1b
and 2). The 4Sÿ state of CF is 61.3 kcal molÿ1 higher than the
2P ground state,[38] while the (2P)!(4Sÿ) excitation energy of
CH is only 15.9 kcal molÿ1.[35] The calculations show that the
aminocarbyne complex 19 has an even lower W ± CR bond
dissociation energy (De� 104.9 kcal molÿ1) than 18. The
energy difference between the doublet ground state and
quartet excited state of C(NH2) has not been studied yet. If
the bonding model shown in Scheme 1b is correct, C(NH2)
should have an even higher lying quartet state than CF.[39]


From the comparison of the theoretical and experimental
geometries it follows that the theoretically predicted struc-
tures at MP2/II for the Fischer and Schrock carbyne
complexes 1 ± 26 are quite reliable. The optimized molecules
will now be used to analyze the W ± carbyne bonding
situation.


Bonding analysis : Table 4 gives the results of the topological
analysis of the electron-density distribution of 1 ± 26. Fig-
ure 2 shows the contour line diagrams of the Laplacian
distribution of selected compounds.


Table 3. Dissociation energies of selected carbyne complexes 4>, 6, 7, 16,
18, 19, and 24 (kcal molÿ1) with respect to the electronic ground states of the
respective fragments.[a]


MP2/II CCSD(T)
De Do De Do


4 160.8 155.0 133.9 128.1
6 126.1 122.5 105.0 101.4
7 114.4 110.9 95.2 91.7
16 183.0 177.5 154.5 149.0
18 136.2 133.0 111.7 106.2
19 128.0 124.0 104.9 100.9
24 209.0 205.9 176.5 173.4


[a] Doublet state of WBr(CO)4, CH, CF, C(NH2), WClÿ4 , quartet state of
WCl3. The CCSD(T) values of 4, 6, and 7 have been estimated, see text.


Figure 2. Contour line diagrams of the Laplacian distribution r21(r) at MP2/II of a) 1; b) 3 ;
c) 14 ; d) 20 ; e) free (1Sÿ) CH�. Dashed lines indicate charge depletion (r21(r)> 0); solid lines
indicate charge concentration (r21(r)< 0). The solid lines connecting the atomic nuclei are
the bond paths; the solid lines separating the atomic nuclei indicate the zero-flux surfaces in
the plane. The crossing points of the bond paths and zero-flux surfaces are the bond critical
points rc.
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We show only two examples each for the Laplacian
distribution of Fischer (1 and 3) and Schrock complexes (14
and 20), because there are little visible differences among the
carbyne ligands of the two classes of carbyne complexes. The
most important aspect of the shape of the Laplacian
distribution is the area of electron depletion (r21(r)> 0) in
the valence shell of free CH� (Figure 2e, dashed lines). This
hole in the valence-electron concentration indicates the
spatial distribution of the empty p(p) orbitals in free (1S�)
CH�. The important point is that this hole is filled or nearly
filled in the methylidyne complexes of the Schrock type and
the Fischer type (Figure 2a ± d). This is different from the
carbene complexes, where the Fischer-type complexes have a
large area of electron depletion in the p direction of the
carbene ligand.[1] The Laplacian distribution shown in Fig-
ure 2 indicates that the carbyne ligands of Fischer complexes
should be less reactive towards nucleophilic agents than the
Fischer carbene complexes, and that the chemical behaviour
of Fischer and Schrock carbyne complexes should be less
different than in case of the carbene complexes.


The W ± carbyne bonds of the Fischer complexes 1 ± 13 have
a much higher covalent character than the Fischer-type W ±
carbene bonds. This becomes evident by the energy densities
at the W ± carbyne critical points H(rc) for 1 ± 13, which are
clearly more negative than H(rc) for W ± carbene bonds of
Fischer complexes.[1] Also the bond orders for the W ± carbyne
bonds of the Fischer complexes, which have values between
1.72 (for 2) and 2.07 (for 10), are clearly higher than the results
for the Fischer W ± carbene bonds (0.93 ± 1.18).[1] Even higher


Table 4. Results of the topological analysis of the electron-density
distribution at the MP2/II level.[a]


Bond 1(rc) r21(rc) H(rc) ec Bond
order[b]


dc
[c]


1 W ± C2 1.162 10.867 ÿ 0.646 0 1.87 0.451
W ± F 0.670 13.291 ÿ 0.071 0 0.48
W ± C4 0.654 8.811 ÿ 0.164 0.36 0.70


2 W ± C2 1.017 13.394 ÿ 0.476 0 1.72 0.447
W ± CF 0.685 13.660 ÿ 0.071 0 0.50
W ± C4 0.659 8.949 ÿ 0.168 0.28 0.72


3 W ± C2 1.210 10.650 ÿ 0.699 0 1.96 0.450
W ± Cl 0.395 4.400 ÿ 0.051 0 0.49
W ± C4 0.658 8.818 ÿ 0.168 0.37 0.71


4 W ± C2 1.218 10.442 ÿ 0.708 0 1.97 0.449
W ± CBr 0.354 2.940 ÿ 0.064 0 0.50
W ± C4 0.660 8.832 ÿ 0.170 0.37 0.71


5 W ± C2 1.197 10.581 ÿ 0.685 0 1.91 0.450
W ± C4 0.665 8.919 ÿ 0.173 0.32 0.72
W ± C6 0.665 8.926 ÿ 0.173 0.32 0.72
W ± C8 0.665 8.932 ÿ 0.173 0.32 0.73
W ± Br 0.351 2.925 ÿ 0.063 0 0.50
C ± C 1.796 ÿ 16.081 ÿ 1.633 0 1.03


6 W ± C2 1.072 12.847 ÿ 0.536 0 1.79 0.448
W ± Br 0.367 3.031 ÿ 0.066 0 0.53
W ± C4 0.671 8.897 ÿ 0.178 0.28 0.74


7 W ± C2 1.132 12.533 ÿ 0.597 0.01 1.80 0.463
W ± Br 0.680 9.135 ÿ 0.183 0.24 0.75
W ± C4 0.349 2.944 ÿ 0.060 0.02 0.51
C2 ± N 2.189 ÿ 18.787 ÿ 3.650 0.18 1.06


8 W ± C2 1.234 9.855 ÿ 0.728 0 1.98 0.447
W ± I 0.310 1.739 ÿ 0.068 0 0.51
W ± C4 0.666 8.745 ÿ 0.175 0.35 0.72


9 W ± C2 1.139 10.794 ÿ 0.621 0 1.85 0.451
W ± C4 0.686 8.943 ÿ 0.188 0.31 0.74
W ± C6 0.685 8.950 ÿ 0.187 0.31 0.73
W ± C8 0.745 8.954 ÿ 0.187 0.31 0.73
W ± C12 0.504 2.827 ÿ 0.141 0 0.53


10 W ± C 1.215 10.617 ÿ 0.704 0 2.07 0.450
W ± Cl 0.370 4.362 ÿ 0.042 0 0.49
W ± P 0.499 4.092 ÿ 0.139 0.83 0.73


11 W ± C2 1.284 15.082 ÿ 0.758 0 1.98 0.471
W ± P4 0.422 4.824 ÿ 0.081 4.29 0.70
W ± P5 0.422 4.823 ÿ 0.081 4.32 0.72
W ± P6 0.422 4.819 ÿ 0.081 4.35 0.72
W ± Cl 0.295 3.739 ÿ 0.019 0 0.50


12 W ± C2 1.217 14.355 ÿ 0.684 0 1.94 0.470
W ± P4 0.427 4.954 ÿ 0.082 4.55 0.73
W ± P5 0.427 4.948 ÿ 0.082 4.50 0.72
W ± P6 0.427 4.924 ÿ 0.082 4.41 0.72
W ± C20 0.482 3.479 ÿ 0.113 0 0.56


13 W ± C2 1.196 14.845 ÿ 0.657 0 1.90 0.470
W ± P4 0.429 5.037 ÿ 0.083 4.07 0.71
W ± P5 0.428 5.024 ÿ 0.082 4.06 0.71
W ± P6 0.428 5.003 ÿ 0.082 4.01 0.71
W ± C20 0.530 3.562 ÿ 0.110 0 0.59


14 W ± C 1.509 7.674 ÿ 1.116 0 2.50 0.426
W ± F 0.979 19.905 ÿ 0.212 0.07 0.74


15 W ± C 1.488 8.833 ÿ 1.084 0 2.47 0.429
W ± F 0.960 20.012 ÿ 0.195 0.08 0.73


16 W ± C 1.522 7.110 ÿ 1.127 0 2.52 0.431
W ± Cl 0.678 6.482 ÿ 0.181 0.08 0.93


17 W ± C 1.526 7.363 ÿ 1.137 0 2.51 0.433
W ± Cl 0.669 6.456 ÿ 0.175 0.09 0.92


18 W ± C 1.360 12.315 ÿ 0.902 0 2.33 0.441
W ± Cl 0.678 6.489 ÿ 0.182 0.09 0.95


19 W ± C 1.458 11.018 ÿ 1.031 0.04 2.43 0.454
W ± Cl4 0.663 6.658 ÿ 0.169 0.09 0.93
W ± Cl5 0.651 6.565 ÿ 0.161 0.11 0.92
W ± Cl6 0.650 6.564 ÿ 0.161 0.11 0.92
C ± N 2.070 ÿ 23.22 ÿ 3.216 0.14 1.06


Table 4. (Continued)


Bond 1(rc) r21(rc) H(rc) ec Bond
order[b]


dc
[c]


20 W ± C2 1.446 8.338 ÿ 1.009 0 2.43 0.436
W ± C4 0.823 2.645 ÿ 0.350 0.10 0.84


21 W ± C2 1.448 7.955 ÿ 1.019 0 2.40 0.436
W ± C4 0.819 2.660 ÿ 0.343 0.11 0.83


22 W ± C 1.475 7.874 ÿ 1.061 0 2.47 0.430
W ± O 0.910 15.626 ÿ 0.229 0.02 0.84


23 W ± C2 1.471 8.239 ÿ 1.058 0 2.45 0.431
W ± O 0.01 15.509 ÿ 0.222 0.01 0.83


24 W ± C 1.506 7.033 ÿ 1.129 0 2.48 0.428
W ± Cl 0.535 5.072 ÿ 0.102 0.21 0.70


25 W ± C2 1.517 7.248 ÿ 1.125 0 2.45 0.429
W ± Cl4 0.530 5.079 ÿ 0.099 0.22 0.70
W ± Cl5 0.530 5.081 ÿ 0.099 0.22 0.69
W ± Cl6 0.530 5.079 ÿ 0.099 0.22 0.69
W ± Cl7 0.529 5.077 ÿ 0.099 0.22 0.69
C2 ± C3 1.729 ÿ 14.868 ÿ 1.533 0 1.02


26 W ± C 1.362 8.781 ÿ 0.906 0.02 2.29 0.431
W ± O4 0.740 11.461 ÿ 0.131 0.19 0.61
W ± O5 0.793 12.875 ÿ 0.156 0.08 0.69
W ± O6 0.831 13.835 ÿ 0.177 0.03 0.72
W ± O7 0.778 11.673 ÿ 0.160 0.25 0.64


[a] Electron density at the bond critical points in the carbyne complexes
1(rc)(e �ÿ3), Laplacian of electron density at the bond critical point r21(rc)
(e�ÿ5), electron energy density H(rc) (Hartree �ÿ3), and ellipiticity ec(ec�
l1/l2ÿ 1, where l1 and l2 are negative eigenvalues of electron density
Hessian). [b] Bond order according to Cioslowski and Mixon.[34] [c] Posi-
tion of the bond critical point given by dc� (rc ± Ccarbyne)/(Ccarbyne ± W).
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bond orders between 2.29 (for 26) and 2.52 (for 16) and more
negative H(rc) values have been calculated for the Schrock
carbyne complexes 14 ± 26 (Table 4). Thus, while there are
three W ± C bonds in 1 ± 26 (one s bond and one degenerate p


bond), the topological analysis of the electron-density distri-
bution suggests that the covalent-bond strength of the
Fischer carbyne complexes 1 ± 13 is that of a double bond,
while the covalent-bond strengths of the Schrock complexes
14 ± 26 are intermediate between a double and a triple bond.


Table 5 shows the results of the NBO analysis. The electron
configuration at tungsten has a significantly higher 5d
occupation in the low-valent complexes 1 ± 13 (between 5.42
for 1 and 6.12 for 10) than in the high-valent complexes 14 ± 26
(between 3.62 for 14 and 4.52 for 18). Thus, the notation high
valent and low valent is justified by the calculated electron
configuration. It is interesting to see that the partial charges at
tungsten in the Fischer and Schrock carbyne complexes are
very similar to the Fischer and Schrock carbene complexes,


Table 5. Results of the NBO analysis of the tungsten carbyne complexes at the MP2/II level.


AO occupation of the tungsten atom W ± C bond[a] Charge p(p)
6s 5d 6p Occup. %W %s %p %d W CX[b] Ccarbyne


[c]


1 0.46 5.42 0.03 s : 1.91 28.13 28.6 0 71.4 � 0.07 ÿ 0.19 1.70
p : 1.72 54.71 0 18.5 81.5


2 0.47 5.52 0.03 s : 1.90 19.79 26.3 0 73.7 ÿ 0.03 ÿ 0.07 1.72
p : 1.86 64.74 0 0 100.0


3 0.49 5.67 0.02 s : 1.90 28.08 35.7 0 64.3 ÿ 0.19 ÿ 0.08 1.65
p : 1.87 58.94 0 12.1 87.9


4 0.50 5.71 0.02 s : 1.95 29.45 29.4 0 70.6 ÿ 0.24 ÿ 0.07 1.64
p : 1.88 61.90 0 0 100.0


5 0.50 5.71 0.02 s : 1.95 28.70 33.3 0 66.7 ÿ 0.23 ÿ 0.04 1.64
p : 1.80 61.84 0 6.1 93.9


6 0.54 5.80 0.02 s : 1.95 27.58 29.4 0 70.6 ÿ 0.38 � 0.04 1.67
p : 1.86 64.44 0 0 100.0


7 0.50 5.80 0.02 s : 1.95 27.67 37.0 0 63.0 ÿ 0.33 � 0.12 1.65
p : 1.79 53.06 0 10.6 89.4


8 0.54 5.73 0.02 s : 1.87 33.23 21.3 0 78.7 ÿ 0.31 ÿ 0.06 1.63
p : 1.78 60.09 0 0 100.0


9 0.48 5.63 0.02 s : 1.89 30.80 26.3 0 73.7 ÿ 0.11 ÿ 0.07 1.59
p : 1.72 58.70 0 0 100.0


10 0.45 6.12 0.04 s : 1.90 32.24 22.7 0 77.3 ÿ 0.67 ÿ 0.17 1.73
p : 1.81 57.90 0 0 100.0


11 0.41 6.08 0.02 s : 1.94 28.47 25.0 0 75.0 ÿ 0.53 ÿ 0.23 1.75
p : 1.89 56.60 0 0 100.0


12 0.40 6.07 0.02 s : 1.94 28.00 28.6 0 71.4 ÿ 0.49 ÿ 0.29 1.77
p : 1.90 55.08 0 0 100.0


13 0.39 6.10 0.02 s : 1.94 27.87 28.7 0 71.3 ÿ 0.52 ÿ 0.25 1.74
p : 1.89 56.15 0 0 100.0


14 0.29 3.62 0.06 s : 1.93 34.45 35.7 0 64.3 � 2.03 ÿ 0.42 20.7
p : 1.89 49.83 0 0 100.0


15 0.29 3.62 0.05 s : 1.93 34.14 3507 0 64.3 � 2.04 ÿ 0.41 20.7
p : 1.88 50.00 0 0 100.0


16 0.37 4.33 0.06 s : 1.98 29.91 29.4 0 70.6 � 1.06 ÿ 0.22 1.90
p : 1.94 60.36 0 0 100.0


17 0.41 4.44 0.04 s : 1.93 36.79 29.4 0 70.6 � 1.07 ÿ 0.21 1.92
p : 1.87 55.29 0 0 100.0


18 0.42 4.52 0.05 s : 1.99 26.21 31.3 0 68.7 � 0.98 ÿ 0.15 1.89
p : 1.94 63.51 ± 0 100.0


19 0.41 4.48 0.04 s : 1.93 35.74 31.2 0 69.7 � 1.04 ÿ 0.13 1.99
p : 1.90 55.80 0 0 100.0


20 0.42 4.04 0.01 s : 1.99 29.96 27.0 0 73.0 � 1.39 ÿ 0.26 1.96
p : 1.997 52.96 0 0 0


21 0.46 4.17 0.02 s : 1.94 35.90 26.3 0 73.7 � 1.40 ÿ 0.26 1.97
p : 1.86 51.02 0 0 100.0


22 0.29 3.68 0.02 s : 1.99 30.50 28.6 0 71.4 � 2.02 ÿ 0.32 2.03
p : 1.92 54.34 0 0 100.0


23 0.35 3.88 0.04 s : 1.95 37.96 26.3 0 73.7 � 1.74 ÿ 0.31 2.03
p : 1.73 45.90 0 0 100.0


24 0.43 4.49 0.04 s : 1.94 36.28 25.0 0 75.0 � 0.95 ÿ 0.26 1.92
p : 1.82 52.02 0 14.5 85.5


25 0.43 4.48 0.04 s : 1.93 36.01 27.0 0 73.0 � 0.98 ÿ 0.27 1.94
p : 1.75 50.20 0 13.9 86.1


26 0.33 3.79 0.07 s : 1.92 31.49 35.7 0 64.3 � 1.71 ÿ 0.76 2.18
p : 1.76 42.05 0 16.3 83.7


[a] Only one component of a degenerate or nearly degenerate carbyne p bond is given. [b] The sum of atomic charges of the atoms comprising the carbyne
ligand. [c] The sum of the occupations of the 2px and 2py orbitals of the carbyne atom is given.
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respectively, which are given in the preceding
paper. The similar partial charges at the metal for
the Fischer carbene and carbyne com-
plexes indicate that the formulation of
[(Xÿ)(CO)4W(CR�)] is a valid qualitative de-
scription for the Fischer carbynes, which supports
the use of the donor ± acceptor model between
[X(CO)4M]ÿ and CR�. Although there is no
direct connection between partial charges and
formal-oxidation state, the charge distribution
suggests that the Fischer carbyne complexes
[X(CO)4W(CR)] should be considered as W0


compounds.[41]


The optimal Lewis structure for all complexes
1 ± 26 given by the NBO-partitioning scheme has
a LnW�CR triple bond, that is, one s bond and a
degenerate (or nearly degenerate) p bond. The
two p components become slightly different in
some complexes, because of the break in sym-
metry caused by the substituents. Because the
differences are very small, only one component
of the W ± carbyne p bond is shown in Table 5.
The W ± carbyne p bond of the Fischer complexes
1 ± 13 is always slightly polarized towards the
metal end, while the s bond is clearly polarized
towards carbon. The s and p contributions to the
W ± carbyne bonds of the Schrock complexes
14 ± 26 are both less polarized than in case of the
Fischer complexes. The opposite shift of the W ± carbyne s


and p bonds when one goes from Fischer to Schrock
complexes explains the similar partial charges of the carbyne
ligands in both classes of compounds. The CR ligand carries in
most cases a small negative charge, although it can become
slightly positive in the Fischer complexes (6 and 7). The partial
charges at the carbyne ligands of 1 ± 26 are similar to those of
the carbene ligands in the Fischer and Schrock complexes in
our preceding study.[1] Note that the p(p) occupation of the
carbyne carbon atom given in Table 5 is the sum of the two
p(p) orbitals. Because neutral (2P) CH has one electron in the
p(p) orbital, the W!carbon p back-donation of 1 ± 13 is
between 0.59 e (for 9) and 0.72 e (for 2). These values are very
similar to the p(p) occupation of the carbene carbon atom in
Fischer carbene complexes.[1] The same holds true for the
Schrock complexes 14 ± 26. The W ± carbon p back-donation is
between 0.89 e (for 18) and 1.18 e (for 26), which is similar to
the values for the investigated Schrock carbene complexes.[1]


Table 6 shows the CDA results of the carbyne complexes.
The metal ± carbyne orbital interactions are calculated from
LnWÿ (or LnW2ÿ in case of the anions 24 ± 26) and CR� as
fragments. The CDA results for the Fischer complexes 1 ± 13
show that the chosen model makes it possible to discuss the
metal ± carbyne bonding in the framework of the DCD model.
There is strong RC�!WLÿn s donation and twice as much
LnWÿ!CR� back-donation. The calculated donation/back-
donation ratio is reasonable because of the charges of the
fragments. The values for the residue terms of 1 ± 13 are small,
but the deviations from zero are in some cases higher than one
would expect for a donor ± acceptor complex. This is another
indication that the W ± carbyne bonds of the Fischer com-


plexes have more the character of a normal covalent bond
than the Fischer carbene complexes.


The results for the Schrock complexes 14 ± 26 show that the
metal ± carbyne bonding should not be discussed in terms of
orbital interactions between closed-shell species Wlÿn and
CR�. The residue term is always very big. This means that
electronically excited states of WLÿn and CR� or other
reference species should be used to describe the W ± carbyne
bonding in 14 ± 26. A possible model to describe the bonding
in Schrock-type carbyne complexes, which is analogous to the
model suggested for high-valent carbene complexes,[16] uses
the 4Sÿ state of CR which interacts with the quartet ground
state of L3M (Scheme 3). Whichever model is used, the CDA
results show clearly that the W ± carbyne bonds of the Schrock
complexes 14 ± 26 should not be discussed in terms of donor ±
acceptor interactions.


Summary and Conclusion


The theoretically predicted geometries of the Fischer and
Schrock-type carbyne complexes 1 ± 26 are in very good
agreement with experimental results. The W ± carbyne bonds
of the Fischer complexes 1 ± 13 are � 0.2 � shorter than the
W ± carbene bonds of the previously reported Fischer carbene
complexes. The Schrock complexes have W ± carbyne distan-
ces that are � 0.1 � shorter than the Fischer carbyne
complexes. The analysis of the bonding situation shows that
the W ± carbyne bonds of Fischer and Schrock complexes are
less different than the W ± carbene bonds of these two classes
of compounds. The bond order of the W ± carbyne bond of the


Table 6. CDA results for the carbyne complexes 1 ± 26 at the MP2/II level.


Carbyne(�)!WLn(ÿ) LnW(ÿ)!Carbyne(�) LnW(ÿ)$Carbyne(�) Residue
termdonation[a] back-donation[a] repulsion[a]


1 0.478 0.870 ÿ 0.228 0.053
2 0.517 0.767 ÿ 0.231 0.097
3 0.451 0.856 ÿ 0.261 0.069
4 0.403 0.753 ÿ 0.203 ÿ 0.029
5 0.492 0.798 ÿ 0.262 0.068
6 0.500 0.742 ÿ 0.252 0.112
7 0.524 0.726 ÿ 0.283 0.069
8 0.451 0.843 ÿ 0.255 0.076
9 0.455 0.852 ÿ 0.243 0.082
10 0.513 0.970 ÿ 0.196 0.014
11 0.558 0.947 ÿ 0.217 ÿ 0.001
12 0.538 1.012 ÿ 0.216 0.018
13 0.563 0.946 ÿ 0.221 0.019
14 0.024 0.346 � 0.246 0.518
15 0.034 0.286 � 0.307 0.393
16 0.061 0.267 � 0.188 0.621
17 0.051 0.192 � 0.289 0.518
18 0.014 0.212 � 0.257 0.618
19 0.017 0.213 � 0.295 0.554
20 0.095 0.309 � 0.167 0.534
21 0.081 0.272 � 0.242 0.493
22 0.032 0.317 � 0.296 0.426
23 0.035 0.307 � 0.329 0.416
24 ÿ 0.016 0.339 � 0.259 0.381
25 0.110 0.328 � 0.171 0.363
26 0.126 0.281 � 0.189 0.427


[a] WL2ÿ
n for 24 ± 26.
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Fischer complexes indicates a covalent double bond, while the
Schrock complexes have a W ± carbyne bond with a covalent
bond order that is intermediate between a double and a triple
bond. The CDA results suggest that the metal ± carbyne bonds
of the Fischer complexes 1 ± 13 should be discussed as donor ±
acceptor bonds between a positively charged closed-shell
carbyne ligand CR� and the negatively charged metal frag-
ment, while bonding in the Schrock complexes 14 ± 26 is due
to electron pairing between the carbyne ligand and the metal
fragment in the quartet states.


The W ± carbyne bond strengths of the Fischer and Schrock
carbyne complexes are significantly higher than those of
related carbene complexes. The LnW ± CR bond dissociation
energies depend strongly on the nature of R. Substituents with
p(p) lone-pair electrons lower the bond strength of the
Fischer and Schrock carbyne complexes. This is because the p-
acceptor strength of the carbyne ligand CR in Fischer
complexes is reduced by the p-donor substituents R. p-donor
ligands also lead to higher (2P)!(4Sÿ) excitation energies of
the free carbyne. Since the excited 4Sÿ state of CR is the
electronic reference state in Schrock-type carbyne complexes,
higher excitation energies yield lower bond dissociation
energies.
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The Origin of the Positive Effect of Cadmium Acetate on the Action of
Supported Palladium Catalysts
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Abstract: The complex chemistry of
Pd(OAc)2 and Cd(OAc)2 in the solid
state and in acetic acid solution has been
studied. Triclinic crystals, space group
P1Å, of a new complex [CdPd-
(CH3COO)4 ´ CH3COOH]2 were isolat-
ed from the solution. Palladium is
square-planar coordinated by acetate
ligands, with metal ± oxygen bond
lengths of approximately 200 pm, and
has cadmium at one of its free axial
coordination sites at a distance of
280 pm. Cadmium is coordinated by
acetate ligands in a trigonal-prismatic
geometry capped by palladium. UV/Vis


spectroscopy confirmed the existence of
the complex in solution as well as in the
solid state. The thermal decomposition
was characterised in detail by thermo-
gravimetry coupled with mass spectro-
metric detection of the decomposition
products and X-ray photoelectron spec-
troscopy (XPS). XPS revealed the pres-
ence of elemental Pd during thermal
decomposition at 423 K. Thermal de-


composition of the compound finally led
to partially oxidised Pd and CdO. The
application of [CdPd(CH3COO)4 ´
CH3COOH]2 as a precursor in the syn-
thesis of supported Pd catalysts influ-
enced their catalytic activity positively
in a test reaction (the total oxidation of
ethylene), in comparison with catalysts
prepared from binary palladium acetate.
Transmission electron microscopy of the
used catalysts revealed a significant
improvement in Pd dispersion in the
catalyst prepared from the complex,
compared with the material prepared
from Pd acetate.


Keywords: bimetallic acetates ´ het-
erogeneous catalysis ´ photoelectron
spectroscopy ´ structure elucidation


Introduction


Supported palladium catalysts play an important role in
organic synthesis.[1±4] Palladium acetate serves as a chloride-
free precursor for catalysts used in hydrogenation and partial
oxidation of olefins,[5±7] but one disadvantage of its use in
catalyst preparation is its poor solubility in polar solvents. The
crystal structure of palladium acetate was determined by
Skapski and Smart in 1970 and re-investigated in 1993.[8, 9]


Palladium acetate forms a trimer in the solid state.[8, 9]


Relevant geometric parameters of palladium acetate and
cadmium acetate are given in Table 1. Three palladium atoms
are connected by bridging bidentate acetate groups. Each
palladium atom attains a square-planar coordination, which is
usually of low energy for d8 elements. The chelating effect of


bridging acetate groups is responsible for additional stabilisa-
tion.


The solubility of palladium acetate increases immediately
when cadmium acetate is added; clear orange solutions are
obtained. Two explanations may account for this effect. The
solubility may increase because the additional acetate ions act
as an isoionic additive. In this case other metal acetates should
produce the same effect. Another cause may be the complex
chemistry of palladium(ii) and cadmium(ii) in solution. In-
deed, we were able to isolate a crystalline solid from
stoichiometric Pd acetate/Cd acetate solutions. Solutions with
Na acetate or K acetate resulted in neither an increased
solubility nor complex formation.


It is well known from the literature that Pd and Cd form
alloys;[24, 25] a possible Cd promoter effect may be traced back
to such alloy formation, but it may be due to an electronic or
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Table 1. Selected bond lengths [pm] and angles [8] of [Pd(CH3COO)2]3
[8,9]


and Cd(CH3COO)2 ´ 2 H2O.[11]


[Pd(CH3COO)2]3 Cd(CH3COO)2 ´ 2H2O


Pd ± Pd 310.5 ± 320.3(1)
Pd ± O 197.3 ± 201.4(1) Cd ± O 229.7 ± 259.7(3)
Pd-O-C 127.8 ± 133.2(8) Cd-O-C 86.9 ± 122.3(5)
O-C-O 124.8 ± 128.7(11) O-C-O 118.0 ± 122.3(5)







1458 ± 1469
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steric effect of Cd on the active Pd species. The modification
of the precursor through the formation of a Pd ± Cd complex
before adsorption onto the support may thus have a crucial
influence in the generation of the catalytically active Pd
species.


To establish the effect of the precursor modification on the
catalytic performance, the activation of the precursor to form
the active Pd catalyst has been characterised in detail.
Furthermore, it has been shown that the molecular structure
of the precursor is preserved upon immobilisation on the
support. Finally, a model catalytic reaction has been used to
illustrate the differences in performance of catalysts prepared
from Pd acetate and from the newly isolated complex.


Results


The unsupported Pd ± Cd complex: A microcrystalline sub-
stance was obtained from a saturated solution of palladium
acetate and cadmium acetate in glacial acetic acid. Recrystal-
lisation from acetic acid yielded rectangular single crystals of
suitable size and quality for X-ray structure analysis, which
were stable in air at room temperature. Details of the
structure determination are listed in Tables 2 and 3. The
geometric structure of the complex is shown in Figure 1.
Palladium is surrounded by four bridging bidentate acetate
ligands, forming a square. Cadmium is coordinated by six


Figure 1. Crystal structure of [CdPd(CH3COO)4 ´ CH3COOH]2, Cirius2


plot.


acetate ligands (one of which is the solvating acetic acid) in
trigonal-prismatic geometry. This is an unusual coordination
for cadmium(ii), for which octahedral arrangements are more
common.[10] One acetate ligand is unidentate (bound acetic
acid), whereas the other three acetate ligands bridge palla-
dium and cadmium. Two cadmium atoms of a monomeric unit
are linked by two acetate ligands. The Cd ± O distances of the
chelating ligands vary in the region of 230 pm; the longest
Cd ± O distance of 235.2(2) pm is observed for the weakly
bound acetic acid molecule (Cd ± O2; see Table 3). Palladium,
as the seventh ligand, caps a rectangular plane of the prism.
The only known cadmium compound with a coordination
number of seven is Cd(CH3COO)2 ´ 2 H2O.[11] The distance
between palladium and cadmium (280 pm) is much less than
the sum of the van der Waals radii (320 pm). Short metal ±
metal bond lengths are also observed in other acetate
compounds, for example dimeric copper acetate (Cu ±
Cu 264 pm).[12] The observed Pd ± O and Cd ± O bond lengths
are very similar to the distances in the binary substances. The
coordination polyhedra of the parent compounds, however,
exhibit significant distortions, as reflected in expanded bond
angles.[8]


The room-temperature 13C NMR spectrum of the binuclear
compound dissolved in D2O (spectra not shown) had two
peaks at d� 31.030 and 22.295 for chemically nonequivalent
methyl groups. The additional peaks at d� 216.210 and
179.692 were assigned to the respective carboxyl groups.
The pair of signals at relatively low chemical shifts indicated
the existence of weakly bound unidentate ligands such as
solvating acetic acid. The other set of signals represents all the
acetate ligands bridging the metal centres (either palladium ±
cadmium or cadmium ± cadmium).


113Cd NMR measurements (spectra not shown) indicated
that cadmium was bound as a divalent cation in the binuclear
complex. Pure Cd(OAc)2 shifts to d� 18.56 relative to the
perchlorate standard. The cadmium tetraacetatopalladate
acetate dissolved in D2O had a single peak at d� 17.66.


A combined instrument for thermogravimetry (TG), differ-
ential thermal analysis and on-line gas analysis was used to
characterise the thermal stability of the ternary precursor in a
nitrogen atmosphere. Figures 2 and 3 display the results of this


Table 2. Crystal and structural data of [CdPd(CH3COO)4 ´ CH3COOH]2.


formula [CdPd(CH3COO)4 ´ CH3COOH]2


crystal size 0.50� 0.32� 0.14 mm
crystal system triclinic
space group P1Å


Z 1
a [pm] 855.2(1)
b [pm] 899.0(1)
c [pm] 1071.2(2)
a [8] 82.231(6)
b [8] 74.230(5)
g [8] 76.429(5)8
calculated density [g cmÿ3] 2.226
wavelength [pm] MoKa l� 71.073
temperature [K] 150� 0.5
area 38� 2q� 608
reflections 4726 measured, 4442 independent
absorption numeric correction, m� 2.60 mmÿ1


Table 3. Selected bond lengths [pm] and angles [8] with standard devia-
tions in parentheses.[28]


Cd ± O2 235.2(2) O9-Cd-O3a 133.74(7) O9-Cd-O5 84.29(8)
Cd ± O3 231.4(2) O3a-Cd-O5 79.01(7) O9-Cd-O3 146.51(7)
Cd ± O3a 229.2(2) O3a-Cd-O3 74.17(7) O5-Cd-O3 84.39(7)
Cd ± O5 230.3(2) O9-Cd-O2 88.51(8) O3a-Cd-O2 76.77(7)
Cd ± O7 240.2(2) O5-Cd-O2 138.31(7) O3-Cd-O2 120.06(8)
Cd ± O9 222.5(2) O9-Cd-O7 86.68(7) O3a-Cd-O7 130.29(7)
Cd ± Pd 280.58(4) O5-Cd-O7 142.83(7) O3-Cd-O7 83.59(7)
Pd ± O4 200.7(2) O6-Pd-O8 174.77(8) O6-Pd-O4 91.12(8)
Pd ± O6 197.8(2) O8-Pd-O10 90.48(8) O10-Pd-O4 178.82(8)
Pd ± O8 199.7(2) O8-Pd-O4 88.41(8)
Pd ± O10 200.0(2) O6-Pd-O10 89.95(8)


[a] a denotes symmetry operation ÿx, ÿy� 1, ÿz.
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thermal activation.
Three main events at
363, 458 and 497 K were
detected in the weight
loss curve for the ther-
mal decomposition of
the precursor com-
pound (Figure 2). Anal-
ysis (IMR-MS traces) of
the evolved gases (Fig-
ure 3) showed that the
first weight loss was due
to water evolution and
the desorption of weak-
ly solvating acetic acid,
which was also detected
by NMR spectroscopy,
and this loss was not
characteristic of the de-
composition of the bi-
nuclear complex. For
this reason, the 100 %
line in the TG analysis
(see Figure 2 left) was
positioned at the first
plateau above 363 K.
The observed maximum
weight loss of 48 % was


incompatible with the abstraction of all intact ligands. A
complete ligand abstraction would require a total weight loss
of 57.5 %.


From the DTA profile in Figure 2 right it was deduced that
all three events were multiple processes, as revealed by the
split or broadened peaks. The DTA curve indicated that the


low-temperature water evolution was an endother-
mic process, whereas the ligand abstraction steps at
higher temperatures were strongly exothermic
reactions. The unchanged heat capacity evident in
the DTA trace after the first endothermic water/
acetic acid evolution indicated that desorbed water
and acetic acid were extramolecular entities.


The first decomposition step of the stoichiometric
solid at 458 K comprised the abstraction of acetate
ligands in the form of acetic acid and its decom-
position products, CH4 and CO2. In an inert gas
atmosphere, a second decomposition step that was
observed at about 40 K above the main one
occurred on a different reaction pathway, as evi-
denced by the reaction products that were detected
(CO2 and water), together with the overall exother-
micity of the process. CH4 was not detected during
this final decomposition stage. A minor additional
reaction event occurred at about 570 K. The
exothermic process terminated with the evolution
of very small amounts of CO2. A weight increase of
about 1 % which appeared to end at 650 K was
detected.


The thermal decomposition of the complex was
also studied with the surface-sensitive method XPS.


This method requires careful determination of the binding-
energy scale for isolated samples such as the present complex.
In addition, X-ray-induced damage may lead to erroneous
reduction temperatures. The change in intensity of the
photoemission peaks with irradiation time was monitored.
The unsupported Pd complex did not seem to be susceptible
to complete irradiation damage, as proved in an independent
series of experiments (data not shown), in contrast to
published reports concerning supported Pd acetates.[13, 14] Pd
acetate is decomposed and reduced to Pd under X-ray
irradiation.


The carbon 1s data for a decomposition reaction sequence
are shown in Figure 4. Up to 423 K, the XP spectra consisted
of two lines of equal intensity, characteristic of methyl carbon
at 285 eV and of carboxyl carbon at 288.6 eV. The integrity of
the sample was indicated by the expected 1:1 intensity ratio in
the spectra. After treatment at 423 K, the C 1s signal intensity
had already decreased to 80 % of the initial value; this
confirmed an initial decomposition. At 473 K, above the
temperature at which the first weight loss occurred in the TG
data (458 K; see Figure 2 left), the total C 1s XPS intensity
was reduced to about 50 % of the initial value, and the signals
also showed a pronounced broadening. After treatment at
523 K, at which temperature the decomposition had already
terminated according to TG data, carboxylic carbon (289 eV)
was still detected at an intensity that had been further reduced
to 40 % of the initial value. The intensity of the aliphatic C 1s
signal at 285 eV, however, was increased after this treatment.
After annealing of the sample at 573 K, the aliphatic C 1s
signal at 285 eV was further increased in intensity, but
carboxylic species were detected only as a weak shoulder at
about 288 eV.


This sequence of events could be further substantiated by
analysis of the metal spectra displayed in Figures 5 left and 5


Figure 2. Thermal decomposition of [CdPd(CH3COO)4 ´ CH3COOH]2 under a nitrogen
atmosphere (82.2 mL minÿ1), heating rate 5 Kminÿ1, mE� 10.29 mg. Left: TG curve;
right: DTA and DTG curves.


Figure 3. IMR-MS spectra of detected
decomposition products. The data are
uncorrected for the IMR-MS cross-sec-
tions. The intensity of the acetic acid
curve was corrected for the sensitivity of
the IMR-MS machine. Heating rate
5 K minÿ1.
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Figure 4. C 1s XP spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 during
thermal decomposition. The time data indicate the duration of the total X-
ray irradiation. Each temperature window was kept constant for 30 min
before the spectra were recorded. The spectra are shifted vertically for
clarity.


right. The Pd 3d spectra in Figure 5 left, recorded at room
temperature after treatment at 323 and 373 K, revealed the
presence of divalent Pd. At 423 K, most of the Pd was reduced
to the element, with the expected binding energy of
335.5 eV.[15, 16] The broadening at higher binding energies
was evidence that some unreduced Pd remained in the
sample. This may explain why the total C 1s signal intensity
had not decreased by 50 % after this treatment step, as one


would expect from the Pd reduction. At the same time, the
Pd 3d signal integral intensity was reduced to 60 % of the
initial value.


A considerable sharpening of the peak profile of the Pd 3d
signal was observed after heat treatment at 473 K, together
with a further reduction of the Pd 3d intensity to 35 % of the
initial value. After the treatment at 523 K, the intensity of the
Pd 3d signal further decreased to about 30 % and finally, after
treatment at 573 K, to 20 % of the initial value. During this
process, the Pd 3d signal continuously shifted to higher
binding energies, and the full widths at half maximum
(FWHMs) decreased from 2.02 to 1.23 eV. The intensity
reduction and the sharpening of the FWHM were evidence
for Pd particle sintering. Interestingly, the Pd 3d5/2 to 3d3/2


intensity ratios were considerably different from the theoret-
ical value of 1.6 (see Table 4), and were especially low after
treatment at 423 and 473 K. This was additional proof of the
presence of at least two different Pd species during the first
decomposition step.


It is highly relevant (Figure 5 right) that the
Cd species was still present in its divalent
form at 423 K. The Cd acetate was signifi-
cantly decomposed to elemental Cd only
after annealing at 473 K, as evidenced by the
binding energy of 404.4 eV.[14] The broad
shoulder at about 406 eV indicating the
presence of some ill-defined Cd(OAc)2 was
consistent with the C 1s spectrum, which
showed that some carboxylates remained.
After heat treatment at 523 K, Cd metal and
Cd(OAc)2 were indicated by the signal at
404.5 eV with a shoulder at 405.7 eV. This
high-energy shoulder could not be attributed
to differential charging because such should-
ers were not observed in the signals of the
other elements. The sharpening of the
shoulder at 405.7 eV was evidence that the
Cd(OAc)2 species was much better defined
after annealing at 523 K than at 473 K. At
573 K Cd was reoxidised, as indicated by the
shift of the Cd 3d signal to higher binding
energies, while the high-energy shoulder due
to Cd(OAc)2 at 405.7 eV was completely lost.


Figure 5. XP spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 during thermal decomposition:
a) Pd 3d signals; b) Cd 3d signals. The spectra are shifted vertically for clarity.


Table 4. XPS characteristics of the Pd 3d signals of [CdPd(CH3COO)4 ´
CH3COOH]2 during the thermal treatment.


Tempera-
ture [K]


BE Pd
3d5/2 eV[a,b]


Intensity
5/2 cps


Intensity
3/2 cps


Intensity
ratio 5/2:3/2


FWHM 5/2
[eV]


300 338.5 1.788� 106 1.400� 106 1.277 1.87
323 338.5 1.705� 106 1.386� 106 1.230 2.02
373 338.5 1.648� 106 1.372� 106 1.201 2.02
423 335.5 1.049� 106 1.271� 106 0.825 1.95
473 335.8 6.082� 105 7.993� 105 0.761 1.37
523 336.4 4.184� 105 3.713� 105 1.127 1.30
573 336.4 2.333� 105 2.397� 105 0.973 1.23
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This spectrum was therefore attributed solely to the presence
of cadmium oxide. The Cd 3d signal intensity was gradually
reduced during this whole process. The strongest intensity
reduction, from 75 to 30 % of the initial value, occurred after
the treatments at 523 and 573 K. The aliphatic C 1s signal
intensity grew after the treatments at 523 and 573 K, from 45
to 70 % of the initial value. The decrease in the intensities of
the O 1s and Pd 3d XPS signals after the treatments at 523 and
573 K correlated neither directly with the decrease in the Cd
3d XPS signal intensity, nor inversely with the increase in the
aliphatic C 1s XPS signal intensity.


Figure 6 shows the intensities of the Pd 3d and Cd 3d XPS
signals after correction by atomic sensitivity factors (ASF) and
normalisation. At temperatures above 375 K, the XPS signal


Figure 6. ASF-corrected XPS intensities of Pd 3d and Cd 3d signals
normalised to the initial intensity, as a function of the temperature.


intensity of Pd decreased while that of Cd remained at a
higher higher level. These changing XPS intensities are clear
evidence that the Pd species sintered into small particles,
while Cd remained more homogeneously distributed through-
out the sample.


The IR bands observed and peak assignments[20, 21, 23] for
crystalline solid [CdPd(CH3COO)4 ´ CH3COOH]2 are listed in
Table 5. The spectrum at 298 K shows two sets of bands which
are caused by strongly bound acetate ligands and solvated
acetic acid molecules, as shown in Figure 7. The two combi-
nation modes of the deformation d(CO2) and CH3 rocking
modes resulted in IR bands at 1697 and 1667 cmÿ1 with an
intensity ratio of 4:1. The broad band at 1668 cmÿ1


Figure 7. DRIFTS spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 at room
temperature and at 423 K. Spectra are shifted vertically for clarity.


is assigned to the four bidentately bound acetate groups per
formula unit, which differ in their bridging functions (see
Table 2). The sharp band at 1698 cmÿ1 is attributed to the
unidentately bound acetic acid molecule. One set of IR bands
disappeared after treatment at 423 K because of the desorp-
tion of acetic acid, in agreement with the TG and NMR
investigations. The spectrum of the unsolvated binuclear
complex was observed after treatment at 423 K.


IR spectroscopic investigations of interactions of carbox-
ylates with various organic compounds were reported pre-
viously.[17] Brandon and Claridge investigated heteronuclear
acetate-bridged complexes, including mixtures of palladium
acetate with various bivalent metal acetates in acetic acid, by
IR and UV/Vis spectroscopy.[23] They reported complexes
with bridging acetate groups, on the basis of their IR spectra.
The differences in symmetric and antisymmetric COÿ


2 vibra-
tional frequencies have been compared with the value
observed for sodium acetate.[18±20] When the difference is
lower than 165 cmÿ1 bridging or chelating acetate groups are
expected, whereas for differences of more than 200 cmÿ1 the
acetate should be unidentate.[21] Although such discrimination
did not remain uncriticised,[22] this rule has now been
confirmed in the case of [CdPd(CH3COO)4 ´ CH3COOH]2.
The difference in wavenumbers, n� 92 cmÿ1, between the
antisymmetric (1545 cmÿ1) and symmetric (1443 cmÿ1) COÿ


2


stretching frequencies demonstrated the existence of bridging
or chelating acetate ligands, in line with the X-ray structure
determination.


The unidentately bound acetic acid molecule was detect-
able by means of a shoulder at 1576 cmÿ1 due to the
antisymmetric CO2 vibration (n� 168 cmÿ1). After treatment
at 573 K intact Pd ± Cd complexes could no longer be
observed.


Table 5. Vibrational frequencies of [CdPd(CH3COO)4 ´ CH3COOH]2.


Bands [cmÿ1] Assignment


1697 DRIFT
Combination d(COO) and CH3 rocking
1665 DRIFT
Combination d(COO) and CH3 rocking
1549 DRIFT n(CO2) antisymmetric
1533 DRIFT n(CO2) antisymmetric
1466 DRIFT n(CO2) symmetric
1456 DRIFT n(CO2) symmetric
1405 DRIFT d(CH3)
1354 DRIFT d(CH3)
1319 DRIFT d(CH3)
1255 DRIFT d(CH3)
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Silica-supported Pd ± Cd complex : In order to substantiate
the effect of Cd addition on the catalytic performance, it is
essential to show how the ternary precursor is bound to the
substrate. UV/Vis spectroscopy was used to follow the
evolution of the molecular Pd ± Cd precursor during impreg-
nation of the catalyst. The relevant data are shown in Figure 8.
The absorption maximum due to the charge transfer between
Pd and oxygen was detected at 396 nm for pure palladium


Figure 8. A) UV/Vis spectra of a) [Pd(OAc)2]3 and b) [CdPd(CH3COO)4 ´
CH3COOH]2 in acid solutions and as crystalline solids. Spectra are shifted
vertically for clarity. B) UV/Vis spectra of a) [CdPd(CH3COO)4 ´
CH3COOH]2 and b) [Pd(OAc)2]3 supported on SiO2. Broken line: differ-
ence spectrum of a) minus 20 % of b). Spectra are normalised for
quantification.


acetate in acid solution (spectrum a, Figure 8A).[23] The UV/
Vis spectrum of [CdPd(CH3COO)4 ´ CH3COOH]2 in acid
solution (pH 1) showed this maximum absorption at 343 nm
(spectrum b, Figure 8A) due to the less distorted Pd coordi-
nation. After impregnation of an SiO2 support with the Cd ±
Pd complex, we observed an absorption maximum at 340 nm
together with a shoulder at about 400 nm for the dried solid
(spectrum a, Figure 8B), at the same wavelength as the
absorption maximum of binary palladium acetate (spectrum
b, Figure 8B), indicating that the complex was not adsorbed
entirely intact onto silica.


Comparison of the DRIFTS spectrum of the pure Pd ± Cd
complex as a crystalline solid with that of the Pd ± Cd complex
adsorbed on SiO2 revealed that they were completely differ-
ent (Figure 9), especially in that the bands at 1545, 1454, 1383
and 1246 cmÿ1 (Figure 9, spectrum c), which are characteristic


Figure 9. DRIFT spectra of CH3COOH on SiO2, and of
CdPd(CH3COO)4 ´ CH3COOH]2 supported on SiO2 and as a crystalline
solid at 423 K. Spectra are shifted vertically for clarity.


of the Pd ± Cd complex, could not be detected for the
adsorbed species. A further comparison with the spectrum
of CH3COOH on SiO2 (Figure 9, spectrum a) showed some
similarity in both spectra. Most of the spectral features that
were detected presumably arose from adsorbed acetic acid.
However, signal intensity ratios, for example the band at
1732 cmÿ1, differed and there were two bands/shoulders in the
spectrum of the adsorbed Pd ± Cd complex (Figure 9, spec-
trum b) at 1570 and 1297 cmÿ1 which were absent in the
spectrum of acetic acid on SiO2 (Figure 9, spectrum a). This
complete difference between the DRIFTS spectrum of the
adsorbed complex and that of the pure compound confirms
the DR-UV/Vis results and suggested that the complex was at
least partially decomposed upon adsorption onto SiO2.


For the supported precursor compound and the pure
precursor crystals, the Pd 3d XPS spectra before activation
are shown in Figure 10. At room temperature, the binding
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Figure 10. XP Pd 3d spectra of [CdPd(CH3COO)4 ´ CH3COOH]2 support-
ed on SiO2 and as a crystalline solid at room temperature. Spectra are
shifted vertically for clarity.


energy of the SiO2-supported cluster was observed at 337.3 eV
(referenced to the aliphatic C 1s signal at 285 eV). The Pd 3d
signal of the unsupported material, however, was at 338.4 eV.
In addition, the Pd 3d5/2 to 3d3/2 intensity ratio of the supported
cluster was 1.9, whereas that of the unsupported material was
1.5, which is close to the theoretical value. The shift of about
1 eV in the binding energy of the supported material relative
to the unsupported cluster indicated decomposition of the
cluster and formation of oxidic Pd surface species (see


Figure 11. XP Pd 3d spectra of SiO2-supported [CdPd(CH3COO)4 ´
CH3COOH]2 during thermal decomposition. Spectra are shifted vertically
for clarity.


Table 4). This XPS finding was in accord with the DR-UV/Vis
and DRIFTS observations of a partial decomposition of the
Pd ± Cd complex upon adsorption onto SiO2.


Complete decomposition of the supported complex to
elemental Pd was observed after thermal decomposition in
ultrahigh vacuum (UHV) (Figure 11). However, in contrast
with the unsupported complex, it was detected only after heat
treatment at 573 K. This very important result indicated that
the stability of the complex towards reduction changed after
adsorption and interaction with the support.


TEM images of the black catalysts after oxidation of
ethylene are displayed in Figure 12. The particulate metals
detected by TEM in the two catalysts that were investigated
differed greatly in particle size and particle size distribution.
The decomposition of the binary palladium acetate precursor
generally led to agglomerated particles, as shown in Figure 12
top. Very few isolated particles were found that were as small
as 5 nm. Figure 12 bottom shows the highly dispersed particles


Figure 12. TEM micrographs spectra of a) [Pd(CH3COO)2]3 and
b) [CdPd(CH3COO)4 ´ CH3COOH]2 on SiO2 after the IMR-MS investiga-
tions.
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obtained from the Pd ± Cd precursor. Particles of the isolated
Pd clusters varied in size around 2 nm, and were therefore
somewhat smaller than the smallest particles formed from the
binary palladium acetate precursor.


We chose the total oxidation of ethylene to test the activity
of catalysts derived from the ternary precursor
[CdPd(CH3COO)4 ´ CH3COOH]2 in comparison with a cata-
lyst made from the conventional binary precursor
[Pd(CH3COO)2]3. SiO2 supports (BET surface area
159 m2 gÿ1) were impregnated with solutions of each com-
pound in glacial acetic acid and dried under vacuum. The BET
surface areas were 133 and 130 m2 gÿ1 for supported Pd
acetate and Pd ± Cd acetate, respectively, after these pretreat-
ment steps. The samples were activated by heating them in
flowing N2 to 425 K in order to decompose the acetate ligands.
This process was monitored through the evolution of frag-
ments of m/z 44. The formation of CH4 as a fragmentation
product of acetic acid was detected for both catalysts (data not
shown).


At 425 K, a flow of ethylene and a small flow of oxygen
were added, while the sample was being heated to 573 K. The
results of the conversion are discussed in light of the IMR-MS
responses, which are presented for CO2 and for CH4 in
Figure 13. H2O formation was found to follow the CO2 profile
exactly, and therefore it is not shown.


The formation of CO2 started over both samples at 473 K
(Figure 13A), indicating a similar activity with respect to the
light-off temperature. With respect to the amount of CO2


produced, the two catalyst materials showed very different
behaviour. The CO2 intensity increased for the Pd ± Cd/SiO2


sample in a stepwise fashion, in contrast to the Pd/SiO2


sample, for which a monotonic increase was observed. Keep-
ing the temperature of the reactor at 573 K for 30 min resulted
in a massive decrease in CO2 evolution for Pd ± Cd/SiO2


(Figure 13A, inset) The pure Pd/SiO2 catalyst formed CO2


continuously, even after the reactor had been cooled to 523 K
(Figure 13B). Figure 13C shows CO2 formation during a
second period of heating to 573 K. The Pd ± Cd/SiO2 catalyst
again formed large amounts of CO2, in contrast to the Pd/SiO2


sample, which was completely inactive during the second
heating cycle.


Discussion


The unsupported Pd ± Cd complex : The short metal ± metal
distance in the Pd ± Cd complex may suggest an interaction
between Pd and Cd. 113Cd NMR spectroscopy revealed that
pure Cd(OAc)2 shifted to d� 18.56 relative to the perchlorate
standard, whereas cadmium tetraacetatopalladate showed a
single peak at d� 17.66. The shift relative to the binary
compound was probably induced by Pd2� in the close
neighbourhood. However, the cationic bonding of the Cd
centre as revealed by NMR spectroscopy is a strong indication
of the absence of a chemical bond between Cd and Pd, despite
the short crystallographic interatomic distance. In addition,
XPS revealed that both metals were in their divalent state. A
metallic bond can thus be excluded. It is thought more likely
that the short metal ± metal distance results from compression
of the nonbonding metal centres by the chelating ligands.


It may be concluded that, because of the short metal ± metal
distances in [CdPd(CH3COO)4 ´ CH3COOH]2, a Pd ± Cd alloy
phase, such as reported by Nowotny and co-workers, results
from activation at higher temperatures and acetate ligand
decomposition.[24, 25] Differential scanning calorimetry meas-
urements (data not shown) did not reveal any effect in the
decomposition temperature interval compatible with forma-
tion of an alloy. In addition, no powder X-ray diffraction


Figure 13. IMR-MS spectrum of the oxidation of ethylene with [Pd(CH3COO)2]3 and [CdPd(CH3COO)4 ´ CH3COOH]2 on SiO2. A) Formation of CO2 in the
temperature range 308 ± 573 K (heating rate 0.5 K minÿ1). B) Formation of CO2 in the temperature range 573 ± 373 K (cooling rate 5 Kminÿ1). C) Formation
of CO2 in the temperature range 373 ± 573 K (heating rate 5 K minÿ1).
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evidence was found to support the existence of alloy particles
with dimensions larger than 0.5 nm. Furthermore, from XPS
intensity considerations (Figure 6), we may conclude that Pd
is sintered into particles, whereas the Cd species remains more
homogeneously distributed after thermal decomposition.
Formation of an alloy between Pd and Cd under these
conditions is therefore excluded; the observed Cd promoter
effect cannot arise from such a process.


The interpretation of the mass spectra in the present form is
only possible because the IMR-MS technique produces
signals from the molecules described without fragmentation
reactions. Therefore any decomposition of acetic acid is not a
consequence of the ionisation but occurs during decomposi-
tion of the solid. The results in Figures 2 and 3 show that
complete ligand abstraction is a complex process. It is
incomplete in the sense that metallic Pd and Cd are not
obtained, as has been proved independently by XPS.


Desorption of water and acetic acid was detected at 370 K.
Weakly coordinated acetates were detected by solution NMR
spectroscopy. Therefore, it is concluded that the dissolved
solid contained additional acetic acid to the nominal stoichi-
ometry determined from the X-ray structure. This is com-
pletely in accord with the observations in the TG/TDA-IMR-
MS experiment.


The first stage of decomposition of the complex at 460 K
yields acetic acid, methane and CO2, indicating that a
cleavage of the ligand molecules occurs during decomposi-
tion. The simultaneous ligand abstraction together with the
cleavage of the C ± C bonds occurs very rapidly, as is seen from
the sharp peaks in Figures 2 and 3.


Complete ligand abstraction requires a second step in an
inert gas atmosphere at about 40 K above the main decom-
position reaction. As Figure 3 shows, the absence of water of
hydration and the higher reaction temperature seem to result
in a different reaction path from that of the first decom-
position step. The presence of reaction products CO2 and
water in the absence of gas-phase oxygen, together with the
overall exothermicity of the process, indicates that additional
reactions must also take place which do not form gas-phase
products and that consume carbon. The formation of carbona-
ceous deposits on Pd0 is a probable reaction and is proved to
occur by the strong increase of the C 1s XPS signal. Carbon
may also be dissolved in metallic Pd to form an interstitial
compound, as shown by McCauley.[24]


A minor additional reaction event occurred at about 570 K.
The exothermic process terminated with the evolution of very
small amounts of carbon dioxide. In addition, a weight
increase of about 1 % was detected which appeared to end
at 650 K. The carbon dioxide evolution between 495 K and
approximately 570 K may be explained by the decomposition
of the remaining carboxylic species which was detected by
XPS. The weight increase of 1 % which terminated at 650 K
may be attributed to the oxidation of Pd species by the
residual oxygen impurities (<5 ppm) in the carrier gas,
nitrogen.


The integrity of the sample during the heat treatment to
423 K is confirmed by the detection of the expected 1:1
intensity ratio of the aliphatic and carboxylic C 1s XPS signals
(Figure 4). The successive broadening of the C 1s, Pd 3d and


Cd 3d lines with a further increase in temperature to 375 K
indicates differential charging effects which arise from the
desorption of H2O and acetic acid. This desorption is evident
from the observed decrease in the FWHM of the O 1s signal
and by the TG experiment. A significant loss of the total C 1s
intensity is observed in the XPS spectra after treatment at
473 K (Figure 4). The FWHMs of all elements, except oxygen,
decrease at the same time. Additionally, the binding energy of
the O 1s signal shifts to higher energies while the signal
intensity decreases. These combined effects are evidence for
the decomposition of the Pd ± Cd complex. The reduction in
the FWHM of all elements except O can be explained by the
formation of metallic Pd, as shown by the low binding energy
of this signal (Figure 5 left). At 523 K, we still observed the
presence of residual carboxylic carbon together with an
initial surface segregation of carbon, as demonstrated
by the increased intensity of the C 1s signal at 285 eV
(Figure 4). This species originates from carbonaceous depos-
its, the existence of which is also deduced from the decom-
position products detected in the TG/TDA ± IMR-MS experi-
ment.


The Pd 3d spectra in Figure 5 left, recorded at room
temperature after treatment at 323 K and 373 K, revealed the
presence of divalent Pd. Their tailing to lower binding
energies must be due to partial decomposition in the X-ray
beam. Differential charging cannot account for this effect
because a comparable tailing was not observed in any other
signal. Loss of water of hydration and solvating acetic acid
leads to a general broadening of all XPS signals except O 1s
(as expected), but not to tailing. At 423 K, most of the Pd is
reduced to the element, with the expected binding energy of
335.5 eV.[16, 26] The broadening to higher binding energies is
evidence that some unreduced Pd remained in the sample.
The Pd binding energy is insensitive to the formation of
interstitial carbon that is not a carbide. Unfortunately, there-
fore, we cannot directly deduce the presence of interstitial
carbon from XPS. It is highly relevant (Figure 5 right) that the
Cd species is still present in its divalent form at 423 K. The
complex is separated at that temperature into elemental Pd
particles and Cd acetates. A spatial segregation of Pd from the
Pd ± Cd complex crystals may be deduced from the decrease
in the Pd 3d intensity and the sharpening of the peak profile
which were observed after heat treatment at 473 K. Metallic
Pd therefore appears to be segregated to the surface of the
decomposing crystals.


The Cd acetate is decomposed to elemental Cd, as
evidenced by the binding energy of 404.4 eV after annealing
at 473 K (Figure 5 right). After treatment at 523 and 573 K,
Cd was reoxidised, as indicated by XPS. This observation is in
agreement with the weight loss estimations. The segregated
Pd metal disappeared from the surface, which was covered by
carbonaceous species, as indicated by the reversal of the
relative intensities of the aliphatic C 1s and Pd 3d signals in
the spectra recorded after treatment at 423 and 473 K (see
Figures 4 and 5 left). At 573 K, a strong increase in intensity of
the 285 eV aliphatic C 1s signal was detected, from which it
may be concluded that carbonaceous species are deposited on
the surface of the Pd particles. This deposition may occur by
exsolution of interstitial carbon in Pd, after which the Pd also
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became oxidised. In the UHV environment of the XPS
apparatus, the only source of oxygen available was the
remaining acetate ligands, which may have acted as oxidising
agents. Consistently, the carboxylic C 1s XPS signal could no
longer be detected after this treatment step (Figure 3).


The XPS analysis shows that a mixture of carbon, Pd oxide
and Cd oxide is present after pure thermal activation in inert
atmosphere. The Pd oxide seems to have been formed from an
reduced intermediate Pd species. It may be suggested that,
prior to exsolution, interstitial carbon prevented the instanta-
neous reaction of the freshly reduced Pd particles with
oxidising species. As a consequence, it seems appropriate to
activate catalysts based upon this complex in a reducing
atmosphere of a hydrocarbon. XPS analysis also clearly shows
the absence of any Pd ± Cd alloy as the ligands are removed
from the two constituents at quite different reaction temper-
atures.


The temperature window of the catalyst activation ends
below 520 K at which temperature all catalytic activity should
be developed. Generally, a low activation temperature and a
high thermal stability of the active metal towards sintering is
desirable in order to maintain maximal Pd dispersion. The
activation temperature of 425 K for the supported catalyst
(vide supra) is lower than indicated in Figure 2, probably
because of the dispersion of the precursor, the presence of
reductive gases and the modification of the heating pro-
gramme.


The relevance of the heating programme to the decom-
position temperature, which indicates the operation of kinetic
influences on the gas ± solid-state reactions involved in the
ligand abstraction/destruction processes, was studied in a
series of TG experiments with variable heating rates (data not
shown). The dependence of the temperatures of maximum
decomposition rate on the heating rate fitted well to a
logarithmic relationship from which we obtained isothermal
conversion temperatures for the three main weight loss steps
at 342, 438 and 488 K. It is concluded that low heating rates,
and eventually a holding interval at about 440 K, would be
suitable for minimising the thermal load on the Pd clusters
during activation. Between the second and third decomposi-
tion steps, a clear plateau was discernible at low heating rates,
which confirms the interpretation of the change in the
reaction pathway of the acetate decomposition, that has
already been deduced from the data of Figure 3.


The supported Pd ± Cd complex : The red shift in the UV/Vis
absorption maximum of the binuclear complex relative to that
of Pd acetate (Figure 8A) is in agreement with the in-plane
geometry of the Pd ± Cd complex determined by X-ray
structure analysis. This geometry leads to a destabilisation
of the dx2ÿy2 orbital relative to that in the out-of-plane
distorted Pd complex. The position of the maximum absorp-
tion in the UV/Vis spectrum of the impregnated Pd ± Cd/SiO2


catalyst is very similar to that of the complex in solution. The
shoulder at 400 nm, however, proves that partial decomposi-
tion occurs upon interaction with the SiO2 surface. The
broken line in Figure 8B is the difference spectrum of
supported Pd ± Cd acetate minus that of supported Pd acetate.
This calculation shows that the binuclear complex is decom-


posed upon interaction with the SiO2 support, during either
impregnation or drying of the catalyst. A quantitative
estimate, with the assumption that the absorption coefficents
do not change upon interaction with the support, points to
20 % decomposition of the Pd ± Cd complex.


This decomposition is confirmed by DRIFTS (Figure 9),
which produces a completely different spectrum after adsorp-
tion on SiO2. Three bands are detected at 1732, 1570sh and
1297 cmÿ1 in the DRIFT spectrum of the adsorbed Pd ± Cd
complex, which are observed neither in the spectrum of the
pure complex nor in that of acetic acid on SiO2. This
observation also points to a partial decomposition of the
Pd ± Cd complex, as already demonstrated by UV/Vis spec-
troscopy.


The Pd 3d spectra of the pure and the supported precursor
compound (Figure 10) also indicate a partial decomposition
of the supported Pd ± Cd complex, of which the binding
energy is about 1 eV lower than that of the unsupported
complex. This shift in binding energy (BE) may arise from the
exchange of acetate ligands for surface oxygen ions (for Pd
3d5/2 of PdO, BE� 337.5 eV) or from X-ray-induced decom-
position as reported for supported Pd acetate. Exactly such an
observation was made for Pd acetate supported on SiO2. In
contrast to the unsupported complex, elemental palladium
was only detected after thermal decomposition of the
supported sample at 573 K in UHV (Figure 11). The much
higher decomposition temperature, compared with the un-
supported complex, may also point to ligand exchange. It may
be concluded that the decomposed, oxidic Pd surface
complexes can only be reduced at higher temperatures than
the pure Pd ± Cd acetate. Consequently, pure palladium
acetate adsorbed on SiO2 is reduced to its metallic state after
UHV decomposition at the relatively high temperature of
523 K, as shown by XPS. The difference of 150 K between the
decomposition temperatures observed for the supported Pd ±
Cd complex and for the unsupported material is therefore in
line with the partial decomposition of the complex upon
adsorption and drying, detected by UV/Vis and DRIFTS. It is
suggested that this higher stability towards reduction of the Pd
species generated from the Pd ± Cd precursor has a strong
influence on the evolution of the active catalyst material; in
particular, particle growth and sintering may be prevented
during the activation or the catalytic action. This hypothesis
was proved correct by TEM investigations of the used
catalysts.


TEM of the used catalyst materials is illustrated in
Figure 12. Decomposition of palladium acetate generally led
to agglomerated particles, as shown in Figure 12 top. Only a
very few small particles were observed. Pd particle sizes
obtained from the Pd ± Cd precursor varied in the region of
2 nm (Figure 12 bottom), which was somewhat smaller than
the smallest particles formed from the binary palladium
acetate precursor. Sintering seemed to be prevented in the
case of the Pd ± Cd precursor because of its higher thermal
stability and a particular surface dilution of the Pd species by
CdO, which was shown by XPS. Conversely, the higher
dispersion of the Pd species obtained from the Pd ± Cd
complex may support their stability towards reduction, as
demonstrated by XPS.
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The formation of CO2 started at 473 K over both samples, as
Figure 13A shows. The similar light-off temperature, how-
ever, does not indicate similar catalytic activity, as proved by
the much higher amount of CO2 produced over the Pd ± Cd
catalyst than over the Pd-containing material. The reduction
of the supported PdII to a metallic phase took place after
treatment at 573 K, as XPS measurements showed (see
Figure 11). Keeping the temperature of the reactor at 573 K
for 30 min resulted in a massive decrease in CO2 evolution
over the Pd ± Cd catalyst. This reversible catalyst deactivation
is most probably connected with the Pd ± Cd decomposition at
this temperature that has been detected by XPS. Sintering
into small Pd particles occurred during the decomposition/
activation phase. The catalyst prepared from pure palladium
acetate was also reduced to its metallic state, but extensive
sintering during activation led to the evolution of large
particles, as shown by TEM, and therefore to low catalytic
activity. Figure 13C exhibited CO2 formation during a second
period of heating to 573 K. The catalyst prepared from Pd ±
Cd containing small Pd particles again shows catalytic activity
above the light-off temperature, whereas the catalyst con-
taining large Pd particles prepared from palladium acetate
remained at a low level of catalytic activity.


Conclusion


Palladium acetate and cadmium acetate in glacial acetic acid
form the very stable complex compound [CdPd(CH3COO)4 ´
CH3COOH]2, which was characterised by TG and by UV/Vis,
IR, NMR and XPS spectroscopy. Elucidation of the crystal
structure of the binuclear complex has shown a remarkable
coordination of palladium which can be described as sixfold
with one unsaturated axial position. The metal ions in the
complex are in their divalent state, as shown by XPS and 113Cd
NMR spectroscopy; this excludes the possibility of a pre-
formed metal ± metal bond.


The major advantage of this precursor compound for
catalyst preparation is the enhancement of the poor solubility
of palladium acetate in acetic acid by formation of this Pd ± Cd
complex. The action of cadmium acetate as an isoionic
additive can be excluded, because the solubility of palladium
acetate is not significantly changed by addition of other
acetates, such as those of Na and K.


The coordination sphere around the Pd atom can be
described as a tetragonal bipyramid with one missing axial
ligand. For this geometric reason, it is expected that, upon
reaction of the complexes with the ligand system of a solid
surface (for example, silica with hydroxyl groups), a direct
Pd ± surface bond may formed with the ternary compound but
not with the binary Pd acetate. The formation of the surface
bond may be supported electronically by the presence of one
other metal (Cd) in the coordination sphere of the Pd centre.
The suggested formation of a direct Pd ± surface bond (for
example, in a ligand-exchange reaction with the participation
of a neighbouring hydroxyl group and desorption of a water
molecule) may be of great importance during activation of the
catalyst, in which the acetate ligands are removed. With the
ternary compound the cluster-to-substrate anchor may not be


affected during this activation. With the binary Pd acetate,
however, it is unavoidable that the cluster-to-substrate bond,
which supposedly occurs through acetate ligands, is destroyed
during activation. The consequence may be that the resulting
ligand-free Pd clusters remain fixed to the surface when they
originate from the ternary precursor, but are mobile on the
surface and can agglomerate easily when they originate from
the binary compound. In addition, the readily soluble ternary
precursor will be highly dispersed after the impregnation
because the ligand exchange reaction will be complete.
Precipitation of unconverted Pd acetate may occur easily
and give rise to large Pd particles after activation. Each effect
will lead to a different degree of dispersion of the activated Pd
on the support and thus affect the ratio of reactive metal
surface area exposed per unit surface area of support.


A further advantage of this precursor compound is the
small size of the catalytically active Pd particles which are
formed during activation. Sintering seems to be avoided by a
dilution effect by CdO species. However, we still have no
evidence on whether this dilution effect also occurs in a
catalyst which is prepared by sequential impregnation of
cadmium acetate and palladium acetate.


The formation of a Pd ± Cd alloy, proposed to be the active
catalyst, must be excluded. Metallic Pd or Pd-containing
interstitial carbon is suggested to be the active catalyst.
Cadmium plays the important role of a structural promoter.
The catalyst formed from the supported binuclear complex is
more active in the formation of CO2 from ethylene than that
formed from the binary palladium acetate, as IMR-MS
measurements have shown. The catalyst activity is referenced
to the mass of Pd in the samples, so the different activities
observed reflect the different degrees of Pd dispersion. From
the improved reactivity of the material derived from the Pd ±
Cd complex, we conclude that the active surface area is the
decisive factor in its behaviour in catalysis.


Experimental Section


[Pd(CH3COO)2]3 (286 mg, 0.425 mmol) and Cd(CH3COO)2 ´ 2H2O
(259.3 mg, 0.973 mmol) were dissolved in glacial acetic acid (4.64 g) at
338 K. The clear orange solution obtained was evaporated, and an orange
cystalline solid was isolated which was recrystallised from acetic acid. The
supported precursor was prepared by incipient wetness impregnation by
adding 0.5 g of the acid solution to SiO2 (2.13 g) with vigorous stirring at
300 K. The sample was dried in vacuum at 300 K for 2 h.


TG was performed on an FSC 5200 thermogravimetric balance (Seico).
The measurements were taken under an argon atmosphere (gas flow
100 mL minÿ1) with a sample weight of about 10 mg.


UV/Vis spectra were obtained on a Perkin-Elmer spectrophotometer,
model 555. For solutions, cuvettes with an optical pathlength of 1 cm were
used. The spectra were measured against glacial acetic acid (Fluka) as
reference. To investigate solids, a diffuse reflectance attachment was used
with pure SiO2 as reference.


NMR spectra were measured on a 400 MHz instrument (JEOL). The pure
solids were dissolved in D2O. 13C NMR investigations were performed at
100.40 MHz, using TMS as external standard. 113Cd resonances were
observed at 88.55 MHz with cadmium perchlorate as external standard.


The DRIFTS measurements were conducted under a helium atmosphere
(gas flow 50 mL minÿ1) on a Bruker IFS 66 spectrometer with a DRIFTS
unit (Graseby/Specac P/N 19900) and an in-situ cell (Graseby/Specac P/
N 19930).
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XPS investigations were performed on an LHS 12 MCD (Leybold) instru-
ment with a magnesium anode (power 14 mA� 168 W, pass energy
108 eV). The samples were suspended in hexane and deposited on a gold
foil. Spectra were recorded at room temperature after the samples had
been heated for 30 min at given temperatures and at nitrogen pressure
1 bar. The resolution of the equipment was determined from the Ag 3d5/2


signal to be 1.2 eV. The binding energies of the sample are referred to the Si
2p peak at 103.6 eV for SiO2 and to the C 1s peak at 285.0 eV for CH3


groups as standards.


IMR-MS measurements were executed on an Atomika 1500 spectrometer.
The ion ± molecule reactions occurred in an octupole reaction chamber,
with xenon and krypton as primary ions. A quadrupole mass detector was
used in combination with suitable ion-extraction optics. Further details
have been reported in the literature.[27]


TEM investigations were performed on a Philips CM 200 FEG microscope
equipped with energy dispersive X-rays (EDX). The total magnification for
Figure 11 was � 405 000 at 200 k eV. The supporting grids gave rise to the
intense Cu and weak Mg EDX signals.


For the ethylene oxidation, C2H4 (99.95 % grade; Linde) was used. SiO2


(600 mg; BET specific surface area 159 m2 gÿ1) was impregnated with a
solution (0.5 g) of [Pd(CH3COO)2]3 (291.5 mg in 4.6 g glacial acetic acid). A
portion (36.4 mg) of the dried sample was placed in the centre of a quartz
tube reactor (diameter 8 mm), which was filled with quartz wool (hourly
space velocity (hsv)� 51.5 hÿ1; BET surface areas 133 and 130 m2 gÿ1 for
supported Pd acetate and Pd ± Cd acetate, respectively). During activation,
the reactor was flushed with nitrogen (200 mL minÿ1), and the temperature
was ramped with a heating rate of 0.5 K minÿ1. The temperature was kept
constant at 428 K for 30 min. At this temperature (after a time on stream, t,
of 250 min), C2H4 was added to the atmosphere at a flow rate of
25 mL minÿ1, then oxygen was added at a flow rate of 4 mL minÿ1 at
428 K and t� 260 min. At t� 280 min, the reactor was heated to 573 K at a
rate of 0.5 K minÿ1. The temperature of the reactor was kept constant at
573 K for 30 min, reduced to 373 K (5 K minÿ1), then kept constant for
10 min before the reactor was reheated to 573 K.


The Pd ± Cd/SiO2 sample was treated as described above for the Pd/SiO2


catalyst. A portion (55 mg) of the Pd ± Cd/SiO2 sample was used
for the experiment, which was conducted under similar conditions (hsv�
34.1 hÿ1).


[CdPd(CH3COO)4 ´ CH3COOH]2 : UV/Vis (acetic acid): dmax� 343 nm;
UV/Vis (on SiO2): dmax� 340 nm; 13C NMR: d� 31.030, 22.295 (CH3),
216.210, 179.692 (COO);113Cd NMR: d� 17.66.
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Organometallic Chemistry of [W2(OCH2tBu)8] (M�M): Substrate Uptake and
Activation at a Tungsten ± Tungsten Double Bond
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Abstract: The compound [W2(OCH2-
tBu)8] reacts in hydrocarbon solvents
with ethyne, ethene, allene, carbon mon-
oxide, and benzophenone to give 1:1
adducts [W2(OCH2tBu)8(m-C2H2)] (1),
[W2(OCH2tBu)8(h2-C2H4)] (2),
[W2(OCH2tBu)8(m,h1,h3-C3H4)] (3),
[W2(OCH2tBu)8(CO)] (4), and
[W2(OCH2tBu)8(h2-OCPh2)] (5), re-
spectively. These compounds have been
characterized by variable-temperature
1H and 13C NMR studies, infrared spec-
troscopy, elemental analysis, and for 1
and 3 by single-crystal X-ray crystallog-
raphy. Compound 1 contains a nonper-
pendicular and nonparallel m-C2H2 li-
gand in the solid-state with W ± C�
2.07(1) and 2.43(1) �, and W ± W and
C ± C� 2.623(1) and 1.34(1) �, respec-


tively. However, in solution the m-C2H2


ligand sees two equivalent tungsten
nuclei on the NMR time-scale, even at
low temperatures. In the m,h1,h3-allene
adduct 3, the W ± W distance of
2.917(2) � implies a loss of M ± M
bonding in favor of W2-to-allene bond-
ing: W1 ± h1-C� 2.11(1), W2 ± h3-C�
2.24 to 2.35 �. [W2(OCH2tBu)8] and
Ph2C�S react in hydrocarbon solvents
to give products from the cleavage of the
C�S bond, namely [(tBuCH2O)4W�S]
and [(tBuCH2O)4W�CPh2]. A deriva-


tive of the latter, [(Ph2C�)(tBuCH2O)-
(EtO)2W(m-OEt)]2 (6), has been char-
acterized by a single-crystal X-ray study.
The W ± W distance of 3.485(1) � is
consistent with the lack of a W ± W
bond, while W ± C� 1.967(6) � is
typical for a W ± alkylidene distance.
[W2(OCH2tBu)8] reacts with KH and
[18]crown-6 in tetrahydrofuran to
give {K�([18]crown-6)[W2(m-H)-
(OCH2tBu)8]ÿ} (7), and with Ph3P�CH2


to give [W2(m-CH2)(OCH2tBu)8] (8) and
Ph3P. These results are compared
with related reactions involving
[W2(OR)6](M�M) compounds and with
the organometallic chemistry of M�M-
bonded species such as [Cp*2 Re2(CO)4]
and [Os2(CO)8].


Keywords: alkoxides ´ metal ± me-
tal interactions ´ organometallic
complexes ´ structure elucidation ´
tungsten


Introduction


The chemistry of metal ± metal double bonds is much less
developed than that for M ± M quadruple and triple bonds.[1]


Indeed, in organometallic chemistry the only two
systems to have been studied extensively are
[Cp*2 Re2(CO)4] by Casey and co-workers[2] and
[Os2(CO)8].[3] The latter, though isolable only in a
matrix, acts as a template for the binding of
alkynes and alkenes. Thanks to the elegant work of
Norton et al. ,[3b] it can be construed to exist as
[(CO)4Os�Os(CO)4]. Our recent synthesis[4] of
[W2(OCH2tBu)8] which, though insoluble in non-
coordinating hydrocarbon solvents such as hexane


and toluene, can be viewed as a d2 ± d2 W�W-bonded complex
having a solid-state structure of one of the types shown in A.[5]


This affords us the opportunity to investigate the chemistry of
the (W�W)8� template supported by alkoxide ligands, which
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in turn allows us to compare its reactivity with the [W2(OR)6]
compounds that have revealed a rich organometallic chem-
istry,[6] and also with the carbonyl-supported M�M bonded
systems noted above. A preliminary communication of some
of these results has already been published.[7]


Results and Discussions


Syntheses :


[W2(OCH2tBu)8(m-C2H2)] (1): The addition of ethyne to a
toluene suspension of the purple [W2(OCH2tBu)8] gave a red
solution of the 1:1 adduct, 1, which was purified by dissolving
the crude product in refluxing toluene and cooling to room
temperature whereupon red crystals were formed. Compound
1 failed to show any further reactivity in the presence of a 10-
fold excess of ethyne.


[W2(OCH2tBu)8(h2-C2H4] (2): A toluene suspension of
[W2(OCH2tBu)8] reacted with one equivalent of ethene to
give a green solution of 2. Concentrating the solution and
cooling afforded fine microcrystals of 2 which have not thus
far proved suitable for an X-ray study. Compound 2 is air-
sensitive and very soluble in common organic solvents, even at
low temperatures. With an excess of ethene, a mixture of
numerous intractable products was formed. These have not
been pursued further at this time.


[W2(OCH2tBu)8(m,h1,h3-C3H4)] (3): Addition of allene to a
toluene suspension of [W2(OCH2tBu)8] yielded a deep green
solution of the 1:1 adduct 3 which, as we show later, exists in
more than one isomeric form in solution. Cooling concen-
trated solutions of the green solution of the 1:1 allene adduct
to ÿ20 8C yielded orange crystals of 3, as shown by X-ray
crystallography (see below). The 1:1 adduct did not react
further with allene to form a 2:1 adduct, as did [W2(OtBu)6] in
its formation of [W2(m,h1,h3-C3H4)(h2-C3H4)(OtBu)6] (see
below).


[W2(OCH2tBu)8(CO)] (4): Addition of carbon monoxide to a
hydrocarbon suspension of the purple compound [W2(OCH2-
tBu)8] gave a red-brown solution of the 1:1 carbonyl adduct 4.
Compound 4 is air-sensitive and extremely soluble in all
common organic solvents, including ethers, even at low
temperatures. A red-brown microcrystalline solid of 4 has
been obtained, but crystals suitable for an X-ray study were
not. The 1:1 adduct 4 is inert with respect to further reaction
with CO at 1 atm, room temperature in hydrocarbon solvents.


[W2(OCH2tBu)8(h2-OCPh2)] (5): Hydrocarbon suspensions
of [W2(OCH2tBu)8] reacted instantaneously at room temper-
ature with benzophenone to give the 1:1 adduct 5, which is a
deep green air-sensitive compound that may be recrystallized
from concentrated toluene solutions at ÿ20 8C. Its spectro-
scopic properties are related to the structurally characterized
compound [W2(OcC5H9)8(h2-OCcC5H8)][8] so that a single-
crystal X-ray study was not undertaken.


[W(�CPh2)(OCH2tBu)(OEt)2(m-OEt)]2 (6): The reaction
between [W2(OCH2tBu)8] and thiobenzophenone gave
rise to rapid cleavage of the C�S bond and products
formulated as [W(�CPh2)(OCH2tBu)3(m-OCH2tBu)]2 and
[S�W(OCH2tBu)4]n. The two compounds co-crystallize from
hydrocarbon solvents which has impeded their independent
characterization. However, the sulfide could be prepared
from the reaction between elemental sulfur and [W2(OCH2-
tBu)8][7] and this reaction will be described in detail elsewhere
as part of a separate study of the reactivity of [W2(OCH2tBu)8]
with Group 16 elements.[9] Note, the compound S�W(OtBu)4


has been previously reported.[10] Evidence for the terminal
alkylidene is seen from reactions which employ Ph2


13C�S to
yield a readily identifiable W�13CPh2 moiety having a 13C
chemical shift of d� 263 and 1J(183W,13C)� 259 Hz (intensity
of 14 %) due to coupling to 183W (I� 1/2, 14.5 % natural
abundance).[11] Support for the proposed alkylidene complex
was also obtained by the treatment of a hydrocarbon solution
containing [W(�CPh2)(OCH2tBu)4] with ethanol which yield-
ed the crystalline compound 6, as determined by an X-ray
study.


{K�([18]crown-6)[W2(m-H)(OCH2tBu)8]ÿ} (7): A suspension
of [W2(OCH2tBu)8] in toluene reacted rapidly with KH in the
presence of [18]crown-6 to produce compound 7 as a golden-
brown solid, which is soluble in all common hydrocarbon
solvents. It is believed to be structurally analogous to
[NaW2(m-H)(OiPr)8(dme)] and the related neopentoxide
has been previously prepared from the reaction between
[W2(OCH2tBu)6] and tBuCH2OH/NaOCH2tBu in hydrocar-
bon solvents.[12]


[W2(m-CH2)(OCH2tBu)8] (8): The reaction between a purple
suspension of [W2(OCH2tBu)8] in toluene and 1:1 equiv of
Ph3P�CH2 afforded a paler purple solution of 8 and Ph3P.
Compound 8 is an air-sensitive hydrocarbon-soluble com-
pound that gives very small crystals upon recrystallization.
The single crystal structure was determined from one such
crystal.


Compounds 1 ± 8 are diamagnetic. Spectroscopic data and
elemental analyses are given in the Experimental Section.
Selected aspects of the spectroscopic properties that are
pertinent to solution-state structures and bonding will be
discussed later.


Solid-state and molecular structures :


[W2(OCH2tBu)8(m-C2H2)] (1): A view of the molecular
structure found in the solid-state is given in Figure 1 and
selected bond lengths and angles are given in Table 1 . If the m-
C2H2 ligand is considered as a single bridging entity, the
structure may be viewed as confacial bioctahedral. Further-
more, if the m-C2H2 ligand is viewed as a C2H2ÿ


2 dianion, then
the W ± W distance of 2.623(1) � is easily reconcilable with a
(W ± W)10� moiety which has a formal d1 ± d1 M ± M single
bond. Of singular note is the nonperpendicular and non-
parallel mode of bonding for the m-C2H2 ligand. One set of
W ± C distances are short [av 2.07(1) �], while the other set
are long [2.43(1) �]. This skewed type of geometry is
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Figure 1. An ORTEP drawing of the molecular structure of 1 in the solid
state, showing the atom numbering system used in Table 1.


relatively rare in organometallic chemistry and, as first noted
by Hoffmann et al.[13] and subsequently emphasized by
others,[14] this situation arises as a result of a second order
Jahn ± Teller distortion. The bonding in compound 1 has been
the subject of a detailed theoretical study which is reported
elsewhere.[15] Suffice it to note that the C ± C distance is
1.34(1) � in the m-C2H2 ligand and, as such, is shorter than in
[W2(OtBu)6(m-C2H2)(py)] (C ± C 1.44(1) �).[16] This is consis-
tent with the view that [W2(OtBu)6] is more reducing than


[W2(OCH2tBu)8] in its reactions with p-acid substrates. We
shall return to this point.


[W2(OCH2tBu)8(m,h1,h3-C3H4)] (3): An ORTEP drawing of
the solid-state molecular structure of 3 is shown in Figure 2


Figure 2. An ORTEP drawing of the molecular structure of 3 in the solid-
state, showing the atom numbering scheme used in Table 2 .


and selected bond lengths and angles are given in Table 2 .
The coordination geometry about W(1) may be viewed as


Table 1. Selected bond lengths [�] and angles [8] for 1.


W1 ± W2 2.6228(8) W2 ± O5 2.128(7)
W1 ± O5 2.075(7) W2 ± O11 2.073(7)
W1 ± O11 2.118(7) W2 ± O35 1.950(8)
W1 ± O17 1.882(7) W2 ± O41 1.919(7)
W1 ± O23 1.933(8) W2 ± O47 1.867(8)
W1 ± O29 1.957(7) W2 ± C3 2.432(12)
W1 ± C3 2.08(1) W2 ± C4 2.069(12)
W1 ± C4 2.43(1) C3 ± C4 1.34(2)


W2-W1-O5 52.31(19) W1-W2-O5 50.49(20)
W2-W1-O11 50.50(20) W1-W2-O11 52.02(21)
W2-W1-O17 116.51(22) W1-W2-O35 123.52(23)
W2-W1-O23 133.14(23) W1-W2-O41 132.29(23)
W2-W1-O29 123.46(23) W1-W2-O47 117.74(24)
W2-W1-C3 61.0(3) W1-W2-C3 48.45(25)
W2-W1-C4 48.19(27) W1-W2-C4 60.9(3)
O5-W1-O11 74.1(3) O5-W2-O11 73.9(3)
O5-W1-O17 164.8(3) O5-W2-O35 85.5(3)
O5-W1-O23 97.4(3) O5-W2-O41 165.2(3)
O5-W1-O29 86.8(3) O5-W2-O47 92.2(3)
O5-W1-C3 86.1(4) O5-W2-C3 76.7(3)
O5-W1-C4 95.3(3) O5-W2-C4 105.1(4)
O11-W1-O17 90.8(3) O11-W2-O35 86.7(3)
O11-W1-O23 165.2(3) O11-W2-O41 97.0(3)
O11-W1-O29 85.1(3) O11-W2-O47 166.0(3)
O11-W1-C3 105.9(4) O11-W2-C3 95.8(3)
O11-W1-C4 77.6(4) O11-W2-C4 87.2(4)
O17-W1-O23 97.6(3) O35-W2-O41 82.3(3)
O17-W1-O29 93.5(3) O35-W2-O47 93.7(3)
O17-W1-C3 96.8(4) O35-W2-C3 160.4(3)
O17-W1-C4 79.7(4) O35-W2-C4 165.8(4)
O23-W1-O29 82.3(3) O41-W2-O47 96.9(3)
O23-W1-C3 85.2(4) O41-W2-C3 116.5(3)
O23-W1-C4 115.8(4) O41-W2-C4 85.7(4)
O29-W1-C3 164.7(4) O47-W2-C3 79.2(4)
O29-W1-C4 161.2(4) O47-W2-C4 95.3(4)
C3-W1-C4 33.5(4) C3-W2-C4 33.4(4)


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


W1 ± O6 2.079(4) W2 ± O6 2.068(4)
W1 ± O12 1.890(4) W2 ± O36 1.914(4)
W1 ± O18 1.956(4) W2 ± O42 1.886(4)
W1 ± O24 1.833(5) W2 ± O48 1.947(4)
W1 ± O30 1.944(4) W2 ± C3 2.347(7)
W1 ± C4 2.112(7) W2 ± C4 2.246(6)
C3 ± C4 1.426(9) W2 ± C5 2.271(6)
C4 ± C5 1.431(9)


O6-W1-O12 86.14(17) O6-W2-O36 84.84(16)
O6-W1-O18 89.33(17) O6-W2-O42 85.92(18)
O6-W1-O24 85.16(19) O6-W2-O48 167.35(17)
O6-W1-O30 173.67(17) O6-W2-C3 110.15(21)
O6-W1-C4 95.11(20) O6-W2-C4 91.50(20)
O12-W1-O18 87.67(19) O6-W2-C5 109.52(20)
O12-W1-O24 171.30(20) O18-W1-O24 92.59(19)
O12-W1-O30 95.71(19) O18-W1-O30 84.70(18)
O12-W1-C4 88.88(21) O18-W1-C4 174.18(23)
O24-W1-O30 92.98(19) O24-W1-C4 91.53(21)
O30-W1-C4 90.99(20) O36-W2-C3 84.67(20)
O36-W2-O42 127.42(18) O36-W2-O48 88.65(18)
O36-W2-C4 114.06(21) O36-W2-C5 144.82(22)
O42-W2-O48 89.46(20) O42-W2-C4 117.83(21)
O42-W2-C3 146.18(20) O42-W2-C5 86.50(22)
O48-W2-C3 79.95(22) O48-W2-C4 101.07(22)
O48-W2-C5 81.90(21) C3-W2-C4 36.10(22)
C3-W2-C5 60.37(23) C4-W2-C5 36.94(23)
W1-O6-W2 89.42(16) W1-O6-C7 124.0(4)
W1-O12-C13 138.1(4) W2-O6-C7 131.6(3)
W1-O18-C19 131.8(4) W2-O36-C37 134.8(4)
W1-O24-C25 144.5(4) W2-O42-C43 132.3(4)
W1-O30-C31 127.2(4) W2-O48-C49 122.9(4)
W1-C4-W2 83.97(22) W2-C3-C4 68.1(4)
W1-C4-C3 120.2(5) W2-C4-C3 75.8(4)
W1-C4-C5 117.6(4) W2-C4-C5 72.4(4)
C3-C4-C5 108.7(6) W2-C5-C4 70.6(4)
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approximately octahedral, while that at W(2) is a distorted
trigonal bipyramid in which the h3-C3 moiety occupies a single
equatorial site with the methylene units lying slightly above
the trigonal plane. The W ± W distance of 2.917(2) � is
consistent with the absence of any significant M ± M bonding
interaction and suggests that the allene has effectively
oxidized the W8�


2 center and is itself reduced by four electrons.
The W(1) ± C(4) distance (2.11(1) �) is notably shorter than
the W(2) ± C(4) distance (2.25(1) �), while the W(2) ± C(3)
and W(2) ± C(5) distances are 2.35(1) and 2.27(1) �, respec-
tively. The C-C-C angle of 108.7(6)8 is notably less than 1208
and the C(3) ± C(4) and C(4) ± C(5) distances (1.43(1) �) are
approaching C(sp2) ± C(sp2) single bond lengths (1.46 �).[17]


All of this is understandable in terms of maximizing metal ±
ligand (allene) bonding at the expense of M ± M bonding, and
the m,h1,h3-mode of bonding has been seen previously.[18]


Perhaps what is surprising is that in the closely related
compound [W2(OcC5H9)8(m-allene)] the allene bridges are in
the twisted m,h2,h2-mode as shown in B,[8] with a W ± W
distance of 3.053(2) �.


The latter compound was isolated from the reaction
between [W2(m-H)(OcC5H9)7(HNMe2)] and allene, but may
be viewed as the addition product of allene and
[W2(OcC5H9)8]. The point to recognize is that the mode of


the allene bridge in these [W2(OR)8(m-C3H4)] compounds is
evidently very sensitive to the nature of R. Also it is worth
mentioning that in [W2(OtBu)6(m-
C3H4)] the allene bridges have yet
again a different mode in which the
C-C-C moiety is aligned parallel to
the W ± W axis[18] as depicted by C
(R� tBu).


[W(�CPh2)(OCH2tBu)(OEt)2(m-OEt)]2 (6): A view of the
molecular structure of 6 is shown in Figure 3 and selected


Figure 3. An ORTEP drawing of the molecular structure of 6 in the solid-
state, showing the atom numbering scheme used in Table 3.


bond lengths and angles are given in Table 3. The edge-shared
bioctahedral geometry is reminiscent of those seen in
[W(�E)(OR)3(m-OR)]2 compounds, where E is oxo or
imido,[19] and the W ± C distance is 1.97(1) �, which is typical
of a W ± C double bond.[20]


[W2(OCH2tBu)8(m-CH2)] (8): An ORTEP drawing of the
methylene-bridged compound is given in Figure 4. The
structure consists of two pseudo-octahedral tungsten atoms
sharing a common face formed by two m-OR groups and one
m-CH2 group. The W ± W distance of 2.646(1) � is consistent
with a W ± W single bond for a W10�


2 core. The W ± C distance
of 2.10(1) � (average) and the other W ± O distances are


Table 3. Selected bond lengths [�] and angles [8] for 6.


W1 ± O2' 2.047(4) W1 ± O8 1.855(4)
W1 ± O2 2.302(4) W1 ± O11 1.950(4)
W1 ± O2 1.838(5) W1 ± C17 1.967(6)


O2'-W1-O2 73.64(18) O2'-W1-O5 90.70(20)
O2-W1-O5 85.16(19) O2'-W1-O8 88.22(19)
O2-W1-O8 83.41(18) O2'-W1-O11 158.14(17)
O2-W1-O11 84.52(17) O2'-W1-C17 100.66(22)
O2-W1-C17 174.28(22) O5-W1-O8 168.35(20)
O5-W1-O11 88.20(20) O5-W1-C17 95.46(24)
O8-W1-O11 88.50(19) O8-W1-C17 96.14(24)
O11-W1-C17 101.17(23) W1'-O2-W1 106.36(18)
W1'-O2-C3 124.3(4) W1-O2-C3 121.8(4)
W1-O5-C6 142.5(7) W1-O5-C6A 138.3(8)
W1-O8-C9 138.2(4) W1-O11-C12 130.3(4)
W1-C17-C18 123.8(5) W1-C17-C24 124.0(4)
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Figure 4. An ORTEP drawing of 8, showing the atom numbering scheme.


unexceptional. This is, however, the only methylene-bridged
compound of its type, in that it is exclusively supported by
alkoxide ligands. Selected bond lengths and angles are given
in Table 4.


Selected spectroscopic properties and comments on bonding :
[W2(OCH2tBu)6(m-C2H2)] (1): The NMR data for the m-13C2H2


labeled isotopomer of 1 are instructive as to the nature of the
bonding in solution. Even at low temperatures, ÿ80 8C in
[D8]toluene, a single 13C NMR signal is seen flanked by one
set of tungsten satellites, 183W (I� 1/2, 14.5 % natural abun-
dance). The relative intensity of the satellites is 25 %, which is
consistent with both carbon atoms bridging two W atoms in a
time-averaged symmetric mode: d� 191 and 1J(183W,13C)�


24 Hz. The proton-coupled spectrum reveals the second-order
behavior anticipated for an AA'XX' spectrum. From a
simulation of the spectrum, we obtained 1J(183C,1H)� 181 Hz
and J(13C,13C)� 28 Hz, both of which are considerably
reduced from the values for free ethyne, which are 249 and
172 Hz, respectively.[21] The magnitude of J(13C,13C) in [M2(m-
C2H2)] compounds has been shown to correlate roughly with
C ± C distance and the degree of reduction of the C ± C
bond.[22] In [W2(OtBu)6(m-C2H2)(py)], for example, which
exists in equilibrium with [(tBuO)3W�CH] (2 equiv) and free
pyridine, J(13C,13C) is 12 Hz, whereas in [Co2(CO)6(m-C2H2)],
J(13C,13C) is 56 Hz.[22] Within the series of [M2(m-C2H2)]
complexes for which J(13C,13C) has been determined, the
value in [W2(OCH2tBu)8(m-C2H2)] most closely resembles
that in [Mo2(OiPr)6(m-C2H2)(py)2], where J(13C,13C)� 24 Hz.[22]


The 1H NMR spectrum at 23 8C shows only one type of
alkoxide ligand indicative of rapid bridge-to-terminal ex-
change. However, at ÿ80 8C the expected (based on Figure 1)
spectrum is observed with three tBu signals in the ratio 4:2:2
and the methylene protons appear in the ratio 4:4:4:2:2:2:2.
This is consistent with a time-averaged C2v structure in which
the two m-OCH2tBu groups and the terminal OCH2tBu
ligands which are trans to the m-C2H2 moiety lie on molecular
mirror planes of symmetry. The remaining four OCH2tBu
ligands, which are symmetry-equivalent, have diastereotopic
methylene protons. The signals for these methylene protons
should be observed as two sets of doublets resulting from
geminal coupling with a total intensity of four hydrogens per
doublet. However, four peaks of equal intensity are seen in
the methylene region presumably due to the coincidental
overlap of the two diastereotopic CH2 protons.


Finally, it should be recognized that the NMR data for the
m-C2H2 ligand does not distinguish between a dynamic ethyne
moiety which oscillates about a m-perpendicular position and
a m-C2H2 ligand that rapidly interconverts between a m-
perpendicular and m-parallel mode of bonding. To our knowl-
edge, the latter process has never been established in organo-
metallic chemistry but, in this particular instance, the theo-
retical calculations reveal that m-parallel and m-perpendicular
modes of bonding are only slightly higher in energy than the
observed skewed geometry.[15]


[W2(OCH2tBu)8(h2-C2H4)] (2): The NMR data for 2 leaves
little doubt as to its structure in solution. The molecule has C1


symmetry, which leads to eight inequivalent OCH2tBu groups.
With no molecular mirror plane of symmetry, the methylene
protons are all diastereotopic and appear as sixteen doublets,
due to geminal J(H ± H) coupling, of equal intensity. There is
some overlap of these signals and broad multiplets at d� 4.35
and 4.05 represent two of the four inequivalent protons of the
h2-C2H4 ligand. The 13C{1H} NMR spectrum is more straight-
forward as there is less overlap of resonances. The molecule is,
however, fluxional on the NMR time-scale and only at low
temperatures is the confacial bioctahedral geometry frozen
out; that is, at ÿ60 8C, [D8]toluene, 300 MHz for 1H spectra.


The variable-temperature 13C{1H} NMR spectra of the h2-
13C2H4 ligand in the labeled isotopomer of 2 are shown in
Figure 5. At 100 8C in [D8]toluene there is a sharp signal due


Table 4. Selected bond lengths [�] and angles [8] for 8.


W1 ± W2 2.6464(4) W1 ± O4 2.090(3)
W1 ± O10 2.083(3) W1 ± O16 1.925(4)
W1 ± O22 1.946(3) W1 ± O28 1.834(4)
W1 ± C3 2.108(5) W2 ± O4 2.061(3)
W2 ± O10 2.150(4) W2 ± O34 1.842(4)
W2 ± O40 1.936(4) W2 ± O46 1.919(4)
W2 ± C3 2.101(5)


W2-W1-O4 49.90(9) W2-W1-O10 52.43(10)
W2-W1-O16 136.13(11) W2-W1-O22 123.00(10)
W2-W1-O28 101.51(12) W2-W1-C3 50.94(14)
O4-W1-O10 76.30(13) O4-W1-O16 170.32(15)
O4-W1-O22 85.69(14) O4-W1-O28 87.78(15)
O4-W1-C3 99.00(17) O10-W1-O16 101.82(14)
O10-W1-O22 88.01(14) O10-W1-O28 153.89(15)
O10-W1-C3 69.98(17) O16-W1-O22 84.76(15)
O16-W1-O28 97.16(16) O16-W1-C3 89.11(18)
O22-W1-O28 111.62(16) O22-W1-C3 155.43(17)
O28-W1-C3 92.73(18) W1-W2-O4 50.88(10)
W1-W2-O10 50.18(9) W1-W2-O34 104.94(12)
W1-W2-O40 121.28(11) W1-W2-O46 135.45(11)
W1-W2-C3 51.16(14) O4-W2-O10 75.47(13)
O4-W2-O34 88.71(15) O4-W2-O40 86.05(15)
O4-W2-O46 170.84(15) O4-W2-C3 100.15(17)
O10-W2-O34 155.12(15) O10-W2-O40 85.69(15)
O10-W2-O46 103.78(14) O10-W2-C3 68.84(17)
O34-W2-O40 112.68(17) O34-W2-O46 94.83(16)
O34-W2-C3 95.89(19) O40-W2-O46 84.79(16)
O40-W2-C3 150.97(19) O46-W2-C3 87.90(18)
W1-C3-W2 77.91(18) W1-O4-W2 79.22(12)
W1-O10-W2 77.38(11)
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to two equivalent 13C nuclei. However, on lowering the
temperature, this resonance broadens and splits into two
signals of equal intensity separated by roughly 10 ppm and at


ÿ60 8C a 1J(13C,13C) coupling of 31 Hz
is clearly evident. Coupling to 183W
(I� 1/2) is not seen (or is not resolved).
The proposed structure of 2 is shown in
D (R�CH2tBu) below. The magni-
tude of 1J(13C,13C) is significantly re-
duced from 67 Hz[21] in free ethylene
and this, together with the restricted
rotation about the W ± h2-C2 axis, leads


us to propose that there is extensive W(dp)-to-C2 p*-back
bonding. In as much as the structure shown in D represents a
confacial bioctahedron, the restricted rotation about the W ±
h2-C2 axis can be understood as a result of the mutual
competition of the olefin and the metal atoms for t2g electrons
in order to allow for both a M ± M bond and M(dp)-to-C2 p*-
bonding. Although at 100 8C the two ethene carbon atoms are
equivalent, which can be described by rapid-rotation about
the W-h2-C2 axis, the whole molecule is fluxional with rapid
bridge ± terminal alkoxide exchange. So it is more likely that
the h2-C2H4 ligand passes through a molecular plane of
symmetry as it moves from one side of a confacial bioctahe-
dron to the other. An estimation of the activation energy, DG=


for this process can be obtained from the 13C spectra
(Figure 5) and is 15 kcal molÿ1.[23]


[W2(OCH2tBu)8(m,h1,h3-C3H4] (3): The allene adduct 3, which
is orange in the solid state, is green in solution. (Red crystals
yield green solutions and from these green solutions red
crystals form.) The molecule is fluxional on the NMR time-
scale in solution at 23 8C as only one type of OCH2tBu is
observed in the 1H and 13C{1H} NMR spectra. If the the
temperatuure is cooled to ÿ65 8C, several resonances are
frozen out in the 1H and 13C{1H} NMR spectra (see
Experimental Section) but it is evident that the spectra
cannot be reconciled to the observed solid-state structure
shown in Figure 2. Indeed, we observe five allene methylene


carbon signals in the 13C{1H} spectrum between d� 60 and 90.
Thus, it is possible that, in addition to an isomer having the
structure found in the solid-state, other isomers are also
present, such as those shown in B, or C, and even an ethene-
like structure, [W2(OCH2tBu)8(h2-CH2CCH2)], akin to that
shown in D. Further speculation is pointless, but it is worth
emphasizing how flexible the [W2(OR)8] template is for
coordination of allene.


[W2(OCH2tBu)8(CO)] (4): The most striking feature of 4 is
that the carbonyl ligand does not bridge two metal atoms. It is
bound to one W atom with an anomolously low 13C chemical
shift[24] d� 323 with 1J(183W,13C)� 220 Hz, I� 14 %.[24a] Also
the values of nÄ(C�O)� 1854 cmÿ1


and of nÄ(13C�O)� 1817 cmÿ1 imply
extensive back-bonding and the ke-
tene-like nature of the W�C�O
moiety.[24b] The 1H NMR spectrum
is consistent with the structure
shown in E (R�CH2tBu) in which
one W atom is in an octahedral
environment and the other is trigo-
nal bipyramidal. The carbonyl ligand is proposed to occupy an
axial site which allows for a mixing of M ± M and M ± CO p


bonding.
As shown in Figure 6, the pseudotrigonal bipyramidal metal


may be viewed as d4, (dxz,dyz)4. In this way all four electrons


Figure 6. An orbital interaction diagram showing the M(dp) ± CO p*-
orbital and M ± M d ± d interaction for 4, which has the proposed structure
shown in E in the text.


from the W2 center can be involved in W(dp) ± CO p*
bonding. However, some residual bonding to the hexacoordi-
nate tungsten is possible since it has formally vacant t2g


orbitals which match the symmetry of the filled (dxz,dyz)4


orbitals on the other W atom.


[W2(OCH2tBu)8(h2-OCPh2)] (6): The 1:1 benzophenone
adduct is deep green in solution and the NMR data are


Figure 5. Variable-temperature
13C{1H} NMR spectra for the
ethene carbon signals in 2, re-
corded in [D8]toluene at 75 MHz
in the temperature range be-
tween ÿ60 and �100 8C.
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consistent with a C1 structure akin to that shown for the
ethene adduct D and as seen in the crystal and molecular
structure of [W2(OcC5H9)8(h2-(OCcC5H8)].[8] The carbonyl
carbon of the h2-O13CPh2 ligand shows coupling to 183W with
1J(183W,13C)� 47 Hz (I� 14 %), which implies a strong inter-
action with the tungsten atom to which it is bonded.


{K�([18]crown-6)[W2(m-H)(OCH2tBu)8]ÿ} (7): The spectral
data for the m-hydrido anion are consistent with a confacial
bioctahedral geometry, as seen for [W2(m-H)(OcC5H9)7-
(HNMe2)][25] and [NaW2(m-H)(OiPr)8(dme)],[12] and the hy-
dride signal in the 1H NMR spectrum is downfield at d� 9.8
with J(183W,1H)� 119 Hz (I� 24 %).


[W2(OCH2tBu)8(m-CH2)] (8): The proton-coupled 13C
NMR spectrum of the 13C-labeled ligand in [W2(OCH2-
tBu)8(m-13CH2)] is shown in Figure 7. The resonance at d�
147.5 appears as a 1:2:1 triplet due to coupling to two protons.


Figure 7. The proton-coupled spectrum of the m-13CH2 ligand in the labeled
compound 8, recorded in [D8]toluene at 75 MHz, 23 8C.


Each resonance is flanked by satellites due to coupling to
183W, with integral intensity 24 %: 1J(13C,H)� 135 Hz and
1J(183W,13C)� 77 Hz. Evidently, at 23 8C the two W nuclei are
chemically equivalent and there is rapid scrambling of the
alkoxide ligands. Atÿ80 8C the 1H NMR spectrum shows five
tBu resonances in the ratio 2:2:2:1:1, while the methylene
region exhibits twelve peaks. The low-temperature spectrum


can best be explained by the adop-
tion of the structure shown in F (R�
CH2tBu), given that there is acciden-
tal magnetic degeneracy associated
with some of the diastereotopic
methylene protons. It is not consis-
tent with the confacial bioctahedral
structure seen in the solid state
(Figure 4). The data do, however,


clearly indicate that reaction with the phosphorus ylide has
led to a transfer of the methylene group and formation of the
bridging methylene complex [W2(OCH2tBu)8(m-CH2)] (8).


Comparisons with related systems : There are many interest-
ing comparisons to be made with the chemical reactions of
[M2(OR)6] (M�M) compounds. The W�W bond supported by
alkoxides appears more reactive and more reducing, as
evidenced by its ability to reductively cleave alkynes and
ketones and take up more than one equivalent of ethene or
allene.[6] In some respects the reducing power of the


[W2(OCH2tBu)8] moiety is comparable to [Mo2(OR)6] com-
pounds which bind alkynes and reductively cleave the C ± S
double bond of thiobenzophenone, but not an aldehyde or
ketone.[26] Of course, the comparison in reactivity between a
M ± M double and a M ± M triple bond is expected to reveal
significant differences, just as observed for C ± C and C ± N
double and triple bonds.


One of the most influential concepts in linking structures
and products of reactions focuses on the frontier molecular
orbitals of fragments. Two fragments are said to be isolobal if
their frontier orbitals have the same symmetry and electronic
configuration. By developing the isolobal analogy, Hoffmann
forged an understanding of basic building blocks in organo-
metallic chemistry and foresaw the beautiful analogies that
exist between organic and inorganic systems.[26] We have tried
to further this analogy to understand the nature of metal
alkoxide clusters of molybdenum and tungsten in relationship
to carbonyl clusters of the later transition elements. For
example, a d3-W(OR)3 fragment can be viewed to be isolobal
with CR, [Co(CO)3], [CpMo(CO)2], and P. Thus, the com-
pounds [(RO)3W�W(OR)3], R'C�CR', and [(RO)3W�CR']
are simply related dimers while compounds such as [Co3-
(CO)9(m3-CR)], [W3(OR)9(m-CR')], and [W3(OR)9(m3-P)] are
merely tetrahedrane analogues.[28] Within this context it is
interesting to note that the d2-W(OR)4 fragment may be
compared to a carbene, CR2, or an organometallic equivalent,
such as [M(CO)4], where M�Fe, Ru, and Os, or [Cp*Re-
(CO)2].[27] This leads us to speculate that it may be possible to
isolate a triangular [W3(OR)12] complex which has three M ±
M single bonds, a trimetallacyclopropane, and an analogue of
the well-known trinuclear [M3(CO)12] compounds, where
M�Fe, Ru, and Os. The compound [W2(m-CH2)(OCH2tBu)8]
can, indeed, be viewed as a dimetallacyclopropane. However,
many of the reactions of [W2(OCH2tBu)8] are very different
from those of [Cp*2 Re2(CO)4] and [Os2(CO)8]. The Os�Os
moiety adds alkynes and alkenes to form 1,2-dimetallacyclo-
butenes and -cyclobutanes, that is, the substrates add in a
parallel fashion across the M�M bond.[3] In contrast, we
observe rather unsymmetrical structures in the ethyne,
ethene, allene, and benzophenone adducts. This may well
reflect the more electron-rich nature of the W�W bond,
supported by alkoxide p-donor ligands as compared to the
later d8-metals with attendant p-acceptor carbonyl ligands. In
addition, in [W2(OR)8] the 1:1 adducts maximize metal ± li-
gand bonding by means of alkoxide bridges. Given the
relative sparsity of inorganic and organometallic complexes
with M ± M double bonds and an even less well-established
data base for reactions, further speculation is not warranted.


Conclusions


The hydrocarbon-insoluble compound [W2(OCH2tBu)8]n be-
haves as a source of [W2(OCH2tBu)8] (M�M) in its reactions
with small unsaturated molecules, as summarized in
Scheme 1. The substrates must be small, presumably for steric
reasons, as we have observed no reactions with either
MeC�CMe or MeCH�CH2 under similar conditions. How-
ever, it would seem likely that it should be possible to prepare
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further complexes from [W2(OR)8L], where R�Me or Et and
L� a neutral donor ligand that can bind reversibly in solution.
If this should prove to be the case, the chemistry of the W�W
bond could become quite extensive. It is also probably true to
state that the structures of compounds 1 ± 7 could not have
been predicted, though all may be understood with hindsight.
The reaction between a phosphorus ylide and the W�W bond
to give a m-methylene dimetal complex is, to our knowledge,
without precedent[29] and suggests a potential new route to m-
alkylidene complexes in this field of metal alkoxide chemistry.


Further studies of the reactivity of [W2(OR)8] complexes
are underway and a variety of atom-transfer reactions will be
described elsewhere.[9]


Experimental Section


All synthesis and handling of samples were carried out under purified inert
atmospheres (N2, Ar, or He) with standard Schlenk, vacuum manifold, and
drybox techniques.


Acetylene, allene, carbon monoxide (Air Products), and 13C-labeled
ethene, ethyne, and carbon monoxide (Cambridge Isotopes) were sub-
jected to three freeze-thaw-degas cycles before use. Benzophenone
(Aldrich) was recrystallized from hexane (60 to 23 8C) and stored in a N2


glove box. KH (Aldrich) was washed with hexanes and stored in the glove
box. [18]crown-6 (Aldrich) was used as received. Ph2


13CO was prepared
from the reaction between 13CO2 (Cambridge Isotopes) and 2 equiv of PhLi
according to the procedure of Gilman.[30] The thiobenzophenones (12C�S
and 13C�S) were prepared from the corresponding ketone and Lawesson�s
reagent[31] and were purified by sublimation (100 8C, 10ÿ2 Torr).
[W2(OCH2tBu)8] was prepared as previously described.[4]


Elemental analyses were performed on a Perkin ± Elmer 2400 Series II
analyzer (CHNO and S), or were sent to Analytic Microlab, Inc., Nocross,
GA. Infrared spectra were obtained on a Perkin ± Elmer 283 spectropho-
tometer as Nujol mulls between NaCl plates or as pressed KBr pellets. 1H
NMR spectra were recorded on Varian GEM-300, Varian I-400, or Bruker
AM-500 NMR spectrometers in dry degassed [D8]toluene or [D6]benzene.
1H chemical shifts are in ppm relative to the residual protio impurity in
[D6]benzene set at d� 7.15, or to the CHD2 quintet of [D8]toluene set at
d� 2.09. 13C NMR spectra were recorded on Varian GEM 300, Varian I400,
or Brucker AM 500 spectrometers at 75, 100, and 125 MHz, respectively.
13C NMR chemical shifts are reported in ppm relative to the triplet of
[D6]benzene set at d� 128.0 or the downfield singlet of [D8]toluene at d�
137.5. The 13C data simulation for [W2(OCH2tBu)8(m-13C2H2)] was per-
formed with the computer program GNMR.[32]


[W2(OCH2tBu)8(m-C2H2)] (1): Ethyne (0.225 mmol) was added through a
calibrated gas manifold to a suspension of [W2(OCH2tBu)8]n (120 mg,
0.113 mmol) in dry, degassed hexanes (10 mL) at ÿ196 8C. The solution/
suspension was allowed to warm to 23 8C and stirred for 1 h. The solvent
was removed under dynamic vacuum. Recrystallization in a minimal
volume of dry, degassed toluene at ÿ20 8C afforded X-ray quality, dark red
crystals in 86 % yield. 1H NMR (300 MHz, [D8]toluene, ÿ65 8C): d� 11.65
(singlet, 2H), 4.82 (4 H), 4.72 (4H), 4.58 (doublet, 2J(H,H)� 4.2 Hz, 8H),
1.21 (18 H), 1.03 (18 H), 0.96 (36 H); 13C{1H} NMR (75 MHz, [D8]toluene,
ÿ65 8C): d� 191 [1J(183W,13C)� 24 Hz (25 %)], 86.8, 81.4, 74.6 (2:1:1 ratio
for C(CH3)3), 34.9, 34.2, 33.7 (2:1:1 ratio for CH2), 27.81, 27.77, 26.77 (1:1:2
ratio for C(CH3)3); IR (Nujol): nÄ(C�C)� 1650 cmÿ1; anal. calcd for
C42H90O8W2: C 46.24, H 8.32; found: C 46.56, H 8.50.


[W2(OCH2tBu)8(h2-C2H4)] (2): Ethene (0.103 mmol) was added to a
suspension of [W2(OCH2tBu)8]n (100 mg, 9.39� 10ÿ2 mmol) in dry, de-
gassed hexanes (10 mL) at ÿ196 8C through a calibrated gas manifold. The
solution/suspension was allowed to warm to 23 8C. The reaction mixture
turned dark green upon stirring. After 2 h, the solvent was removed in
vacuo. Recrystallization in a minimal volume of dry, degassed toluene at
ÿ20 8C afforded dark green crystals in 78 % yield. 1H NMR (500 MHz,
[D8]toluene,ÿ65 8C): d� 5.3 ± 3.3 16 doublets (1 H per doublet). 1.48 (9 H),
1.30 (9 H), 1.20 (9H), 1.26 (9 H), 1.09 (18 H), 0.90 (9H), 0.88 (9H); 13C{1H}


Scheme 1. The reactions of [W2(OCH2tBu)8] (M�M) with unsaturated molecules.
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NMR (125 MHz, [D8]toluene, ÿ65 8C): d� 64.3, 55.1 (CH2�CH2,
1J(13C,13C)� 31 Hz), 36.1, 35.3, 35.0, 34.7, 35.5, 34.4, 33.5, 33.3 (CH2), 28.5,
27.9, 27.7, 27.6, 27.5, 27.3, 26.7 (C(CH3)3; anal. calcd for C42H92O8W2: C 46.16,
H 8.49; found: C 46.54, H 8.70.


[W2(OCH2tBu)8(m,h1,h3-C3H4)] (3): Allene (0.129 mmol) was added to a
suspension of [W2(OCH2tBu)8]n (125 mg, 0.117 mmol) in dry, degassed
hexanes (10 mL) at ÿ196 8C through a calibrated gas manifold. Upon
warming to 23 8C, a deep green solution formed. After stirring for 3 h, the
solvent was removed under dynamic vacuum. Crystallization from a
concentrated hexanes solution atÿ20 8C yielded X-ray quality, pale orange
crystals in 82 % yield. 1H NMR (500 MHz, [D8]toluene, ÿ65 8C): d� 6.05,
5.59, 5.18, 3.99, 3.68,. 3.49 (doublets, 2H per doublet), 5.34, 5.31, 4.88 4.86
(singlets, 2 H per singlet) for (CH2); 1.27 (18 H), 1.17 (18 H), 0.90 (18 H),
0.75 (18 H) (C(CH3)3); 13C{1H} NMR (125 MHz, [D8]toluene, ÿ65 8C): d�
35.6, 34.7, 33.9, 33.8 (1:1:1:1 ratio for CH2), 27.9, 27.8, 27.7, 26.6 (1:1:1:1 ratio
for C(CH3)3), 90.5, 87.1, 81.2, 74.1, 67.8 (1:1:1:1 for CH2-C-CH2); anal. calcd
for C43H92O8W2: C 46.74, H 8.39; found: C 47.02, H 8.63.


[W2(OCH2tBu)8(CO)] (4): Carbon monoxide (0.103 mmol) was added to a
suspension of [W2(OCH2tBu)8]n (100 mg, 9.39� 10ÿ2 mmol) in dry, de-
gassed hexanes (10 mL) at ÿ196 8C through a calibrated gas manifold. The
solution was allowed to warm to 28 8C and stirred for 3 h. The solvent was
removed under dynamic vacuum. Recrystallization in dry, degassed Et2O at
ÿ20 8C afforded dark red crystals in 81 % yield. 1H NMR (500 MHz,
[D8]toluene, ÿ65 8C): d� 5.14, 4.78, 4.70, 4.68 (singlets, 2 H), 4.61, 4.43,
4.31, 3.84 (doublets, 2 H per doublet); 1.42 (18 H), 1.14 (9 H), 1.13 (9H), 1.09
(18 H), 1.03 (9H), 0.98 (9H); 13C{1H} NMR (125 MHz, [D8]toluene,
ÿ65 8C): d� 323 (CO, 1J(183W,13C)� 227 Hz (14 %)), 35.4, 35.1, 35.0, 34.8,
34.5, 34.1 (CH2, in relative ratios of 1:2:1:1:1:2), 28.0, 27.4, 27.2, 27.0, 26.8
(C(CH3)3, in a 1:1:2:2:2 ratio); IR: nÄ � 1854 (CO), 1817 (13CO), 1770
(13C18O) cmÿ1; anal. calcd for C41H88O9W2: C 45.06, H 8.12; found: C 45.50,
H 8.33.


[W2(OCH2tBu)8(h2-OCPh2)] (5): [W2(OCH2tBu)8]n (100 mg, 9.39�
10ÿ2 mmol) and benzophenone (34 mg, 0.19 mmol) were dissolved in dry,
degassed hexanes (10 mL) at 24 8C to give a forest green solution. After
stirring the mixture for 2 h, the solvent was removed in vacuo. Et2O was
added to dissolve the remaining solid. The solution was concentrated in
vacuo and cooled to ÿ20 8C. Isolation of crystals in this manner resulted in
a 79% yield. 1H NMR (400 MHz, [D8]toluene, ÿ65 8C): d� 5.9 ± 3.5
23 peaks (seven distinct doublets in a 2:1:1:1:1:1:1 ratio, two multiplets of
equal intensity and twice the integration of the largest doublet), 1.55 (9H),
1.25 (9 H), 1.09 (9H), 0.95 (9 H), 0.88 (18 H), 0.74 (9H), 0.66 (9H); 13C{1H}
NMR (100 MHz, [D8]toluene, ÿ65 8C): d� 100 [Ph-C(O)-Ph,
1J(183W,13C)� 47 Hz (14 %)], 36.1, 36.0, 35.3, 35.1, 34.4, 33.8, 33.6, 33.3
(CH2), 28.4, 27.9, 27.7, 27.6, 27.5, 26.1 (C(CH3)3) (in a 1:2:2:1:1:1 relative
ratio); anal. calcd for C53H98O9W2: C 51.05, H 7.92; found: C 49.84, H 7.78.


[W(�CPh2)(OCH2tBu)4]2, [WS(OCH2tBu)4]n, and [W(�CPh2)(OEt)3-
(OCH2tBu)]2 : Addition of thiobenzophenone (56 mg, 0.28 mmol) to a
suspension of [W2(OCH2tBu)8]n (150 mg, 0.141 mmol) in dry, degassed
hexanes (10 mL) at 24 8C gave a brown solution. The solution was stirred
for 3 h followed by removal of the solvent under a dynamic vacuum.
Attempts to recrystallize a single compound from hydrocarbon solutions
always led to mixtures of [W(�CPh2)(OCH2tBu)4]2 and [W(S)(OCH2-
tBu)4]n. The latter compound can be prepared independently[7, 9] and was
characterized spectroscopically, and the former was characterized by the
13C signal assignable to a terminal W�13CPh2 moiety: d� 1J(183W,13C)�
259 Hz, I� 14 %. Addition of ethanol to a hydrocarbon solution of the
mixture gave, upon crystallization, the mixed alkoxide complex
[W(�CPh2)(OEt)3(OCH2tBu)]2 (6), which was characterized crystallo-
graphically.


{K�([18]crown-6)[W2(m-H)(OCH2tBu)8]ÿ} (7): KH (5.2 mg, 0.129 mmol)
and [18]crown-6 (34.1 mg, 0.129 mmol) were dissolved in THF (10 mL).
This solution was transferred by means of a cannula to a Schlenk flask
(30 mL) containing [W2(OCH2tBu)8]n (125 mg, 0.117 mmol) in dry, de-
gassed hexanes (10 mL). The reaction mixture became brown-gold upon
mixing. The reaction was stirred for 6 h at 23 8C followed by removal of the
solvent under dynamic vacuum. Hexanes were added to dissolve the
remaining solid. The solution was Schlenk-filtered over Celite followed by
reduction of the solvent volume in vacuo. Crystallization at ÿ20 8C gave
golden-brown crystals of 7. Yield: 48%; 1H NMR (400 MHz, [D8]toluene,


23 8C): d� 9.8 [1J(183W,H)� 119 Hz (24 %)], 4.9 ± 4.4 (16 H, multiplets),
3.26 (24 H, singlet), 1.4 ± 1.1 (72 H, overlapping singlets).


[W2(OCH2tBu)8(m-CH2)] (8): Either KOtBu (11.6 mg, 0.103 mmol,
1.1 equiv relative to metal complex) or nBuLi (52 mL, 2.0m solution in
hexanes, 0.103 mmol, 1.1 equiv) was added to [Ph3PMe][I] (42 mg,
0.103 mmol) at 0 8C and allowed to warm to 23 8C for 2 h. (NOTE: The
phosphonium salt must be dry; check Aldrich samples if problems are
experienced. Drying with P2O5 as a desiccant will remove any excess water.
The ylide hexane solution was Schlenk-filtered to remove alkali metal salts
(LiI or KI) prior to addition to the [W2(OCH2tBu)8] suspension.) The
solution became bright yellow upon formation of the ylide. The phosphorus
ylide solution was then added by means of a cannula to a suspension of
[W2(OCH2tBu)8]n (100 mg, 9.39� 10ÿ2 mmol) in dry, degassed hexanes
(10 mL) at 0 8C. The reaction was stirred at 0 8C for 3 h, then allowed to
warm to 23 8C, and stirred at this temperature for a further 3 h. The solvent
was then removed under dynamic vacuum. Recrystallization in dry,
degassed diethyl ether at ÿ20 8C gave dark purple crystals in 68% yield.
Crystallization from a concentrated toluene solution at ÿ20 8C yielded X-
ray quality crystals. 1H NMR (300 MHz, [D8]toluene, ÿ80 8C): d� 5.69,
5.49, 4.03 doublets (2H per doublet); 5.11 (3 H), 5.06 (1 H), 3.16 (2 H), 3.64
(AB quartet); 1.36 (9H), 1.22 (18 H), 1.18 (18 H), 0.71 (18 H), 0.60 (9 H);
13C{1H} NMR (75 MHz, [D8]toluene, ÿ80 8C): d� 147.5 [1J(183W ± 13C)�
77 Hz (25 %)], 35.5, 35.2, 35.1, 34.8, 33.9, 33.7 (2:2:1:2:1 for CH2), 28.0, 27.3,
27.2, 26.4, 26.0 (1:2:2:1:2 for C(CH3)3); 13C NMR (75 MHz, [D8]toluene,
ÿ80 8C): d� 147.5 [triplet, 1J(C ± H)� 135 Hz, 1J(183W ± 13C)� 77 Hz
(25 %)]; anal. calcd for C41H90O8W2: C 45.65, H 8.41; found: C 45.87, H
8.80.


Crystallographic studies : A summary of the crystallographic data is given in
Table 5. Listings of programs and the description of the equipment and


handling procedures have been given previously.[31] Crystallographic
data (excluding the structure factors) for [W2(OCH2tBu)8(m-C2H2)],
[W2(OCH2tBu)8(m-C3H4)], [W(�CPh2)(OEt)3(OCH2tBu)]2, and W2-
(OCH2tBu)8(m-CH2) have been deposited with the Cambridge Crystallo-
graphic Data Base as supplementary publication no. CSD-59 380 and
CCDC-101 191. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(� 44) 1223-336-033; e-mail : deposit§ccdc.cam.ac.uk). Full crystallograph-
ic data are also available from the Reciprocal Data Base at the Internet url
http://www.iumsc.indiana.edu. Please request data files 95224 for
[W2(OCH2tBu)8(m-C2H2)], 96 022 for [W2(OCH2tBu)8(m-C3H4)], 95215
for [W(�CPh2)(OEt)3(OCH2tBu)]2, and 97 405 for [W2(OCH2tBu)8(m-
CH2)].
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Table 5. Summary of crystal data


Compound 1 3 6 ´ 2 toluene 8


empirical formula C42H90O8W2 C43H92O8W2 C48H72O8W2;
2C6H5CH3


C41H90O8W2


color of crystal dark red amber dark red dark purple
space group P21/a C2 P1Å P21/a
temperature [8C] ÿ 172 ÿ 170 ÿ 172 ÿ 172
Z 4 4 1 4
molecular weight 1090.85 1104.88 1329.06 1078.84
R(F) 0.0651 0.0256 0.0408 0.0308
Rw(F) 0.0564 0.0248 0.0380 0.0331
a [�] 18.836(4) 19.620(3) 12.408(4) 19.156(2)
b [�] 11.518(2) 18.252(3) 13.295(4) 13.804(1)
c [�] 23.620(5) 15.179(3) 9.453(3) 20.759(2)
a [8] 93.86(2)
b [8] 99.87(1) 111.19(1) 94.34(2) 112.31(1)
g [8] 69.91(1)
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Solvent Controls Synthesis and Properties of Supramolecular Structures


Yuji Tokunaga, Dmitry M. Rudkevich, Javier Santamaría,
Göran Hilmersson, and Julius Rebek, Jr.*


Abstract: A template effect by solvent
was found in the synthesis of self-assem-
bled capsules. Use of aromatic solvents
such as benzene, toluene, and p-xylene
leads predominantly to the formation of
the C-shaped molecules 3 and 6, which
form hydrogen-bonded dimeric capsu-
les. This is the medium in which the
solvent-occupied dimeric capsule enjoys
the greatest stability, and the best sol-
vated surfaces with properly filled nich-
es are formed preferentially. The dime-


rization constant (KD) value and a DG0


value of >14.0 kcal molÿ1 for the cap-
sules 16 (3 ´ 3) were estimated for the
first time in guest-exchange experi-
ments. When solvents not suitable for
dimerization (CHCl3 and CH2Cl2) or


those solvents that compete for hydro-
gen bonds (DMSO and THF) were
employed, only statistical yields of the
stereoisomers (C-, S-, and W-shaped)
were observed. Experimental evidence
is presented that the solvent molecules
control the covalent bond formation
through molecular recognition within
the monomeric tetrahedral intermedi-
ate. It is proposed that solvation effects
can be treated as a subset of molecular
recognition events.


Keywords: hydrogen bonds ´ mo-
lecular recognition ´ solvent effects
´ supramolecular chemistry ´ tem-
plate synthesis


Introduction


The synthesis of macrocyclic host polyethers, catenanes,
rotaxanes, and other large ring systems is very often accom-
panied by template effects; either ions or neutral molecules
can act as templating guests.[1] That the reaction solvent could
act as a template was recognized only recently by Cram,[2]


Sherman,[3] and Reinhoudt[4] during their syntheses of carce-
plexes, the covalently bound molecule within molecule[5]


complexes. In these cases, solvent molecules control the
synthesis through van der Waals or electrostatic interactions
within the transition state, and by being objects of molecular
recognition, the guest within the host. Thus, size ± shape
selectivities were found within a large series of solvent-
templated syntheses and empty (solvent free) carcerands
were not observed. Solvent was recently found to drive helical
folding of hole-containing phenylacetylene oligomers.[6] Sol-
vent participation of a specific sort was proposed for guest
exchange within a deep, tube-shaped cavitand,[7] and in the
reversible dimerization of tetramethoxycalix[4]arene ureas.[8]


It is also at the heart of entropy-driven noncovalent dimeri-
zation of Cram�s velcrands.[9] Solvent molecules can be


reversibly and selectively encapsulated into hydrogen-bonded
assemblies of self-complementary structures.[10] Here we
report that in addition to covalent synthesis, solvent can also
play a role in the synthesis of systems held together by only
weak intermolecular forces. Solvents act as positive tem-
plates: the best-solvated shapes are formed preferentially in
kinetically controlled reactions (Figure 1).[11, 12] We further
propose that template effects involving solvents may be a
more general feature of synthetic processes than previously
recognized.


reaction


dissolution


Figure 1. Schematic representation of the templation by solvent. Appa-
rently, the reaction can be directed towards the most solvated shape.


Results and Discussion


Synthesis and kinetics : The synthetic reaction, in which solvent
recognition is implicated, involves the acylation of hydrazine
derivatives 1 a or 1 b with the active tetraesters 2 a or 2 b


[*] Prof. J. Rebek, Jr., Dr. Y. Tokunaga, Prof. D. M. Rudkevich,
Dr. J. Santamaría, Dr. G. Hilmersson
The Skaggs Institute for Chemical Biology
and The Department of Chemistry
The Scripps Research Institute, MB-26
10550 North Torrey Pines Rd., La Jolla, CA 92037 (USA)
Fax: (�1)619-784-2876
E-mail : jrebek@scripps.edu


FULL PAPER


Chem. Eur. J. 1998, 4, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1449 $ 17.50+.25/0 1449







FULL PAPER J. Rebek, Jr. et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1450 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 81450


(Scheme 1) in aprotic media. The reaction generally proceeds
in high yield in a number of organic solvents and is complete
within a few hours when 2 a is used or longer with the less
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Scheme 1. Components for the final reaction in the synthesis of the C-, S-,
and W-shaped isomers: hydrazines 1a and b and tetraesters 2a and b.


reactive 2 b. In the case of 1 a, 2 a, and 2 b the formation of all
three isomers is observed: the C-shaped 3, S-shaped 4, and W-
shaped 5 (Scheme 2 represents the corresponding energy-
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Scheme 2. Schematic representation of the energy-minimized structures of
the three possible isomers: C-, S-, and W-shaped.


minimized structures[13]). The product distribution responds
to specific features of the solvent (Table 1). In parallel
experiments, compounds 3 ± 5 were prepared by acylation of
hydrazine 1 a with active diesters 8 and 9 in various organic


solvents (Scheme 3). The diesters 8 and 9 were synthesized
from hydrazine 1 a and approximately twofold excess of ester
2 a.
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Scheme 3. Isolated intermediates: E isomers 8 and 10 and Z isomers 9 and
11 in the synthesis of the C-, S-, and W-shaped compounds.


Compounds 14 and 15 were prepared as model systems for
the second stage of the synthesis of 3 and 4 ; equimolar
amounts of hydrazine 1 a and active ester 13 were employed.
The latter was obtained by the activation of dicarboxylic acid
12 and its esterification with 2,4,5-trichlorophenol
(Scheme 4). The C-shaped 6 and S-shaped 7 bisglycolurils
were synthesized in a manner similar to that of compounds 3
and 4 from either 1 b and 2 b, or 1 b and diester 11 (Scheme 3).


In a typical template experiment, the solution of active
ester and hydrazine (obtained from the corresponding hydro-
chloric salt and 5 equiv of Et3N) in the designated solvent was


Table 1. The yields of the reaction 1� 2 a and 17� 2a in different
solvents.[a,b]


Solvent Yield [%][c] Ratio C/S


1� 2a 3 4 5 3 4 5
theory 25 50 25 1.0 2.0 1.0 0.50
DMSO 31 44 25 1.4 1.8 1.0 0.78
THF 25 46 29 0.9 1.6 1.0 0.56
benzene 36 43 20 1.8 2.2 1.0 0.81
toluene 41 41 17 2.4 2.4 1.0 1.0
p-xylene 39 48 13 3.0 3.7 1.0 0.81
CHCl3 19 66 16 1.2 4.1 1.0 0.29
CH2Cl2 23 62 15 1.5 4.1 1.0 0.37


17� 2a 18[d] 19[d] 20[d] 18 19 20
theory 25 50 25 1.0 2.0 1.0 0.50
benzene 50 30 8 6.3 3.8 1.0 1.7
CHCl3 20 44 8 2.5 5.5 1.0 0.45


[a] Averaged data after at least two independent experiments; estimated
error � 5 %. Total yield of the reaction 1� 2a is quantitative. Total yield of
the reaction 17� 2a is 88% in benzene and 72% in CHCl3. [b] All the
reactions were performed with a 5 mm concentration of 2a. [c] Determined
by 1H NMR. [d] Determined experimentaly after preparative column
chromatography due to overlapping of the 1H NMR.
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Scheme 4. Synthesis of model compounds 14 and 15.


stirred at 20 8C. The product mixtures were analyzed by
HPLC and high-resolution 1H NMR spectroscopy. The results
are presented in Tables 1 and 2.


Spectroscopic features : A unique property of glycolurils 3 and
6 is that they are self-complementary in hydrogen-bond donor
and acceptor sites. Accordingly, they form dimeric capsules in
solvents that compete poorly for hydrogen bonds. For
example, the C isomer 3 in benzene or toluene forms a well-
defined dimeric capsule 16 (Scheme 5), in which two solvent
molecules are enclosed.[10, 13]


The 1H NMR spectrum of 3 in [D6]benzene is sharp and
features, in particular, a concentration-independent (5�
10ÿ4 ± 1.5� 10ÿ2m), downfield NH singlet at d� 8.8. The
corresponding NH singlet in model (nondimeric) glycolurils
is situated at approximately d� 5.0 in [D6]benzene. The FTIR
spectrum of 3 in benzene (2� 10ÿ5 ± 1� 10ÿ3m) showed
exclusively the hydrogen-bonded NH stretching absorption
at 3229 cmÿ1. This absorption appears at 3409 cmÿ1 for the
nonassembled glycolurils. The dimerization constant KD is far
beyond the detection limits of 1H NMR in [D6]benzene
(>107mÿ1). Nevertheless, when [D6]benzene solutions of 3


Scheme 5. Self-assembly of compound 3 into hydrogen-bonded dimer 16
with guest molecule encapsulation. In the energy-minimized structure of 16
the chains are omitted for clarity.[13]


and 6 were mixed in a 1:1 ratio, three species (four sets of NH
signals) were observed in the 1H NMR spectrum in the ratio
8:7:4. These were assigned as homodimers 3 ´ 3 (16) and 6 ´ 6,
and the heterodimer 3 ´ 6, respectively (Figure 2). Benzene
solutions of 3 were analyzed by electrospray mass spectrom-
etry (ESI-MS) and, in addition to the peak for 3 at
1268 daltons, a sizable (ca. 20 %) peak corresponding to the


3 6


3•3


+


3•6 6•6
Figure 2. Homo- and heterodimerization of C-shaped isomers 3 and 6 in
benzene.


dimer 16 was observed at 2535 daltons. In [D10]p-xylene, the
1H NMR spectrum of 3 is broader, but it possesses the same
pattern of signals, and again, a downfield NH singlet at about
d� 8.8.


In CDCl3, however, compound 3 behaves quite differently.
The FTIR spectrum of 3 (5� 10ÿ4 ± 1.5� 10ÿ2m) showed, in
addition to the hydrogen-bonded NH stretching absorption at
3250 cmÿ1, the free NH band at 3439 cmÿ1, the intensity of
which increases upon further dilution. The corresponding 1H
NMR spectra showed the broad glycoluril NH resonance at
approximately d� 8.0 (at 5� 10ÿ4 ± 1.5� 10ÿ2m). This indi-
cates the formation of the dimeric assembly, since the


Table 2. The yields of the reaction between 1 a� 8, 1 a� 9, and 1 b� 11 in
different solvents.[a, b, c]


Solvent Yield [%] Ratio


(1a� 8) 4 5 (4/5)
theory 50 50 1.0
DMSO 50 50 1.0
benzene 62 38 1.6
CHCl3 65 35 1.9


(1a� 9) 3 4 (3/4)
theory 50 50 1.0
DMSO 51 49 1.0
benzene 64 36 1.8
CHCl3 36 64 0.56


(1b� 11) 6 7 (6/7)
theory 50 50 1.0
benzene 63 37 1.7


[a] Averaged data after at least two independent experiments; estimated
error � 5%. Total yield is quantitative. [b] All the reactions were
performed with a 5 mm concentration of 1a. [c] Determined by 1H NMR
in [D6]DMSO.







FULL PAPER J. Rebek, Jr. et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1452 $ 17.50+.50/0 Chem. Eur. J. 1998, 4, No. 81452


corresponding NH singlet in model (nondimeric) glycolurils is
usually situated upfield of d� 6.5 in CDCl3.[14] Nevertheless,
the spectrum undergoes significant broadening upon dilution
from 1.5� 10ÿ2m to 5� 10ÿ5m ; the glycoluril NH signal is also
broadened and shifted approximately d� 0.2 upfield. Appar-
ently, other aggregatesÐcyclic or linearÐare also present,
which form and dissipate on the NMR time scale. The dimeric
capsule 16 was not detected by ESI ± MS in CDCl3. When a
1.2� 10ÿ2m CDCl3 solution of 3 was titrated with [D6]ben-
zene, the glycoluril NH signal shifted approximately d� 1.0
downfield upon addition up to 14 % (vol) of [D6]benzene. The
spectrum at that point closely resembled the one observed for
the capsular form in pure [D6]benzene. This indicates a higher
relative affinity of capsule 16 for benzene vs. chloroform.[15]


The spectra in CD2Cl2 were similar to those in CDCl3.
In polar solvents such as DMSO, which compete well for


hydrogen-bond donors, all three isomers (3 ± 5) exist as
monomeric species. The S-shaped 4 and 7 and the W-shaped
isomer 5 do not assemble in apolar solvents. Their 1H NMR
spectra are broadened, with the glycoluril NH signals upfield
of d� 6.0. Molecular modeling of various sorts indicates that
these structures are incapable of forming reasonable dimeric
structures.


Since the dimerization constant KD for C-shaped 3
(Scheme 5) is too large for determination by 1H NMR
spectroscopic dilution experiments, only an approximate KD


value was estimated from the guest-exchange dissociation rate
constant. The guest-exchange rate constant was determined
by EXSY spectroscopy with the use of the initial-rate
approximation.[16] From the EXSY experiments (mixing time
0.5 s) with 1:1 complexes 16 ´ (1R)-(�)-camphor or 16 ´ (1R)-
(ÿ)-camphorquinone in CDCl3, the guest exchange was
determined to be 0.07� 0.02 sÿ1 at 295 K. This sets a lower
limit for the dissociation rate constant kdissoc of 16 ´ guest, since
the guest exchange may, in principle, proceed through the
partial opening of the capsule. Assuming the association rate
constant kassoc of 2� 109mÿ1 sÿ1, typical for diffusion-controlled
hydrogen-bond formation in CHCl3,[17] an estimate of the
dimerization constant KD of 3� 1010mÿ1 (DG0�
14.0 kcal molÿ1) can be made.[18]


Mechanistic considerations : The sequence of reactions be-
tween 1 and 2, leading to the isomers 3 ± 5, is lengthy: four
covalent bonds are irreversibly formed, and processes involv-
ing the preassociation of the reactive components should be
considered. Evidently, one amide bond forms slowly between
1 and 2, then a rapid 6-membered cyclization makes the
second amide bond and produces intermediates 8 or 9.
Repetition of the sequence at the remaining two esters of the
centerpiece completes the process. The very first amide bond
to be formed irreversibly determines whether isomer 8 or 9 is
the intermediate (i.e., whether the glycoluril substituents (R)
are E or Z with respect to the bridge of the centerpiece), but
both isomers are reasonably expected to form in equal
amounts. We were not able to follow the formation 8 and 9
quantitatively; however, the use of a truncated model system
13 treated with 1 a bears out the expectation: equal amounts
of the corresponding E and Z isomers 14 and 15 are formed,
independently of solvent (benzene, CHCl3, etc.). This places


an upper limit of 50 % on the yield of the C-shaped subunit 3,
since it can only arise from the Z isomer. Accordingly, the
template effect of solvent, if any, must operate at the second
stage of the reaction, the partitioning of the E or Z isomers
(Figure 3).


+


W-shape S-shape


C-shape


+


S-shape


KD


Figure 3. Sequence of reactions leading to the formation of the C-, S-, and
W-shaped isomers.


Coupling and selectivity : We found that in those solvents that
favor the formation of the dimeric capsule 16, the reaction
between 1 and 2 has a higher selectivity for the C-shaped
isomer (Table 1). The expected (statistical) distribution of C-
shaped 3, S-shaped 4, and W-shaped 5 isomers is 1:2:1,
respectively. In competitive solvents like THF and DMSO, the
distribution was close to the theoretical expectation. The
portions of 3 in benzene, toluene, and p-xylene were 1.5 ± 1.6
times higher, with the product distribution of 3, 4, and 5
reaching 2.4:2.4:1.0 in toluene. On the other hand, in CHCl3


and CH2Cl2 the quantities of 3 were even lower than those
expected statistically. Instead, these solvents favored the
formation of the S-shaped compound 4.


In the absence of other factors, reaction of 1 a with 9 is
expected to give the C-shaped 3 and S-shaped 4 in equal
amounts, and that with 8 is expected to give the S-shaped 4
and W-shaped 5 in equal amounts (Figure 3). To test the
selectivity, compounds 8 and 9 were subjected to the second
stage of the reaction in various media. When treated with
1 equivalent of 1 a in DMSO, both isomers 8 and 9 indeed gave
the expected (1:1) ratios of 4 :5 and 3 :4, respectively (Table 2).
This is in good agreement with the distribution for the overall
reaction in DMSO (Table 1). Unexpectedly, in CHCl3 the E
isomer 8 and 1 a reacted to give yields up to 65 % of the S-
shaped compound 4. The same result holds for the reaction of
Z isomer 9 and 1 a ; again the S-shaped isomer is formed
preferentially (64 %). Apparently, the action of CHCl3


disfavors the C-shaped or W-shaped products (Table 2).
Either some fit of CHCl3 into the transition state for the S-
shaped product, or the inappropriate fit of CHCl3 into the
transition state leading the other products is responsible. The
S-shaped isomer also has a uniquely compact low-energy
conformation (Scheme 2) in which its internal cavity can be
filled by the iso-pentyl esters of a glycoluril.
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In benzene the product distribution was reversed and a
yield of 64 % was obtained for the C-shaped 3. This is the
medium in which the solvent-occupied dimeric capsule enjoys
the greatest stability.


Analysis : These data suggest roles for a) solvent and
b) hydrogen bonding in the reaction. It is hard to imagine a
role for the solvent in the first stage of the reaction, as the
stereocenters are remote from each other and are only
connected by a single amide: no cavities are generated in the
rate-determining step. The distributions of compounds 3 ± 5 in
different solvents were calculated from the data for the
second stage and assuming that the first stage gives equal
amounts of Z and E intermediates. Those numbers (Table 3)
compare reasonably well with the experimental results of
Table 1. They justify the premise that selection occurs in the
second stage of the reaction.


The initial stage of the reaction, in benzene at 5� 10ÿ3m,
between 1 b and Z isomer 11 (structurally similar to 9 and
more soluble, Scheme 3) was followed by HPLC. A 1.4-fold
higher initial rate of formation of C-shaped product 6 was
observed compared with the S-shaped product 7 (Figure 4).
This is in a fairly good agreement with the data from Table 2
obtained by 1H NMR spectroscopy at the end of the reaction.


Figure 4. Production of the C- and S-shaped compounds 6 and 7,
respectively, from 1 b and 11 at 5� 10ÿ3 M in benzene. Data taken by
HPLC from the initial stage of the reaction.


Formally, the reaction between 1 b and 11 is a second-order
parallel reaction, and d[6]/d[7]� k6/k7� [6]/[7], where k6 and
k7 are the corresponding rate constants.


The curvature and the concave shapes of the E or Z
intermediate invite solvation. When benzene, toluene, or p-
xylene are present, they can be recognized by and fit well
within the Z intermediate. Subsequently, the remaining
exposed surface of the solvent attracts the reactant 1, and
lends stability to the reversibly formed zwitterionic tetrahe-
dral intermediate on the pathway to the C-shaped product
(Scheme 6A); k6> k7. We propose that one of these solvent
molecules fits wellÐand much better than CHCl3 or CH2Cl2Ð
within the monomeric form 3 (or 6), since it is known that two
of these molecules are nicely accommodated inside the
dimeric capsular form.[10]
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Scheme 6. Possible tetrahedral intermediates of the reaction between 1
and 2 ; A: monomeric intermediate associated with solvent molecule; B:
templated complex.


To estimate the affinity of the monomeric C-shaped
molecule 3 (or 6) towards aromatic solvents is experimentally
difficult ; the monomer cannot be detected. On the other
hand, the C-shaped molecule 18 obtained from tetraester 2 a
and dimethoxyglycoluril 17[19] (Scheme 7) does not form a
capsule and can be used as a model for the effects of aromatic
solvents. Computer modeling[13] indicates that the methoxy
groups in 18 prevent hydrogen bonding within the capsular
dimeric structures. The 1H NMR spectrum of 18 in CDCl3 is
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Scheme 7. Reaction between hydrazine 17 and tetraester 2a.


Table 3. Estimated yield distribution (in %)[a] of compounds 3 ± 5 in
different solvents.


3 4 5


DMSO
total 31 44 25
from E isomer 0 25 25
from Z isomer 26 25 0
CHCl3


total 19 66 16
from E isomer 0 33 18
from Z isomer 18 32 0
benzene
total 36 43 20
from E isomer 0 31 19
from Z isomer 32 18 0


[a] Calculated from the reactions 1 a� 2 a, 1� 8 and 1� 9. [Total]� [3]�
[4]Z� [4]E� [5], where [3], [4]Z , [4]E and [5] correspond to the concen-
trations of isomers 3, 4, and 5 produced from both Z and E isomers.
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sharp and possesses, in particular, the glycoluril NH singlet at
d� 6.0 (6� 10ÿ3m concentration), indicating that it is in the
monomeric state. Titration of this solution with [D6]benzene
resulted in downfield shift of the NH signal to d� 6.8 (� 35 %
v/v in CDCl3); the spectrum became broader upon titration.
The 1H NMR spectra in pure [D6]benzene or [D8]toluene
were very broad and showed the NH signal at d� 7.0.
Interestingly, at concentrations higher than 5� 10ÿ3m the
solution formed gels. Such a gelation of aromatic solvents by
the monomeric C-shaped 18, combined with the 1H NMR
studies, indicates the presence of an intermolecular hydrogen-
bonded network that involves affinity between gelator and
solvent.[20] Accordingly, we were unable to obtain direct
evidence of interactions between the monomeric subunit and
aromatic solvent.


Alternatively, or even in addition, the autocatalytic (tem-
plated) pathway involving the hydrogen-bonded tetrahedral
intermediate is possible (Scheme 6B).[21, 14] In such a case,
d[6]/d[7]� (k6� kcatK


ÿ1=2
D KT[6 ´ 6]1/2)/k7, where KD is a dimeri-


zation constant of 6 into capsule [6 ´ 6], KT is a termolecular
constant for the formation of templated complex [1 ´ 11 ´ 6],
and kcat is a catalytic rate constant. The ratio [6]/[7] should not
be constant with respect to time, since the product concen-
tration increases. Nevertheless, we detected only slight (ca.
20 %) deviations in the [6]/[7] ratio with time at concentra-
tions from 1� 10ÿ3 to 5� 10ÿ3m.


To test this hypothesis, 0.25, 2.0, or 0.8 equivalents of 3 were
added to the reaction mixtures at 1� 10ÿ3 and 5� 10ÿ3m
concentration, respectively. Compound 3 has approximately
the same shape and size as the product 6, and the only
difference resides in the substituents (iso-pentyl instead p-
hexyloxyphenyl) on the periphery of the glycoluril functions.
We used 3 in the reaction of 6 for pure experimental reasons;
the corresponding chemical shifts and the HPLC retention
times for 3, 6, and 7 are quite different, so it was easy to
integrate the 1H NMR spectra and HPLC traces cleanly. At
the same time, compounds 3 and 6 form a heterodimeric
complex (Figure 2), so the nature of the autocatalysis, if any
exists, should be unaffected as it involves replication of the
shape. However, a) only a slight (<20 %) rate acceleration
was found, and b) no changes in the [6]/[7] ratio were
observed.


Even though negligible autocatalysis was detected in our
hands, the following must be taken into consideration. Since
the dimerization constant KD of 3 (or 6) in benzene is
extremely high (KD� 3� 1010mÿ1 in CDCl3 and roughly two
orders of magnitude higher in benzene), the concentration of
monomeric species 3 (template) and its complex (Scheme 6B)
must be extremely low. For example, when 5� 10ÿ4m of the
template 3 (or 6) is produced (e.g., ca. 20 % conversion at 5�
10ÿ3m), only approximately 2.9� 10ÿ8m of the template is
available in its monomeric form for (auto)catalysis. At the
same time, and perhaps more importantly, since neither
reactant is complementary to the product,[14] the termolecular
constant KT is expected to be very low, that is, the concen-
tration of the catalytic termolecular complex [1 ´ 11 ´ 6] is
insignificant.[22]


Further support for benzene templation was obtained from
the reaction between tetraester 2 a and glycoluril 17[19]


performed both on an analytical and preparative scale
(Scheme 7). As shown above, the C-shaped product 18 does
not form a self-assembled dimer due to steric clashes
introduced by the methoxy functions. The C-shaped isomer
18 was formed preferentially in benzene (50 % yield) and the
S-shaped 19 slightly dominated in CHCl3 (Table 1). If, again,
the E and Z isomers are equally formed in the initial reaction,
then the 50 % yield of 18 indicates that practically all of the Z
isomer reacts to give 18. A unanticipated result, indeed. This
implies that the transition state and the intermediate (Sche-
me 6A) of the reaction are monomeric.[23]


Conclusions


Template effects are frequently observed on a macroscopic
level. For example, equally sized emulsion droplets can serve
as templates around which titania, silica, and zirconia
materials are assembled into highly ordered structures.[24] In
the systems described here the solvent recognizes and thereby
controls the product structure on a molecular level. It can
even prevent collapse of self-assembled aggregates.[25] The
reactions described in the present work provide a means by
which the influence of such a weak and delicate noncovalent
effect as solvation can be studied. In addition to commonly
known solvent effects, the concepts of preorganization, size ±
shape selectivity, and goodness of fit should be considered
when choosing a solvent for a reaction. Decades ago, Kobuke
et al. observed endo selectivities of methyl-substituted dien-
ophiles in Diels ± Alder reactions with cyclopentadiene.[26] In
this case the diene was used as a solvent and apparently
provided for a more favorable transition state for the endo vs.
exo reaction. Perhaps CH/p interactions were involved or
even other specific contacts involving solvent size and shape.
Another close analogy is the work of Reinhoudt et al. on the
synthesis of large hydrophobic surfaces by combination of
calix[4]arene and resorcinarene building blocks.[27] Exploring
multiple SN2 alkylation reactions in polar aprotic solvents
(acetonitrile, DMF, etc.), the Reinhoudt group attributed the
endo selectivity in the yield distribution to specific interac-
tions of the functional groups in the calixarene (and resorcin-
arene) framework. We propose that in addition, solvent size
and shape are responsible: the best solvated surface, with
properly filled niches, is formed preferentially. As previously
mentioned, this is also the case in solvent-templated syntheses
of covalently bound carcerands.[2±4] Similar solvent effects
may also be in control of the spectacular hexameric assembly
of resorcinarenes through sixty hydrogen bonds recently
described by Atwood.[28] We suspect that whether in synthetic
or natural systems, molecular solvation plays an active rather
than passive role in processes forming covalent bonds.


Experimental Section


General: Melting points (m.p.) were obtained on a Thomas Hoover
capillary melting point apparatus and are uncorrected. 1H NMR spectra
were recorded with TMS as the internal standard at 22 8C on Bruker
DRX 600 (600 MHz) or Bruker AM 300 (300 MHz) spectrometers. 13C
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NMR spectra were recorded on a Bruker DRX 600 (150 MHz) spectrom-
eter. FTIR spectra were recorded at 22 8C in thin film, CDCl3, and
[D6]benzene on a Perkin ± Elmer Paragon 1000PC FT-IR spectrometer.
The fast atom bombardment (FAB) positive ion mass spectra were
obtained on a VG ZAB-VSE double-focusing high-resolution mass
spectrometer equipped with a cesium-ion gun. The HPLC analysis was
performed with Waters 600 HPLC with a reverse-phase column (Beckman
C18 column, 4.6 mm i.d.� 250 mm, 5 mm, flow rate 1 mL minÿ1). A linear
gradient of H2O/MeOH 9:1 to MeOH/Et3N 99:1 over 30 min was used. The
detection wavelength was 340 nm. The integration and calculation for all
the peaks were performed with Waters 820 Baseline software. All solvents
used were dried and stored over molecular sieves. All the chemicals were of
reagent grade and were used without purification. Column chromatog-
raphy was performed with silica gel (Merck; 0.040 ± 0.063 mm). All
reactions were carried out in a nitrogen atmosphere. Compounds 1a,[10]


1b,[29] 2a,[29] 3,[10] 8,[29] 9,[29] and 17 ± 20[19] were prepared according to
literature procedures. Molecular mechanics (MM2* and Amber* force-
field) calculations of structures 3 ± 5, their complexes with benzene and
chloroform, and the zwitterionic intermediates (Scheme 6) were performed
with MACROMODEL 5.5.[13]


EXSY experiments : The EXSY spectra of complexes 16 ´ (1R)-(�)-
camphor and 16 ´ (1R)-(ÿ)-camphorquinone were recorded at 295 K at
600 MHz with the phase-sensitive NOESY pulse sequence supplied with
the Bruker software. TPPI was used to obtain quadrature detection in F1.
Each of the 480 F1 increments resulted from the accummulation of 16 scans.
The relaxation delay was 2.4 s. The mixing time was 500 ms. Before Fourier
transformation, the FIDs were multiplied by a p/2 shifted square-sine bell
function in both the F2 and the F1 domain. The data file was zero-filled,
resulting in a spectrum of 4K� 1 K real data points, with a resolution of
1.75 Hz/point in F2 and 7.03 Hz/point in F1. The rate constants were
obtained from the analysis of the crosspeak (IAB, IBA) to diagonal peak
intensities (IAA, IBB) and the molar fractions (XA, XB) of the different
compounds giving rise to the exchange peaks: see Equations (1) ± (4) and
ref. [30]


A�k1


kÿ1


B (1)


k� k1� kÿ1 (2)


k� 1


tm


ln
r � 1


r ÿ 1
(3)


r� 4 XAXB(IAA� IBB)(IAB� IBA)ÿ (XAÿXB)2 (4)


Template experiments : In a typical templation experiment, a solution of
ester 2a (or 2b) and hydrazine 1 a, 1b, or 17, or esters 8, 9, or 11 and


hydrazine 1 a or b (and an additive 3 if used)
in the appropriate dry solvent and 5 equiv of
Et3N was stirred at 20 8C for 10 h, then
evaporated in vacuo. The residue was
redissolved in [D6]DMSO and analysed by
high-resolution 1H NMR spectroscopy
(600 MHz); the area d� 6.0 ± 4.0 was used
for integration (see Figure 5). In the cases of
compounds 18 ± 20, the reaction was addi-
tionally run on a preparative scale. For the
reaction 1 b and 11 in benzene, the product
formation was followed in equal time inter-
vals (after quenching with large amount of
MeOH) by reverse-phase HPLC (H2O/
MeOH 9:1, MeOH/Et3N 99:1). The corre-
sponding retention times for the S-shaped
compound 7 and C-shaped compounds 6 and
3 were 24.0, 26.0, and 15.5 min, respectively.
Anthracene (retention time 14.5 min) was
used as the internal standard for integration.
All measurements were performed at least in
duplicate, and good reproducibility was ob-
served.


Active ester 2b : Dicyclohexylcarbodiimide
(DCC, 3.49 g, 16.9 mmol) was added to the


suspension of the corresponding tetraacid[10] (954 mg, 3.38 mmol), 2,4,5-
trichlorophenol (5.34 g, 27.0 mmol), and DMAP (82.6 mg, 0.68 mmol) in
dichloroethene (50 mL) at RT. After being stirred for 30 h, the reaction
mixture was filtered and the filtrate was concentrated. Purification of the
residue by column chromatography (hexane/benzene, 1:1) gave active ester
2b as a white solid (after trituration with hexane). Yield 2.28 g (67 %); m.p.
246 ± 248 8C; 1H NMR (600 MHz, CDCl3): d� 1.98 (s, 4H; CH2), 5.05 (s,
2H; CH), 7.42 (s, 4H; arom), 7.56 (s, 4 H; arom); 13C NMR (CDCl3): d�
24.7 (CH2), 42.0 (CH), 125.6 (C�C), 126.3 (arom), 131.7 (arom), 131.9
(arom), 132.4 (arom), 142.5 (arom), 145.3 (arom), 161.3 (C�O); FTIR (thin
film): nÄ � 3090 ± 2980 (CH, CH2), 1745 (C�O), 1211, 1180 cmÿ1 (C-O-C);
MS-FAB: m/z : 853/855/857 [M��Naÿ 5Cl] (calcd 855). The product was
additionaly characterized as tetrakis(p-methoxybenzylamide) after its
reaction with p-methoxybenzylamine and Et3N in CHCl3, followed by
evaporation and recrystallization from MeOH. 1H NMR (300 MHz,
CDCl3): d� 1.56 (s, 4 H; CH2), 3.77 (s, 12H; OMe), 4.38 (d, 3J(H,H)�
5.7 Hz, 8 H; CH2Ar), 4.57 (s, 2H; CH), 6.82, 7.23 (2� d, 3J(H,H)� 8.0 Hz,
16H; arom), 8.89 (t, 3J(H,H)� 5.7 Hz, 4H; NH); HRMS-FAB: m/z :
891.2334 [M��Cs] (calcd for C44H46N4O8 891.2370).


S-shaped isomer 4 : This compound was isolated after the template
experiments (see above) in various solvents and purified by preparative
TLC (MeOH/AcOEt/CHCl3, 10:25:65). M.p.> 265 8C (decomp); 1H NMR
(300 MHz, [D6]DMSO): d� 0.83 ± 0.98 (m, 24H; alkyl), 1.23 (s, 2 H; CH2),
1.40 ± 1.70 (m, 12H; alkyl), 4.09 (t, 3J(H,H)� 6.6 Hz, 4 H; OCH2), 4.19 (t,
3J(H,H)� 6.6 Hz, 4 H; OCH2), 4.46 (2�d, 2J(H,H)� 15.6 Hz, 4 H; CH2),
4.61 (2� d, 2J(H,H)� 15.6 Hz, 4H; CH2), 4.85 (d, 2J(H,H)� 15.4 Hz, 2H;
CH2), 4.97 (s, 2H; CH), 5.24 (dd, 2J(H,H)� 15.4 Hz, 4H; CH2), 5.52 (d,
2J(H,H)� 15.4 Hz, 2H; CH2), 7.44 (s, 2H; arom), 7.45 (s, 2H; arom), 8.47 (s,
2H; NH), 8.50 (s, 2 H; NH); FTIR (thin film): nÄ � 3242 (NH), 2951 (CH,
CH2), 1713 (C�O), 1626 cmÿ1 (C�O); FAB-MS: m/z : 1399 [M��Cs] (calcd
for C64H74O16N12 1399).


W-shaped compound 5 : This compound was isolated after the template
experiments (see above) in various solvents and purified by preparative
TLC (MeOH/AcOEt/CHCl3, 10:25:65). M.p.> 280 8C (decomp); 1H NMR
(300 MHz, [D6]DMSO): d� 0.83 ± 0.95 (m, 24H; alkyl), 1.23 (s, 2 H; CH2),
1.43 ± 1.73 (m, 12H; alkyl), 4.10 (t, 3J(H,H)� 6.7 Hz, 4 H; OCH2), 4.19 (t,
3J(H,H)� 6.7 Hz, 4H; OCH2), 4.48 (d, 2J(H,H)� 15.2 Hz, 4 H; CH2), 4.61
(d, 2J(H,H)� 15.2 Hz, 4 H; CH2), 4.91 (d, 2J(H,H)� 15.3 Hz, 4H; CH2),
4.96 (s, 2H; CH), 5.51 (d, 2J(H,H)� 15.3 Hz, 4H; CH2), 7.46 (s, 4 H; arom),
8.50 (s, 4H; NH); FTIR (thin film): nÄ � 3251, 3214 (NH), 2951 (CH, CH2),
1714 (C�O), 1626 cmÿ1 (C�O); FAB-MS: m/z : 1399 [M��Cs] (calcd for
C64H74O16N12 1399).


C-shaped isomer 6 : This compound was isolated after the template
experiments (see above) in various solvents and purified by preparative
TLC (THF/CHCl3, 1:3). M.p. 249 ± 251 8C (decomp); 1H NMR (600 MHz,
[D6]DMSO): d� 0.84 (t, 3J(H,H)� 6.7 Hz, 12H; alkyl), 1.20 ± 1.36 (m,
24H; alkyl), 1.54 ± 1.62 (m, 8 H; alkyl), 3.79 (t, 3J(H,H)� 6.4 Hz, 4H;
OCH2), 3.82 (t, 3J(H,H)� 6.4 Hz, 4 H; OCH2), 4.04 (d, 2J(H,H)� 15.6 Hz,
4H; CH2), 4.65 (d, 2J(H,H)� 15.6 Hz, 4 H; CH2), 4.97 (s, 2H; CH), 5.06 (d,
2J(H,H)� 15.7 Hz, 4H; CH2), 5.31 (d, 2J(H,H)� 15.7 Hz, 4 H; CH2), 6.60
(d, 3J(H,H)� 8.8 Hz, 4 H; arom), 6.73 (d, 3J(H,H)� 8.8 Hz, 4H; arom),
6.88 (d, 3J(H,H)� 8.8 Hz, 4H; arom), 6.93 (d, 3J(H,H)� 8.8 Hz, 4H;
arom), 7.44 (s, 4 H; arom), 8.05 (s, 4H; NH); 1H NMR (600 MHz,
[D6]benzene): d� 0.8 ± 1.0 (m, 12 H; alkyl), 1.20 ± 1.60 (m, 32H; alkyl), 3.29
(t, 3J(H,H)� 6.4 Hz, 4H; OCH2), 3.51 (t, 3J(H,H)� 6.4 Hz, 4H; OCH2),
3.81 (d, 2J(H,H)� 16.0 Hz, 4 H; CH2), 4.12 (d, 2J(H,H)� 16.0 Hz, 4H;
CH2), 4.52 (s, 2H; CH), 5.77 (d, 2J(H,H)� 16.0 Hz, 4H; CH2), 6.60 (d,
2J(H,H)� 16.0 Hz, 4 H; CH2), 6.63 (d, 3J(H,H)� 8.8 Hz, 4 H; arom), 6.69
(d, 3J(H,H)� 8.8 Hz, 4H; arom), 6.95 (d, 3J(H,H)� 8.8 Hz, 4H; arom), 7.83
(d, 3J(H,H)� 8.8 Hz, 4 H; arom), 8.26 (s, 4 H; arom), 8.52 (s, 4H; NH);
FTIR (thin film): nÄ � 3423 (NH), 3264 (NH), 2929 (CH, CH2), 1694 (C�O),
1629 cmÿ1 (C�O); HRMS-FAB: m/z : 1647.6584 [M��Cs] (calcd for
C88H98N12O12Cs 1647.6482).


S-shaped compound 7: This compound was isolated after the template
experiments (see above) in various solvents and purified by preparative
TLC (THF/CHCl3, 1:3). Pale yellow foam; 1H NMR (600 MHz,
[D6]DMSO): d� 0.83 ± 0.86 (m, 12H; alkyl), 1.22 ± 1.63 (m, 32H; alkyl),
3.76 ± 3.85 (m, 8H; OCH2), 4.04 (d, 2J(H,H)� 15.6 Hz, 4 H; CH2), 4.64 (d,
2J(H,H)� 15.6 Hz, 4H; CH2), 4.86 (d, 2J(H,H)� 15.6 Hz, 2 H; CH2), 4.98
(s, 2H; CH), 5.17 (d, 2J(H,H)� 15.6 Hz, 2H; CH2), 5.24 (d, 2J(H,H)�
15.6 Hz, 2 H; CH2), 5.53 (d, 2J(H,H)� 15.6 Hz, 2 H; CH2), 6.57 ± 6.63 (m,


Figure 5. Portions of the
1H NMR spectra of the
S-shaped isomer 4 (top),
C-shaped isomer 3 (mid-
dle), and W-shaped iso-
mer 5 (bottom), used for
the product distribu-
tion determination, in
[D6]DMSO.
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4H; arom), 6.70 ± 6.76 (m, 4 H; arom), 6.85 ± 6.95 (m, 8H; arom), 7.44 (s,
2H; arom), 7.46 (s, 2 H; arom), 8.03 (s, 2 H; NH), 8.07 (s, 2 H; NH); FTIR
(thin film) nÄ � 3402 (NH), 3248 (NH), 2930, 2859 (CH, CH2), 1697 (C�O),
1629 cmÿ1 (C�O); HRMS-FAB: m/z : 1647.6587 [M��Cs] (calcd for
C88H98N12O12Cs 1647.6482).


E and Z isomers 10 and 11: A solution of active ester 2 b (713 mg,
0.713 mmol) in THF (2 mL) was added to a mixture of hydrazine salt
(327 mg, 0.476 mmol) and Et3N (241 mg, 2.38 mmol) in THF (2.5 mL).
After stirring for 10 h, the solvent was removed. Column chromatography
of the residue (THF/CHCl3, 3:1) gave the Z isomer 11 (187 mg, 31%) and
the corresponding E isomer 10 (THF/CHCl3, 1:1; 155 mg, 26 %). The
stereochemistry was assigned by subsequent conversion of 11 into 6.
E isomer 10 : 1H NMR (600 MHz, [D6]DMSO): d� 0.85 (t, 3J(H,H)�
6.7 Hz, 6H; CH3), 1.23 ± 1.47 (m, 12H; alkyl), 1.55 ± 1.77 (m, 8H; alkyl),
3.79 (t, 3J(H,H)� 6.4 Hz, 2 H; OCH2), 3.82 (t, 3J(H,H)� 6.4 Hz, 2H;
OCH2), 4.07 (d, 2J(H,H)� 15.6 Hz, 2H; CH2), 4.66 (d, 2J(H,H)� 15.6 Hz,
2H; CH2), 4.94 (d, 2J(H,H)� 15.5 Hz, 2 H; CH2), 5.00 (s, 2H; CH), 5.59 (d,
2J(H,H)� 15.5 Hz, 2 H; CH2), 6.61 (d, 3J(H,H)� 8.8 Hz, 2 H; arom), 6.74
(d, 3J(H,H)� 8.8 Hz, 2 H; arom), 6.89 (d, 3J(H,H)� 8.8 Hz, 2H; arom),
6.94 (d, 3J(H,H)� 8.8 Hz, 2H; arom), 7.50 (s, 2 H; arom), 7.82 (s, 2H;
arom), 8.08 (s, 1H; NH), 8.09 (s, 1H; NH); FTIR (thin film): nÄ � 3422
(NH), 2954, 2930 (CH, CH2), 1773, 1728, 1698, 1631 (C�O), 1224 cmÿ1 (C-
O-C); FAB-MS: m/z : 1389, 1391 [M��Cs] (calcd 1389).
Z isomer 11: M.p. 285 8C (decomp); 1H NMR (600 MHz, [D6]DMSO): d�
0.85 (t, 3J(H,H)� 6.7 Hz, 6H; CH3), 1.23 ± 1.47 (m, 12 H; alkyl), 1.55 ± 1.65
(m, 6H; alkyl), 1.74 ± 1.80 (m, 2H; alkyl), 3.79 (t, 3J(H,H)� 6.5 Hz, 2H;
OCH2), 3.82 (t, 3J(H,H)� 6.5 Hz, 2 H; OCH2), 4.06 (d, 2J(H,H)� 15.5 Hz,
2H; CH2), 4.65 (d, 2J(H,H)� 15.5 Hz, 2 H; CH2), 4.99 (s, 2H; CH), 5.16 (d,
2J(H,H)� 15.5 Hz, 2H; CH2), 5.36 (d, 2J(H,H)� 15.5 Hz, 2 H; CH2), 6.61
(d, 3J(H,H)� 8.8 Hz, 2 H; arom), 6.74 (d, 3J(H,H)� 8.8 Hz, 2H; arom),
6.89 (d, 3J(H,H)� 8.8 Hz, 2H; arom), 6.95 (d, 3J(H,H)� 8.8 Hz, 2H;
arom), 7.48 (s, 2H; arom), 7.79 (s, 2 H; arom), 8.07 (s, 1 H; NH), 8.08 (s, 1H;
NH); FTIR (thin film): nÄ � 3248 (NH), 2957, 2915 (CH, CH2), 1695 (C�O),
1629 (C�O), 1230 cmÿ1 (C-O-C); MS-FAB: m/z : 1389, 1391 [M��Cs]
(calcd 1389).


Active ester 13 : Oxalyl chloride (1.46 g, 11.5 mmol) and catalytic amount of
DMF was added to a suspension of the diacid 12 (93.8 mg, 0.52 mmol) in
dichloroethane (5 mL). The mixture was stirred for 3 h, diluted with
benzene and evaporated to give the corresponding bischloroanhydride.
Et3N (475 mg, 4.69 mmol) was added to a solution of the latter and 2,4,5-
trichlorophenol (463 mg, 2.35 mmol) in dichloroethane (5 mL). After being
stirred over night at RT, the reaction mixture was diluted with ethyl acetate.
The organic phase was washed with H2O, 10 % aq KHSO4, and brine, then
dried and concentrated. Purification of the residue by column chromatog-
raphy (hexane/benzene, 1:1) gave active ester 13 (256 mg, 91%) as a
colorless solid. M.p. 99 ± 100 8C; 1H NMR (600 MHz, CDCl3): d� 2.29 (d,
2J(H,H)� 7.1 Hz, 1H; CH2), 2.51 (d, 2J(H,H)� 7.1 Hz, 1 H; CH2), 4.21 (s,
2H; CH), 7.05 (s, 2H; CH), 7.34 (s, 2H; arom), 7.56 (s, 2H; arom); 13C NMR
(CDCl3): d� 54.5 (CH2), 73.9 (CH), 125.8 (C�C), 126.5 (arom), 130.9
(arom), 131.5 (arom), 132.1 (arom), 143.0 (arom), 145.7 (arom), 154.5
(CH�CH), 161.6 (C�O); FTIR (thin film): nÄ � 3090 ± 2980 (CH, CH2), 1740
(C�O), 1216 cmÿ1 (C-O-C); HRMS-FAB: m/z : 538.8777 [M�] (calcd for
C21H10Cl6O4 538.8761).


Hydrazides 14 and 15 : A solution of active ester 13 (24.4 mg, 0.045 mmol)
was added to a solution of hydrazine hydrochloride 1a[10] (25.6 mg,
0.045 mmol) in Et3N (22.9 mg, 0.23 mmol) and CHCl3 or benzene (5 mL).
After stirring for 1.5 h, the organic layer was washed with H2O and brine,
dried, and concentrated. The residue was purified by preparative TLC
(CHCl3/MeOH/AcOEt, 3:1:2) to give equal amounts of hydrazides 14 and
15 as yellow foams. The stereochemistry was not assigned.
The more polar compound : 1H NMR (300 MHz, CDCl3): d� 0.87 ± 0.98 (m,
12H; alkyl), 1.47 ± 1.71 (m, 6 H; alkyl), 2.28 (br s, 2 H; CH2), 4.14 ± 4.30 (m,
2H; CH), 4.41 (d, 2J(H,H)� 16.0 Hz, 2H; CH2), 4.83 (d, 2J(H,H)� 16.0 Hz,
2H; CH2), 5.00 (d, 2J(H,H)� 16.0 Hz, 2H; CH2), 5.33 (d, 2J(H,H)�
16.0 Hz, 2 H; CH2), 5.79 (br s, 2 H; NH), 6.89 (s, 2H; arom), 7.33 (s, 2H;
CH); FTIR (thin film): nÄ 3419 (NH), 3260 (NH), 2952 (CH, CH2), 1731
(C�O), 1713 (C�O), 1616, 55, 1454, 1265 cmÿ1 (C ± N); HRMS-FAB: m/z :
673.2995 [M�] (calcd for C35H41N6O8 673.2986).
The less polar compound : 1H NMR (300 MHz, CDCl3): d� 0.85 ± 0.97 (m,
12H; alkyl), 1.45 ± 1.70 (m, 6 H; alkyl), 2.30 (br s, 2 H; CH2), 4.13 ± 4.31 (m,
2H; CH), 4.40 (d, 2J(H,H)� 15.9 Hz, 2H; CH2), 4.82 (d, 2J(H,H)� 15.9 Hz,


2H; CH2), 5.06 (d, 2J(H,H)� 15.9 Hz, 2H; CH2), 5.26 (d, 2J(H,H)�
15.9 Hz, 2 H; CH2), 5.89 (br s, 2 H; NH), 6.87 (s, 2H; arom), 7.33 (s, 2H;
CH); FTIR (thin film): nÄ � 3392 (NH), 3260 (NH), 2952 (CH, CH2), 1731
(C�O), 1714 (C�O), 1617, 1555, 1454, 1263 cmÿ1 (C ± N); HRMS-FAB: m/
z : 673.2989 [M�] (calcd for C35H41N6O8 673.2986).
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The Enantioselective Total Synthesis of (ÿ)-Myltaylenol


Sven Doye, Torsten Hotopp, Rudolf Wartchow, and Ekkehard Winterfeldt*


Abstract: The unusual sesquiterpenoid alcohol (ÿ)-myltaylenol (1) is synthesized by
an intramolecular [4�2] cycloaddition of a chiral diene accessible from Hajos ±
Wiechert ketone by a sequence of reactions including stereoselective alkylation of
an unsaturated ketone with thiophenylmethyl iodide as alkylation agent. As the link
between diene and olefin a sulfonic ester group is used. The link permits control of
the stereoselectivity of the [4�2] cycloaddition. After this key step the sulfonic ester
group can be removed under oxidative conditions by molecular oxygen as oxidation
agent, leading directly to a hydroxyketone that can be converted to (ÿ)-myltaylenol
by successive Shapiro reaction, regioselective hydroboration and Wittig reaction.


Keywords: cycloadditions ´ natural
products ´ oxidations ´ terpenoids ´
total synthesis


Introduction


In 1985 Matsuo et al. isolated the unusual sesquiterpenoid
alcohol (ÿ)-myltaylenol (1, Figure 1) from the liverwort Mylia
taylorii and determined its structure by NMR techniques and


Figure 1. Structures of (ÿ)-myltaylenol (1), myltaylene (2), (ÿ)-cyclo-
myltaylenol (3), and cyclomyltaylene (4).


X-ray crystal structure analysis of the corresponding ben-
zoate.[1] It was the first example of a new class of sesquiter-
penes possessing the myltaylane framework. Other examples
are (ÿ)-cyclomyltaylenol (3), isolated from Mylia taylorii, and
cyclomyltaylene (4), isolated from Bazzania tridens.[2, 3] All
three compounds are characterized by at least four consec-
utive chiral centers (*), three of which are quartenary carbon
atoms.


In 1994 Srikrishna et al. communicated briefly a very short
racemic synthesis of nonnatural myltaylene (2), which lacks
the C15 hydroxyl group of myltaylenol, starting from cyclo-
geraniol. The key step of this synthesis is an impressive Lewis
acid catalyzed cationic rearrangement leading directly to the
target molecule.[4] Nevertheless, to the best of our knowledge
no other synthesis and no enantioselective approach to this
type of molecule has been reported until we published the first
enantioselective synthesis of (ÿ)-myltaylenol (1).[5] Herein we
want to describe this synthesis in detail.


Results and Discussion


Our retrosynthetic analysis is outlined in Scheme 1. It reflects
our experience in the formation of bridged structures similar
to 1 by Diels ± Alder reactions of dienophiles with chiral
dienes[6] derived from Hajos ± Wiechert ketone.[7] We have
chosen an intramolecular [4�2] cycloaddition, building up
two chiral centers in one step, as the key step in our synthesis.
Cyclopentadiene 11 was supposed to be the key intermediate.
In 11 two of the four desired chiral centers are established
already. To synthesize 11 as a single enantiomer, the well-
documented enantiopure tetrahydropyranyl (THP) ether 12
was considered as a perfect starting material.[8] The alcohol
functionality in 11 should provide the possibility of controlling
the stereochemical outcome of the Diels ± Alder reaction by
introducing a temporary tether (X in 7, Yn in combination with
Z in 10) between diene and the 2 p system, which should lead
to a highly stereoselective intramolecular a-attack of the
olefin to the diene. After cycloaddition to 6 or 9 the tether
should then be able to be removed totally (Yn in 9) or to be
cleaved while forming a functional group such as a carbonyl
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Scheme 1. Retrosynthetic analysis of (ÿ)-myltaylenol (1).


group at the same position (X in 6). To complete the synthesis
it would be necessary to perform a 1,2-carbonyl shift and a
following olefination reaction (5 to 1) or convert Z into an
exocyclic double bond (8 to 1).


One possible tether X is the SO2 unit, introduced by Metz
et al. , which can be removed under oxidative conditions
leading to a carbonyl group.[9] Possibilities for Yn in combi-
nation with Z are Me2Si,[10] C�O,[11] or a direct bond between
oxygen and the double-bond carbon, while Z could be an ester
group.


The first step in our synthesis was a diastereoselective
alkylation of an unsaturated ketone like 12 or 13 with a


bifunctional alkylation agent. In order to avoid O-alkylation
we chose the quite soft thiophenylmethyl halides (PhSCH2X)
as alkylation agents, which should be superior to the
corrosponding ethers (Scheme 2). Owing to the sterically


Scheme 2. Diastereoselective alkylation of unsaturated ketones 12 and 13.
Reagents and conditions: a) KOtBu (1.3 equiv), THF, 0 8C, 45 min, then
PhSCH2X (1.4 equiv), ÿ78 8C, 30 min.


demanding methyl group on the b-side of the molecule the
functionalized sidechain was introduced on the a-side with
high selectivity. First alkylation experiments were run with the
trimethylsilyl (TMS) ether 13 and potassium tert-butoxide as a
base in tetrahydrofuran (THF) with thiophenylmethyl chloride
as the alkylation reagent at ÿ78 8C. The diastereoselectivity
de was 85 %. In order to improve the selectivity we
synthezised the corresponding bromide and iodide and used
them as alkylation agents.[12] We found that the selectivity
could be increased (Scheme 2, Table 1) by changing the halide


from chloride through bromide (de� 94 %) to iodide (de�
95 %). A slight improvement in selectivity (de� 96 %) and an
easier chromatographic separation of the resulting diaster-
eomers were achieved with the THP ether 12 instead of the
TMS ether 13. The resulting thioethers 14 and 15 were
isolated with yields between 61 % and 83 %. The cis config-
uration of the methyl groups was determined by NOE
experiments. Using this procedure we were able to establish
the first two chiral centers of the natural product.


To generate the cyclohexane unit of (ÿ)-myltaylenol 1 it
was then necessary to remove the keto group of 14. A direct
Wolff ± Kishner reduction of the thioether 14 gave cyclo-
pentenol 17 in 80 % yield. In order to increase the yield by
eliminating possible side reactions caused by the acetal unit,
we removed the THP protecting group under acidic con-
ditions before conducting the Wolff ± Kishner reduction.
Using this strategy we were able to isolate cyclopentenol 17
in 87 % yield over two steps. To generate the necessary diene
unit, the tosylate 18 was formed under standard conditions in
almost quantitative yield and treated with potassium tert-
butoxide in THF at 65 8C; this resulted in the formation of
diene 19 in 72 % yield (Scheme 3).


Abstract in German: Das Sesquiterpen (ÿ)-Myltaylenol 1
wird unter Nutzung einer intramolekularen [4�2]-Cycloaddi-
tion eines chiralen Diens, welches ausgehend von enantio-
merenreinem Hajos ± Wiechert-Keton leicht zugänglich ist,
synthetisiert. Als Verbindungsglied zwischen Dien- und Ole-
fin-Teil des Moleküls wird eine Sulfonsäureester-Einheit ver-
wendet. Diese Brücke bietet neben einer perfekten Kontrolle
der Stereoselektivität der [4�2]-Cycloaddition die Möglichkeit,
hinterher oxidativ spaltbar zu sein. Mit molekularem Sauer-
stoff als Oxidationsmittel entsteht dabei direkt ein Hydro-
xyketon, welches durch schrittweise Shapiro-Reaktion, regio-
selektive Hydroborierung und Wittig-Reaktion in 1 überführt
werden kann.


Table 1. Diastereoselective alkylation of unsaturated ketones 12 and 13.


R X Yield de


TMS Cl 71% 85%
TMS Br 61% 94%
TMS I 82% 95%
THP I 83% 96%
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Scheme 3. Synthesis of cyclopentadiene 19. Reagents and conditions:
a) HCl, EtOH, 25 8C, 16 h; b) N2H4 (7.0 equiv), KOH (6.8 equiv), diglycol,
200 8C, 4 h; c) TsCl (1.5 equiv), DMAP (2.0 equiv), CH2Cl2, 25 8C, 16 h;
d) KOtBu (2.0 equiv), THF, 65 8C, 3.5 h.


The last problem in the synthesis of key intermediate 11 was
the exchange of the thioether unit against an oxygen func-
tionality. This was done by the Pummerer strategy. First the
thioether 19 was oxidized with sodium metaperiodate in a
mixture of water and methanol at room temperature in almost
quantitative yield. A nearly 1:1 mixture of diastereomeric
sulfoxides 20 was obtained. It was not necessary to separate
these diastereomers for the following synthesis. The Pum-
merer rearrangement was carried out in acetic anhydride at
100 8C over a period of 62 hours. The yield was 89 %. Again
two diastereomers 21 in a nearly 1:1 ratio were obtained but
not separated. Hydrolysis of 21 in KOH/MeOH led to the
very volatile and diastereomerically pure aldehyde 22, which
was reduced immediately with sodium borohydride at 0 8C to
give the alcohol 11, which was easily isolated. The yield for
this one-pot conversion was 99 % (Scheme 4).


Scheme 4. Synthesis of alcohol 11. Reagents and conditions: a) NaIO4


(1.3 equiv), MeOH/H2O 6:1, 0 8C ± 25 8C, 16 h; b) Ac2O, 100 8C, 62 h;
c) KOH (2.0 equiv), MeOH, 25 8C, 2 h; d) NaBH4 (1.6 equiv), MeOH, 0 8C,
30 min.


After alcohol 11 had been obtained as a single enantiomer
in multigram quantities, different olefin units were introduced
into the molecule. Our first strategy was to use the Metz
protocol, which consists of the formation of a vinylsulfonic
ester 23 followed by an intramolecular Diels ± Alder reaction
and an oxidative ring cleavage of the resulting sultone 24.[9]


Alcohol 11 was reacted with ethenesulfonyl chloride[13] in
methylene chloride at ÿ15 8C to yield 81 % of the desired
ester 23, which underwent the intramolecular Diels ± Alder
reaction smoothly. Because of the control by the already
established chiral centers, only a-attack of the dienophile unit
was observed. This resulted in the formation of only one
diastereomer, the sultone 24 with quantitative yield. The
predicted a-configuration of 24 and 25 was secured by X-ray
crystal structure analysis of sultone 25 (see Figure 2).[14] To


Scheme 5. Synthesis of sultone 25. Reagents and conditions:
a) ClSO2CH�CH2 (1.25 equiv), EtN(iPr)2 (1.2 equiv), CH2Cl2, ÿ15 8C,
1.5 h; b) toluene, 111 8C, 20 h; c) 1 atm H2, Pd/C, 25 8C, 16 h.


avoid side reactions caused by the double bond in 24,
hydrogenation under one atmosphere H2 was performed
using palladium on carbon as a catalyst in THF at room
temperature (Scheme 5).


In order to achieve an oxidative cleavage of the sultone
bridge, a number of procedures were tried. The goal was to


Figure 2. PLATON drawing of sultone 25.
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introducea hydroxyl group at the sulfur-bearing carbon atom
by oxidizing the sultone anion, which is easily prepared by
deprotonation of 25 with sBuLi. The carbon ± sulfur bond of
the resulting product should cleave to form the desired
keto function in 5. Unfortunately, the oxidation employing
2-methoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, which had
been used by Metz at al., failed.[9] Other reagents normally
used for the oxidation of anions, like MoOPH[15] or
N-sulfonyloxaziridines[16] were not useful either; only the
starting material 25 was isolated. The reason for these failures
is probably the fact that the oxidation should take place at a
sterically very hindered center. For this reason we tried to use
less sterically demanding oxidizing agents like molecular
oxygen, which is usually used in combination with a reducing
agent to reduce the primarily formed hydroperoxides.[17]


However, the oxidation of the sultone anion generated from
25 and sBuLi with molecular oxygen at ÿ78 8C produced the
desired hydroxyketone 5 (Scheme 6) without the need for any
additional reducing agent. Since it was possible to detect
sulfate ions in the aqueous workup one may consider the
sultone unit a reducing agent in an intra- or intermolecular
redox process. The yield and the reproducibility of this
reaction depended strongly on the solvent and the amount of
base. A detailed investigation showed that the best solvent is a
7:1 mixture of THF and hexamethyl phosphoramide (HMPA).
No other additives (for example N,N,N',N'-tetramethyl 1,2-
ethylenediamine (TMEDA), 1,3-dimethyl imidazolidin-2-one
(DMPU), or 1,2-dimethoxyethane (DME)) influenced the
yield, which was about 20 % with or without these additives
compared to 30 to 60 % with THF/HMPA. Although the
starting sultone 25 could be recovered, a further improvement
was necessary because the reaction, which was first run with
3.0 equiv of sBuLi, was not very reproducible. The yield
varied from 30 to 60 %. Use of a much higher amount of base
(10.0 equiv) made the reaction less sensitive and increased the
yield. Now it was possible to isolate the hydroxyketone 5
absolutely reproducibly in 73 % yield (Scheme 6, Table 2). A


Scheme 6. Oxidative cleavage of sultone 25. Reagents and conditions:
a) sBuLi (equiv see Table 2), O2, THF/HMPA 7:1, ÿ78 8C, 3 h.


possible explanation for this behavior could be the formation
of sec-butyl hydroperoxide in the reaction mixture, which can
act as oxidizing agent. Experiments using sec-butyl hydro-
peroxide (formed in situ from sBuLi and oxygen at ÿ78 8C
followed by bubbling nitrogen through the solution to remove


unconsumed oxygen) as oxidizing agent instead of molecular
oxygen resulted in product formation too. Unfortunately in
this case the yields were low (26 %).


Since the outcome of the oxidative cleavage of the sultone
bridge in 25 remained uncertain for quite a long period of
time, we started a parallel investigation using enol ether 26,
silyl ether 27 and esters 28 and 29 as alternative intermediates
for the intramolecular [4�2] cycloaddition just to keep
additional options. All compounds were prepared in one or
two steps from cyclopentadiene 11 (Scheme 7; yields were not
optimized).


Scheme 7. Alternative starting materials for intramolecular Diels ± Alder
reactions. Reagents and conditions: a) HCCCOOCH3 (1.2 equiv), NEt3


(2.0 equiv), THF, 25 8C, 3.5 h; b) ClSi(CH3)2 ± CH�CHCOOCH3


(2.0 equiv), NEt3 (3.0 equiv), CH2Cl2, 25 8C, 20 h; c) CH3CCCOOH
(1.2 equiv), DCCI (1.2 equiv), DMAP (1.2 equiv), CH2Cl2, 25 8C, 5 h;
d) LDA (2.2 equiv), THF/HMPA 12:1, ÿ78 8C, 1 h, then NH4Cl.


Unfortunately enol ether 26 and the esters 28 and 29 did not
undergo intramolecular cycloaddition at all, either under
thermal (180 8C) or under Lewis acid catalyzed conditions
(ZnCl2 ´ Et2O, BF3 ´ Et2O). Silyl ether 27 underwent cyclo-
addition at 180 8C over a period of 90 hours to give a 2:1
mixture of diastereomers 30 and 31. However, owing to the
harsh reaction conditions the yield was only 20 %. The relative
stereochemistry of 30 and 31 could not be determined reliably
by NOE experiments. Nevertheless, in analogy to the cyclo-
addition of 23 we believe that 30 and 31 are both products
resulting from a-attack of the dienophile, which differ only in
the configurations at C4 and C5. Regarding the low yield of
the cycloaddition, which precludes 30 and 31 as useful
synthetic intermediates, no further effort was made to
determine the stereochemistry at these carbon atoms
(Scheme 8).


Obviously it was necessary to have four atoms in the bridge
between ene and diene unit to form a six-membered ring in


Table 2. Influence of different amounts of sBuLi.


Amount of sBuLi Yield 5 Recovered 25


1.0 equiv 0% 92%
5.2 equiv 43% 36%
7.8 equiv 49% 24%
10.4 equiv 73% 12%
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Scheme 8. Intramolecular Diels ± Alder reaction of 27. Reagents and
conditions: a) o-dichlorobenzene, 180 8C, 90 h.


the transition state of the cycloaddition. Furthermore these
four atoms had to be sp3 centers leading to a comparatively
unstrained transition state.[18] The difference in reactivity
between silyl ether 27 and sulfonic ester 23 can be explained
by the strong acceptor property of the SO2 unit, which
activates the olefin in 23 for Diels ± Alder reactions. With
these results available we decided to concentrate on the
oxidative cleavage of the sultone bridge in 25 ; this finally led
to good results after the detailed investigation described
above.


The following 1,2-carbonyl shift was approached by trans-
formation of the hydroxyketone 5 into the olefin 33 by a
Shapiro reaction with tosylhydrazone 32. The synthesis of this
hydrazone proceeded in 98 % yield and produced only one
isomer, probably the sterically less crowded 32. No effort was
made to determine the geometry of this product. The
following Shapiro reaction was run at 75 8C in THF with
5.0 equiv of nBuLi as a base. The yield was 90 %. When the
reaction was performed at lower temperatures (ÿ78 8C to
25 8C) no product was observed.


Because of its usually high regioselectivity we chose
hydroboration to functionalize olefin 33.[19] Since it was hoped
that a very bulky protecting group on the primary alcohol
would change it into a large and inert moiety, which should
result in high selectivity for the subsequent borane attack, the
hydroxyl group was silylated using triisopropyl (TIPS) triflate
in the presence of triethylamine giving the silyl-ether-pro-
tected olefin 34 in 99 % yield. As another bulky protecting
group the tert-butyl group was introduced by means of
isobutene in the presence of amberlite giving the tert-butyl
ether protected olefin 35 in 99 % yield (Scheme 9).


Interestingly the following hydroboration showed a sur-
prisingly low regioselectivity. Even with the bulky TIPS or
tert-butyl ether groups shielding one side of the double bond,
the highest observed selectivity was 1.5:1 in favor of the
desired product. The TIPS ether 34 showed a slightly higher
selectivity than the tert-butyl ether 35. In general diborane ´
THF delivered the best results, whereas 9-BBN and thex-
ylborane led to no or incomplete conversion with lower
selectivity (Scheme 10, Table 3). The desired alcohol 36, a
mixture of two diastereomers which were only separated for
spectroscopic characterization, was isolated after chromatog-
raphy in 53 % yield.


Having the right functionality at the right position we were
able to oxidize alcohol 36 under Swern conditions to the
corresponding ketone 40 in 93 % yield. The subsequent Wittig
reaction proceeded in 87 % yield and established the last
missing carbon atom of (ÿ)-myltaylenol. The final step, the


Scheme 9. Shapiro reaction. Reagents and conditions: a) TsN2H3


(1.0 equiv), TsOH (0.18 equiv), molecular sieves 3 �, EtOH, 78 8C, 2 h;
b) nBuLi (5.0 equiv), THF, 75 8C, 50 min; c) iPr3SiOTf (1.1 equiv), NEt3


(1.8 equiv), CH2Cl2,ÿ78 8C; d) isobutene, amberlite 15, cyclohexane, 25 8C.


Scheme 10. Hydroboration of olefins 34 and 35. Reagents and conditions:
a) see Table 3.


desilylation with tetrabutylammonium fluoride (TBAF), gave
access to the target compound 1 in an overall yield of 6.5 %
(Scheme 11).


The comparison of all spectra of 1 with authentic spectra
kindly provided by Dr. Matsuo proved 1 to be identical to the
natural product. The [a]D


20�ÿ59.08 of synthetic 1 was exactly
the same as reported by Matsuo et al.[1] NMR shift experi-


Table 3. Hydroboration of olefins 34 and 35.


R Conditions Yield Ratio 36 :38
or 37 :39


tBu 1) BH3 ´ THF, THF, 0 8C, 27 h 70% 1.3:1.0
2) EtOH, H2O2, NaOH, 50 8C, 3 h


tBu 1) thexylborane, THF, 25 8C, 28 h 82% 1.2:1.0
2) EtOH, H2O2, NaOH, 78 8C, 0.5 h


tBu 9-BBN, Toluene, 111 8C, 48 h no reaction ±
TIPS 1) BH3 ´ THF, THF, 0 8C, 27 h 89% 1.5:1.0


2) EtOH, H2O2, NaOH, 50 8C, 3 h
TIPS 1) thexylborane, THF, 25 8C, 48 h traces ±


2) EtOH, H2O2, NaOH, 78 8C, 0.5 h
TIPS 9-BBN, THF, 25 ± 50 8C, 7 h no reaction ±
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Scheme 11. Synthesis of (ÿ)-myltaylenol (1). Reagents and conditions:
a) (COCl)2 (1.5 equiv), DMSO (3.0 equiv), CH2Cl2, ÿ60 8C, 30 min, then
NEt3 (5.6 equiv), 25 8C, 10 min; b) Ph3PCH3Br (7.0 equiv), KOtBu
(5.0 equiv), benzene, 25 8C, 44 h; c) TBAF (2.0 equiv), THF, 25 8C, 18 h.


ments showed an enantiomeric purity of 94 %, which was the
same as in the starting material 12. However, the melting
point of 69 ± 70.5 8C could not be reproduced. The melting
point of synthetic 1 was 64 8C.


Conclusion


In this article an enantioselective route to (ÿ)-myltaylenol 1 is
described. An intramolecular Diels ± Alder reaction building
up the three consecutive quartenary carbon atoms of the
product is used as the key step of the synthesis. This is
followed by a novel oxidative ring cleavage employing
molecular oxygen and giving rise to a hydroxyketone directly.
The overall yield of the synthesis is 6.5 %. The synthetic
compound turned out to be identical with the natural product.


Experimental Section


General techniques : Melting points: Gallenkamp apparatus, uncorrected.
MS spectra and high resolution mass spectra: Finnigan MAT 312 and VG
Autospek (EI) with an ionization potential of 70 eV. IR spectra: Perkin ±
Elmer 580 and FT 1710. 1H NMR spectra: Bruker AM 400, chemical shifts
relative to Me4Si or CHCl3 (in CDCl3), chemical shift signals (d) are quoted
as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad).
13C NMR spectra including DEPT: Bruker AM 400, chemical shifts relative
to CDCl3. UV spectra: Beckman 3600 spectrophotometer. Optical
rotations were recorded with a Perkin ± Elmer 241 polarimeter. All
reactions were performed under an inert atmosphere of nitrogen or argon
in oven- or flame-dried glassware. Dry solvents: THF, benzene, and toluene
were distilled from sodium/benzophenone, methylene chloride was dis-
tilled from calcium hydride. All commercially available reagents were used
without further purification unless otherwise noted. All reactions were
monitored by thin-layer chromatography (TLC) carried out on Merck 60F254


(silica) sheets visualized with UV light or Ce(iv)/molybdatophosphoric
acid. Preparative flash chromatography was performed on Baker silica gel
(particle size 30 ± 60 mm) under positive air pressure. Yields refer to
chromatographically and spectroscopically (1H NMR) homogeneous
materials, unless otherwise noted. PE: light petroleum, b.p. 40 ± 60 8C.
MTBE: methyl tert-butyl ether.


THP ether 14 : A solution of KOtBu (7.50 g, 66.9 mmol) in THF (60 mL)
was added slowly to a solution of 12[6] (13.51 g, 51.1 mmol) in THF
(100 mL) at 0 8C. The resulting brown solution was stirred for 45 min at 0 8C


and then cooled to ÿ78 8C. A solution of freshly prepared thiophenyl-
methyl iodide (17.94 g, 71.3 mmol) in THF (30 mL) was added dropwise.
The resulting solution was stirred at ÿ78 8C until the starting material was
consumed (30 ± 45 min) and quenched with saturated aqueous NaHCO3.
The mixture was extracted with MTBE. The organic layer was washed with
saturated aqueous NH4Cl, saturated aqueous NaHCO3, and brine, and dried
over MgSO4. After concentration under reduced pressure, purification by
flash chromatography (PE/EtOAc, 10:1) afforded 14 (16.00 g, 81%) as a
colorless oil (mixture of two diastereomers). 1H NMR (400 MHz, CDCl3):
d� 7.39 ± 7.33 (m, 4 H; Ar), 7.30 ± 7.23 (m, 4H; Ar), 7.19 ± 7.12 (m, 2 H; Ar),
5.50 ± 5.46 (m, 2H; HC�C), 4.70 ± 4.65 (m, 2H; HCO2), 4.08 (dd, J� 9.0,
7.3 Hz, 1H; HC ± O), 4.00 (dd, J� 9.0, 7.5 Hz; HC ± O), 3.95 ± 3.85 (m, 2H;
H2C ± O), 3.56 ± 3.47 (m, 2 H; H2C ± O), 3.37 ± 3.27 (m, 4 H; CH2 ± SPh),
2.65 ± 2.52 (m, 4 H), 2.49 ± 2.36 (m, 3H), 2.26 (ddd, J� 15.6, 9.0, 1.6 Hz, 1H),
2.04 ± 1.79 (m, 6 H), 1.78 ± 1.67 (m, 2H), 1.67 ± 1.48 (m, 8H), 1.33 (s, 3H;
CH3), 1.32 (s, 3H; CH3), 1.18 (s, 6 H; CH3); 13C NMR (100.6 MHz, DEPT,
CDCl3): 213.4 (Cquart), 213.2 (Cquart), 151.1 (Cquart), 150.3 (Cquart), 137.6
(Cquart), 137.6 (Cquart), 130.0 (CH), 128.8 (CH), 126.2 (CH), 126.2 (CH), 122.4
(CH), 121.6 (CH), 99.9 (CH), 97.1 (CH), 86.8 (CH), 84.0 (CH), 62.7 (CH2),
62.3 (CH2), 52.7 (Cquart), 52.7 (Cquart), 46.4 (Cquart), 46.0 (Cquart), 43.1 (CH2),
36.7 (CH2), 35.9 (CH2), 35.7 (CH2), 34.7 (CH2), 33.2 (CH2), 32.6 (CH2), 31.0
(CH2), 28.1 (CH3), 27.9 (CH3), 25.5 (CH2), 25.5 (CH2), 19.8 (CH2), 19.6
(CH2), 17.7 (CH3), 17.6 (CH3); IR (CHCl3): nÄ � 3000, 2940, 2852, 1708, 1480,
1452, 1372, 1340, 1260, 1132, 1076, 1028, 976, 868 cmÿ1; MS (90 8C): m/z
(%)� 387 (28) [M�], 302 (33), 284 (20), 277 (23), 194 (30), 175 (33), 161
(16), 147 (21), 133(29), 123 (100), 105 (30), 85 (99); UV/Vis (CH3CN):
lmax� 256, 209 nm; HRMS: calcd for C23H30O3S 386.1916; found 386.1917.


Thiophenylmethyl iodide : Thiophenylmethyl chloride (15.9 g, 100 mmol)
was dissolved in acetone (140 mL). Dry NaI (18.7 g, 125 mmol) was added
at 25 8C. The mixture was stirred in the dark at 25 8C for 2 h, diluted with
ether, washed with saturated aqueous Na2S2O3 and brine. A small amount
of Cu powder was added to the organic layer while it was dried over
MgSO4. Evaporation of the solvent at temperatures below 30 8C afforded
thiophenylmethyl iodide (25.0 g, 100 mmol) as an extremely noxious
orange liquid. The product was used immediately in the alkylation reaction
described above. 1H NMR (80 MHz, CDCl3): d� 7.55 ± 7.25 (m, 5 H; Ar),
4.58 (s, 2H; I ± CH2 ± SPh).


Hydroxyketone 16 : A mixture of THP ether 14 (15.30 g, 39.6 mmol) and
HCl (16.0 mL, 37 % in water) in EtOH (100 mL) was stirred for 2 h at 25 8C.
The solution was diluted with MTBE, washed with water (2� ) and brine,
and dried over MgSO4. Concentration and purification by flash chroma-
tography (PE/EtOAc, 2:1) afforded hydroxyketone 16 (11.97 g, 100 %) as a
colorless solid. M.p. 44 8C; [a]20


D �ÿ20.38 (c� 1.0 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 7.40 ± 7.33 (m, 2H; Ar), 7.30 ± 7.23 (m, 2H; Ar),
7.20 ± 7.12 (m, 1 H; Ar), 5.47 (dd, J� 3.4, 1.7 Hz, 1H; HC�C), 4.08 (dd, J�
9.1, 7.5 Hz, 1 H; HC ± OH), 3.35 (d, J� 12.3 Hz, 1H; CH2 ± SPh), 3.31 (d,
J� 12.3 Hz, 1H; CH2 ± SPh), 2.63 ± 2.51 (m, 2H), 2.42 (dt, J� 16.9, 5.2 Hz,
1H), 2.31 (ddd, J� 15.3, 9.1, 1.7 Hz, 1 H), 1.96 ± 1.80 (m, 2H), 1.32 (s, 3H;
CH3), 1.16 (s, 3 H; CH3); 13C NMR (100.6 MHz, DEPT, CDCl3): d� 213.0
(Cquart), 150.8 (Cquart), 137.5 (Cquart), 130.0 (CH), 128.8 (CH), 126.3 (CH),
121.9 (CH), 81.3 (CH), 52.7 (Cquart), 46.2 (Cquart), 43.1 (CH2), 37.8 (CH2), 35.8
(CH2), 32.3 (CH2), 27.9 (CH3), 16.9 (CH3); IR (CHCl3): nÄ � 3612, 3060,
2976, 2932, 2868, 1708, 1584, 1480, 1452, 1260, 1124, 1076, 1024 cmÿ1; MS
(100 8C): m/z (%)� 302 (33) [M�], 274 (4), 246 (4), 193 (37), 175 (28), 151
(28), 149 (28), 133 (38), 123 (100), 105 (43), 91 (39); UV/Vis (CH3CN):
lmax� 253, 206 nm; HRMS: calcd for C18H22O2S 302.1341; found 302.1342;
C18H22O2S (302.4): calcd C 71.49, H 7.33; found C 71.10, H 7.45.


Alcohol 17: A solution of 16 (11.63 g, 38.4 mmol), KOH (14.60 g,
260 mmol) and N2H4 (16.0 mL, 85% in water, 270 mmol) in diglycol
(220 mL) was heated to 100 8C for 1 h and then to 200 8C for 4 h. During this
time water was removed by distillation. After cooling down to 25 8C the
mixture was diluted with MTBE and washed with saturated aqueous
NH4Cl, saturated aqueous NaHCO3 and brine, and dried over MgSO4.
After concentration under reduced pressure, purification by flash chroma-
tography (PE/EtOAc, 5:1) afforded 17 (9.64 g, 87%) as a colorless solid.
M.p. 77 8C; [a]20


D �ÿ28.38 (c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3):
d� 7.37 ± 7.32 (m, 2 H; Ar), 7.28 ± 7.23 (m, 2H; Ar), 7.17 ± 7.12 (m, 1 H; Ar),
5.36 (dd, J� 3.3, 1.5 Hz, 1H; HC�C), 3.90 (dd, J� 9.4, 7.5 Hz, 1H; HC ±
OH), 3.21 (d, J� 12.0 Hz, 1H; CH2 ± SPh), 3.06 (d, J� 12.0 Hz, 1 H; CH2 ±
SPh), 2.46 (ddd, J� 15.0, 7.5, 3.5 Hz, 1H), 2.13 (ddd, J� 15.0, 9.5, 1.7 Hz,
1H), 1.84 ± 1.54 (m, 5 H), 1.43 (dt, J� 13.5, 4.0 Hz, 1H), 1.23 (s, 3H; CH3),
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1.07 (s, 3H; CH3); 13C NMR (100.6 MHz, DEPT, CDCl3): d� 153.7 (Cquart),
138.6 (Cquart), 129.1 (CH), 128.8 (CH), 125.6 (CH), 118.0 (CH), 83.7 (CH),
47.6 (CH2), 46.8 (Cquart), 38.7 (CH2), 38.4 (Cquart), 36.8 (CH2), 36.7 (CH2),
26.7 (CH3), 18.7 (CH2), 17.3 (CH3); IR (CHCl3): nÄ � 3612, 3060, 3000, 2932,
2868, 2848, 1580, 1480, 1464, 1376, 1080, 1024 cmÿ1; MS (70 8C): m/z (%)�
288 (48) [M�], 179 (11), 165 (100), 146 (39), 135 (24), 121 (82), 107 (44), 93
(48); UV/Vis (CH3CN): lmax� 255, 206 nm; HRMS: calcd for C18H24OS
288.1548; found 288.1550; C18H24OS (288.5): calcd C 74.95, H 8.39; found C
74.84, H 8.36.


Tosylate 18 : A solution of 17 (11.29 g, 39.1 mmol), 4-N,N-dimethylamino-
pyridine (DMAP, 9.56 g, 78.3 mmol), and p-toluenesulfonylchloride
(11.19 g, 58.7 mmol) in CH2Cl2 (230 mL) was stirred at 25 8C for 16 h.
The mixture was washed with citric acid (2n), saturated aqueous NaHCO3,
and brine, and dried over MgSO4. After concentration under reduced
pressure, purification by flash chromatography (PE/MTBE, 2:1) afforded
18 (17.21 g, 99 %) as a colorless oil. [a]20


D �ÿ23.68 (c� 1.0 in CHCl3); 1H
NMR (400 MHz, CDCl3): d� 7.80 (d, J� 8.2 Hz, 2H; Ar), 7.36 ± 7.29 (m,
4H; Ar), 7.29 ± 7.21 (m, 2H; Ar), 7.18 ± 7.12 (m, 1 H; Ar), 5.29 (t, J� 2.5 Hz,
1H; HC�C), 4.47 (t, J� 8.5 Hz, 1H; HC ± O), 3.17 (d, J� 12.1 Hz, 1H;
CH2 ± SPh), 2.98 (d, J� 12.1 Hz, 1 H; CH2 ± SPh), 2.44 (s, 3H; CH3), 2.33
(dd, J� 8.5, 2.5 Hz, 2H), 1.70 ± 1.45 (m, 4 H), 1.45 ± 1.33 (m, 1H), 1.20 (s,
3H; CH3), 1.12 (s, 3 H; CH3), 0.95 (m, 1 H); 13C NMR (100.6 MHz, DEPT,
CDCl3): d� 152.5 (Cquart), 144.5 (Cquart), 138.3 (Cquart), 134.1 (Cquart), 129.7
(CH), 129.2 (CH), 128.8 (CH), 127.9 (CH), 125.7 (CH), 117.6 (CH), 90.1
(CH), 47.5 (CH2) 46.9 (Cquart), 38.5 (Cquart), 38.1 (CH2), 36.3 (CH2), 34.0
(CH2), 26.7 (CH3), 21.6 (CH3), 18.3 (CH2), 18.1 (CH3); IR (CHCl3): nÄ �
2976, 2936, 2856, 1596, 1580, 1480, 1452, 1400, 1364, 1188, 1176, 972,
872 cmÿ1; MS (100 8C): m/z (%)� 442 (26) [M�], 332 (1), 317 (18), 287 (3),
270 (41), 255 (2), 240 (2), 200 (3), 172 (7), 161 (41), 147 (100), 135 (24), 123
(45), 119 (46), 105 (46), 91 (52); UV/Vis (CH3CN): lmax� 256, 224, 210 nm;
HRMS: calcd for C25H30O3S2 442.1636; found 442.1635.


Cyclopentadiene 19 : A solution of 18 (16.52 g, 37.3 mmol) and KOtBu
(8.38 g, 74.6 mmol) in THF (300 mL) was heated to 65 8C for 3.5 h. The cold
mixture was diluted with MTBE, washed with water and brine, and dried
over MgSO4. Concentration and purification by flash chromatography (PE/
EtOAc, 5:1) afforded 19 (8.29 g, 82 %) as a colorless oil. [a]20


D ��83.98 (c�
1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 7.41 ± 7.36 (m, 2H; Ar),
7.30 ± 7.23 (m, 2H; Ar), 7.18 ± 7.12 (m, 1 H; Ar), 6.25 ± 6.21 (m, 2H; HC�C),
6.05 (t, J� 1.6 Hz, 1 H; HC�C), 3.33 (d, J� 12.0 Hz, 1 H; CH2 ± SPh), 3.20
(d, J� 12 Hz, 1 H; CH2 ± SPh), 2.00 ± 1.93 (m, 1H), 1.91 ± 1.77 (m, 2H),
1.65 ± 1.57 (m, 1 H), 1.31 (s, 3 H; CH3), 1.18 (s, 3H; CH3), 1.08 (dt, J� 13.2,
4.0 Hz, 1 H), 0.89 (dt, J� 13.3, 3.6 Hz, 1H); 13C NMR (100.6 MHz, DEPT,
CDCl3): d� 159.8 (Cquart), 147.1 (CH), 138.6 (Cquart), 129.0 (CH), 128.8
(CH), 126.7 (CH), 125.6 (CH), 121.5 (CH), 53.9 (Cquart), 48.3 (CH2), 40.1
(CH2), 39.9 (Cquart), 36.6 (CH2), 21.8 (CH3), 20.1 (CH3), 19.4 (CH2); IR
(CHCl3): nÄ � 3060, 3000, 2960, 2932, 2868, 1580, 1480, 1436, 1376, 1088,
1024 cmÿ1; MS (25 8C): m/z (%)� 270 (33) [M�], 241 (1), 224 (1), 205 (1),
191 (2), 178 (5), 161 (22), 147 (100), 131 (29), 119 (41), 105 (39), 91 (36), 77
(31); UV/Vis (CH3CN): lmax� 256, 208 nm; HRMS: calcd for C18H22S
270.1442; found 270.1440.


Sulfoxides 20 : A solution of NaIO4 (9.06 g, 42.4 mmol) in water (75 mL)
was added to a solution of 19 (8.81 g, 32.6 mmol) in MeOH (450 mL) at
0 8C. The mixture was stirred at 0 8C for 30 min and at 25 8C for 16 h. The
reaction was quenched by dilution with water, followed by extraction (3� )
with MTBE. The combined organic layers were washed with water and
brine, and dried over MgSO4. Concentration and purification by flash
chromatography (PE/EtOAc, 2:1) afforded 20 (9.33 g, 100 %) as a colorless
oil (mixture of two diastereomers). 1H NMR (400 MHz, CDCl3): d� 7.72 ±
7.65 (m, 4H; Ar), 7.58 ± 7.47 (m, 6H; Ar), 6.26 ± 6.22 (m, 2 H; HC�C), 6.21 ±
6.17 (m, 2 H; HC�C), 5.88 (t, J� 1.5 Hz, 1H; HC�C), 5.85 (t, J� 1.5 Hz,
1H; HC�C), 3.28 (d, J� 13.5 Hz, 1H; CH2 ± SOPh), 3.12 (d, J� 13.5 Hz,
1H; CH2 ± SOPh), 3.04 (d, J� 13.5 Hz, 1H; CH2 ± SOPh), 2.97 (d, J�
13.5 Hz, 1 H; CH2 ± SOPh), 2.19 ± 2.06 (m, 2 H), 2.05 ± 1.81 (m, 4 H), 1.77 ±
1.62 (m, 2H), 1.57 (s, 3H; CH3), 1.51 (s, 3H; CH3), 1.23 (s, 3H; CH3), 1.22 (s,
3H; CH3), 1.35 ± 1.10 (m, 2H), 1.00 ± 0.80 (m, 2 H); 13C NMR (100.6 MHz,
DEPT, CDCl3): d� 159.1 (Cquart), 159.0 (Cquart), 147.6 (CH), 147.4 (CH),
145.9 (Cquart), 145.9 (Cquart), 130.7 (CH), 129.3 (CH), 129.3 (CH), 126.5
(CH), 126.4 (CH), 124.0 (CH), 123.9 (CH), 121.8 (CH), 121.4 (CH), 74.2
(CH2), 74.0 (CH2), 53.9 (Cquart), 53.9 (Cquart), 40.7 (CH2), 40.3 (CH2), 39.4
(Cquart), 39.3 (Cquart), 36.6 (CH2), 36.3 (CH2), 22.7 (CH3), 22.2 (CH3), 20.3
(CH3), 20.1 (CH3), 19.2 (CH2), 19.1 (CH2); IR (CHCl3): nÄ � 3064, 3000,


2932, 2868, 1596, 1444, 1376, 1088, 1032 cmÿ1; MS (25 8C): m/z (%)� 286
(9) [M�], 270 (40), 234 (1), 220 (2), 200 (2), 175 (4), 161 (93), 147 (79), 131
(46), 119 (69), 105 (100), 91 (61); UV/Vis (CH3CN): lmax� 253, 208 nm;
HRMS: calcd for C18H22OS 286.1391; found 286.1392.


Acetoxy sulfides 21: A solution of 20 (9.08 g, 31.7 mmol) in acetic
anhydride (200 mL) was heated to 100 8C for 62 h. Then the acetic
anhydride was removed under reduced pressure. Water was added to the
residue. The mixture was allowed to stand for 2 h. Then it was extracted
with MTBE (3� ). The combined organic layers were washed with water,
saturated aqueous NaHCO3, and brine, and dried over MgSO4. Concen-
tration and purification by flash chromatography (PE/EtOAc, 10:1)
afforded 21 (9.24 g, 89 %) as a colorless oil (mixture of two diastereomers).
1H NMR (400 MHz, CDCl3): d� 7.63 ± 7.58 (m, 2 H; Ar), 7.56 ± 7.52 (m, 2H;
Ar), 7.34 ± 7.26 (m, 6H; Ar), 6.39 (br s, 1 H; HC(SPh)OAc), 6.35 (br s, 1H;
HC(SPh)OAc), 6.27 ± 6.18 (m, 6 H; HC�C), 2.04 (s, 3 H; CH3), 2.01 (s, 3H;
CH3), 1.99 ± 1.76 (m, 5H), 1.68 ± 1.58 (m, 3 H), 1.39 (s, 3H; CH3), 1.34 (s, 3H;
CH3), 1.19 (s, 6 H; CH3), 1.10 ± 0.78 (m, 4H); 13C NMR (100.6 MHz, DEPT,
CDCl3): d� 170.0 (Cquart), 170.0 (Cquart), 155.9 (Cquart), 155.0 (Cquart), 147.1
(CH), 147.1 (CH), 133.9 (Cquart), 133.8 (Cquart), 133.7 (CH), 132.8 (CH), 129.0
(CH), 129.0 (CH), 128.0 (CH), 127.9 (CH), 126.8 (CH), 123.5 (CH), 122.2
(CH), 90.8 (CH), 89.6 (CH), 54.3 (Cquart), 54.1 (Cquart), 45.4 (Cquart), 44.9
(Cquart), 38.0 (CH2), 37.2 (CH2), 36.8 (CH2), 36.1 (CH2), 27.0 (CH3), 21.3
(CH3), 21.0 (CH3), 20.3 (CH3), 19.9 (CH3), 19.0 (CH2), 19.0 (CH2); IR
(CHCl3): nÄ � 3064, 3000, 2976, 2936, 2868, 2340, 1740, 1584, 1464, 1440,
1372, 1236, 1016 cmÿ1; MS (25 8C): m/z (%)� 328 (17) [M�], 303 (2), 268
(34), 253 (4), 219 (10), 190 (28), 181 (34), 177 (28), 159 (39), 147 (100), 131
(30), 120 (36), 105 (37), 91 (36); UV/Vis (CH3CN): lmax� 254, 215 nm;
HRMS: calcd for C20H24O2S 328.1497; found 328.1502.


Alcohol 11: A solution of 21 (8.79 g, 26.8 mmol) and KOH (3.00 g,
53.5 mmol) in MeOH (200 mL) was stirred at 25 8C for 3 h. After cooling to
0 8C NaBH4 (1.62 g, 42.8 mmol) was added and the mixture was stirred at
0 8C for 30 min. After acetone (70 mL) was added, the mixture was allowed
to reach 25 8C. The solution was diluted with MTBE, extracted with water
and brine, and dried over MgSO4. Concentration and purification by flash
chromatography (PE/EtOAc, 5:1) afforded 11 (4.77 g, 99%) as a colorless
solid. M.p. 36 8C; [a]20


D ��72.88 (c� 1.0 in CHCl3); 1H NMR (400 MHz,
CDCl3): d� 6.23 (d, J� 1.8 Hz, 1 H; HC�C), 6.23 (d, J� 1.5 Hz, 1H;
HC�C), 5.94 (br t, J� 1.5 Hz, 1H; HC�C), 3.68 (d, J� 10.7 Hz, 1H;
CH2OH), 3.62 (d, J� 10.7 Hz, 1 H; CH2OH), 2.00 ± 1.92 (m, 1H), 1.86 (tq,
J� 13.8, 3.5 Hz, 1 H), 1.67 ± 1.59 (m, 2H), 1.58 ± 1.51 (m, 1 H), 1.18 (s, 3H;
CH3), 1.17 (s, 3 H; CH3), 1.14 (dt, J� 13.0, 4.2 Hz, 1H), 0.91 (dt, J� 13.3,
3.7 Hz, 1H); 13C NMR (100.6 MHz, DEPT, CDCl3): d� 158.8 (Cquart), 147.1
(CH), 126.8 (CH), 120.3 (CH), 72.2 (CH2), 53.9 (Cquart), 40.5 (Cquart), 36.5
(CH2), 36.3 (CH2), 20.3 (CH3), 20.2 (CH3), 18.8 (CH2); IR (CHCl3): nÄ �
3628, 3000, 2932, 2868, 1464, 1396, 1372, 1236, 1032, 1012 cmÿ1; MS (25 8C):
m/z (%)� 178 (32) [M�], 163 (9), 147 (100), 145 (28), 131 (30), 119 (51), 105
(46), 91 (44), 83 (17), 76 (34); UV/Vis (CH3CN): lmax� 254 nm; HRMS:
calcd for C12H18O 178.1358; found 178.1358; C12H18O (178.1): calcd C 80.85,
H 10.18; found C 80.85, H 10.09.


Vinylsulfonic ester 23 : A solution of iPr2NEt (3.87 g, 30.0 mmol) in CH2Cl2


(25 mL) was added to a solution of 11 (4.48 g, 25.1 mmol) and ethenesul-
fonyl chloride (3.98 g, 31.4 mmol) in CH2Cl2 (100 mL) at ÿ15 8C over a
period of 30 min. The solution was stirred at ÿ15 8C for 1 h. The reaction
was stopped by quenching with citric acid (2n, 100 mL). The mixture was
extracted with MTBE (3� ) and the combined organic layers were washed
with water, saturated aqueous NaHCO3, and brine, and dried over MgSO4.
Concentration and purification by flash chromatography (PE/EtOAc, 5:1)
afforded 23 (5.47 g, 81%) as a colorless solid. M.p. 46 8C; [a]20


D ��63.68
(c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 6.58 (dd, J� 16.6,
9.9 Hz, 1H; HC�C), 6.45 (d, J� 16.6 Hz, 1 H; HC�C), 6.23 (dd, J� 5.2,
1.5 Hz, 1 H; HC�C), 6.21 (dd, J� 5.2, 2.0 Hz, 1 H; HC�C), 6.16 (d, J�
9.9 Hz, 1H; HC�C), 5.90 (br t, J� 1.5 Hz, 1H; HC�C), 4.21 (d, J� 9.0 Hz,
1H; CH2 ± O), 4.05 (d, J� 9.0 Hz, 1 H; CH2 ± O), 2.10 ± 1.94 (m, 1H), 1.91 ±
1.77 (m, 1H), 1.74 ± 1.59 (m, 2 H), 1.25 (s, 3H; CH3), 1.17 (s, 3 H; CH3), 1.01
(dt, J� 13.5, 4.5 Hz, 1 H), 0.89 (dt, J� 13.0, 3.5 Hz, 1 H); 13C NMR
(100.6 MHz, DEPT, CDCl3): d� 156.2 (Cquart), 147.2 (CH), 132.4 (CH),
130.2 (CH2), 126.8 (CH), 120.9 (CH), 78.8 (CH2), 53.8 (Cquart), 39.0 (Cquart),
36.9 (CH2), 36.3 (CH2), 20.0 (CH3), 19.8 (CH3), 18.7 (CH2); IR (CHCl3):
nÄ � 3064, 3000, 2936, 2868, 2848, 1720, 1464, 1364, 1172, 964, 848 cmÿ1; MS
(25 8C): m/z (%)� 268 (28) [M�], 220 (1), 207 (2), 191 (2), 177 (3), 160 (28),
147 (100), 131 (32), 119 (37), 105 (38), 91 (11); UV/Vis (CH3CN): lmax�
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254, 204 nm; HRMS: calcd for C14H20O3S 268.1133; found 268.1128;
C14H20O3S (268.4): calcd C 62.66, H 7.51; found C 62.55, H 7.50.


Sultone 24 : A solution of 23 (4.85 g, 18.1 mmol) in toluene (1000 mL) was
heated under reflux to 111 8C for 22 h. Evaporation of the solvent afforded
crude 24 (4.85 g, 100 %) as a purple solid which was pure enough for the
next reaction. For elemental analysis the crude product was washed with
cold MTBE. Sultone 24 (4.80 g, 99%) was isolated as a colorless solid. M.p.
229 8C; [a]20


D ��76.38 (c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d�
6.35 (dd, J� 5.9, 3.3 Hz, 1H; HC�C), 6.10 (d, J� 5.9 Hz, 1 H; HC�C), 4.38
(d, J� 12.0 Hz, 1 H; CH2 ± O), 4.07 (dd, J� 9.4, 5.7 Hz, 1H; HC ± SO2), 3.85
(d, J� 12.0 Hz, 1 H; CH2 ± O), 2.57 (t, J� 3.5 Hz, 1 H), 2.30 (ddd, J� 12.6,
9.5, 3.5 Hz, 1H), 2.17 (dt, J� 14.0, 5.7 Hz, 1H), 1.86 ± 1.67 (m, 2H), 1.46 ±
1.36 (m, 2H), 1.33 ± 1.24 (m, 2 H), 1.09 (s, 3 H; CH3), 0.99 (s, 3H; CH3); 13C
NMR (100.6 MHz, DEPT, CDCl3): d� 137.7 (CH), 130.2 (CH), 79.3 (CH2),
61.7 (Cquart), 58.7 (Cquart), 57.2 (CH), 52.4 (CH), 34.0 (Cquart), 28.2 (CH2), 28.1
(CH2), 26.0 (CH2), 19.2 (CH3), 18.0 (CH3), 17.3 (CH2); IR (CHCl3): nÄ �
3000, 2972, 2944, 2880, 1456, 1356, 1312, 1264, 1176, 968, 912, 824 cmÿ1; MS
(90 8C): m/z (%)� 268 (1) [M�], 203 (11), 185 (4), 173 (8), 157 (13), 147
(76), 131 (70), 118 (49), 105 (100), 91 (60); HRMS: calcd for C14H20O3S
268.1133; found 268.1132; C14H20O3S (268.37): calcd C 62.66, H 7.51; found
C 62.61, H 7.47.


Sultone 25 : Pd/C (1.50 g, 0.15 g Pd) was added to a solution of 24 (3.85 g,
14.2 mmol) in THF (210 mL). The mixture was stirred under 1 atm of H2 at
25 8C for 48 h. Filtration, concentration, and purification by flash chroma-
tography (PE/Et2O, 7:3) afforded 25 (3.80 g, 99%) as a colorless solid.
Crystals acceptable for X-ray crystal structure analysis were obtained by
slow evaporation of the solvent (PE/Et2O, 7:3). M.p. 238 8C; [a]20


D ��31.98
(c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 4.24 (d, J� 11.8 Hz,
1H; CH2 ± O), 4.01 (ddd, J� 10.0, 7.4, 2.5 Hz, 1H; HC ± SO2), 3.74 (d, J�
11.8 Hz, 1H; CH2 ± O), 2.65 (dddd, J� 13.5, 9.5, 4.0, 1.0 Hz, 1H), 2.19 ± 2.07
(m, 2 H), 1.89 ± 1.48 (m, 7 H), 1.36 ± 1.28 (m, 2H), 1.22 (ddd, J� 14.8, 5.0,
2.3 Hz, 1H), 1.12 (s, 3 H; CH3), 0.97 (s, 3H; CH3); 13C NMR (100.6 MHz,
DEPT, CDCl3): d� 78.9 (CH2), 57.5 (CH), 52.9 (Cquart), 49.0 (Cquart), 45.3
(CH), 36.0 (Cquart), 28.9 (CH2), 28.6 (CH2), 27.6 (CH2), 26.3 (CH2), 19.4
(CH2), 18.9 (CH3), 17.9 (CH2), 17.1 (CH3); IR (CHCl3): nÄ � 2944, 2884, 1464,
1388, 1356, 1316, 1176, 964 cmÿ1; MS (110 8C): m/z (%)� 270 (4) [M�], 255
(17), 241 (3), 223 (2), 205 (17), 189 (15), 176 (25), 161 (100), 147 (68), 133
(71), 119 (55), 105 (93), 91 (99); HRMS: calcd for C14H22O3S 270.1290;
found 270.1292; C14H22O3S (270.4): calcd C 62.19, H 8.20; found C 62.16, H
8.18.


Hydroxyketone 5 : sBuLi (32 mL, 1.3m in hexane, 44.8 mmol) was added
dropwise to a solution of 25 (1.08 g, 4.0 mmol) in THF (56.0 mL) and
HMPA (8.0 mL) at ÿ78 8C. The mixture was stirred at ÿ78 8C for 30 min.
Then dry oxygen was bubbled through the solution at ÿ78 8C for 3 h. The
cooling bath was removed and after reaching 25 8C the mixture was diluted
with MTBE, washed with saturated aqueous NH4Cl (2� ), saturated
aqueous NaHCO3 (2� ), and dried over MgSO4. Concentration and
purification by fast flash chromatography (PE/EtOAc, 2:1) afforded 5
(649 mg, 73 %) as a colorless solid. M.p. 172 8C; [a]20


D �ÿ18.28 (c� 1.0 in
CHCl3); 1H NMR (400 MHz, CDCl3): d� 3.71 (d, J� 11.6 Hz, 1 H; CH2 ±
OH), 3.57 (d, J� 11.6 Hz, 1H; CH2 ± OH), 2.50 ± 2.42 (m, 1 H), 2.06 ± 1.88
(m, 3 H), 1.83 (d, J� 18.5 Hz, 1H), 1.73 ± 1.53 (m, 3H), 1.52 ± 1.40 (m, 1H),
1.46 ± 1.33 (m, 2H), 1.30 ± 1.21 (m, 2 H), 1.14 (s, 3 H; CH3), 0.93 (s, 3H;
CH3); 13C NMR (100.6 MHz, DEPT, CDCl3): d� 223.1 (Cquart), 70.4 (CH2),
64.2 (Cquart), 49.2 (Cquart), 43.3 (CH2), 42.6 (CH), 38.4 (Cquart), 31.3 (CH2),
30.7 (CH2), 27.5 (CH2), 22.7 (CH2), 21.4 (CH3), 19.8 (CH3), 18.3 (CH2); IR
(CHCl3): nÄ � 3628, 3396, 2996, 2944, 2872, 1720, 1452, 1384, 1236, 1068,
1024 cmÿ1; MS (25 8C): m/z (%)� 222 (2) [M�], 192 (100), 177 (15), 163
(86), 147 (56), 133 (9), 121 (11), 107 (28), 93 (26), 79 (23); HRMS: calcd for
C14H22O2 222.1620; found 222.1624; C14H22O2 (222.3): calcd C 75.63, H 9.97;
found C 75.57 H 9.92.


Tosylhydrazone 32 : A mixture of 5 (1.27 g, 5.71 mmol), TsNHNH2 (1.08 g,
5.80 mmol), p-toluenesulfonic acid, molecular sieves (3 �, 2.0 g) and EtOH
(50 mL) was heated under reflux at 78 8C for 3 h. The mixture was filtered
after dilution with MTBE. The resulting solution was washed with water,
saturated aqueous NaHCO3 (3� ), and brine, and dried over MgSO4. After
evaporation of the solvent, the crude product was usually used in the next
step without further purification. For elemental analysis purification by
flash chromatography (PE/EtOAc, 2:1) afforded 32 (2.18 g, 98 %) as a
colorless solid. M.p. 141 8C; [a]20


D �ÿ3.88 (c� 1.0 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 7.93 ± 7.89 (m, 2H; Ar), 7.40 ± 7.36 (m, 2 H; Ar), 3.63


(d, J� 12.0 Hz, 1 H; CH2 ± OH), 3.49 (d, J� 12.0 Hz, 1 H; CH2 ± OH), 2.47
(s, 3H; CH3), 2.39 ± 2.30 (m, 1 H), 1.95 ± 1.76 (m, 4 H), 1.69 ± 1.55 (m, 1H),
1.45 ± 1.24 (m, 4H), 1.20 ± 1.13 (m, 1H), 1.12 ± 0.87 (m, 2H), 1.08 (s, 3H;
CH3), 0.98 (s, 3 H; CH3); 13C NMR (100.6 MHz, DEPT, CDCl3): d� 172.8
(Cquart), 144.3 (Cquart), 135.3 (Cquart), 129.8 (CH), 127.9 (CH), 71.0 (CH2), 59.6
(Cquart), 50.3 (Cquart), 43.6 (CH), 38.9 (Cquart), 33.5 (CH2), 30.3 (CH2), 30.1
(CH2), 27.7 (CH2), 25.4 (CH2), 21.6 (CH3), 21.2 (CH3), 21.1 (CH3), 18.3
(CH2); IR (CHCl3): nÄ � 3292, 3216, 2948, 2868, 1656, 1596, 1388, 1340, 1164,
1092, 1072 cmÿ1; MS (180 8C): m/z (%)� 390 (1) [M�], 361 (10), 331 (4), 235
(17), 220 (32), 205 (76), 190 (8), 175 (47), 161 (15), 147 (25), 133 (26), 119
(29), 105 (48), 91 (100); HRMS: calcd for C21H30N2O3S 390.1977; found
390.1994; C21H30N2O3S (390.5): calcd C 64.58, H 7.74; found C 64.50, H 7.72.


Olefin 33 : nBuLi (15.6 mL, 1.6m in hexane, 25 mmol) was added to a
solution of 32 (2.00 g, 5.12 mmol) in THF (150 mL) at 25 8C. The solution
was immediately heated up to 75 8C and stirred continually at this
temperature for 50 min. After cooling of the solution to 30 8C, saturated
aqueous NH4Cl (20 mL) was added. The mixture was diluted with MTBE,
washed with saturated aqueous NH4Cl and brine, and dried over MgSO4.
Concentration and purification by flash chromatography (PE/EtOAc, 5:1)
afforded 33 (950 mg, 90%) as a colorless solid. M.p. 72 8C; [a]20


D ��2.68
(c� 1.0 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 5.97 (d, J� 5.9 Hz,
1H; HC�CH), 5.87 (1H, dd, J� 5.9, 3.1 Hz, HC�CH), 3.67 (d, J� 10.8 Hz,
1H; CH2 ± OH), 3.44 (d, J� 10.8 Hz, 1H; CH2 ± OH), 2.23 (br t, J� 3.0 Hz,
1H), 1.91 ± 1.75 (m, 3H), 1.54 (tq, J� 13.5, 4.0 Hz, 1H), 1.46 ± 1.39 (m, 1H),
1.34 ± 1.28 (m, 1H), 1.22 (dt, J� 13.3, 4.2 Hz, 1 H), 1.04 (s, 3H; CH3), 1.20 ±
0.89 (m, 3 H), 0.95 (s, 3 H; CH3); 13C NMR (100.6 MHz, DEPT, CDCl3): d�
136.0 (CH), 133.8 (CH), 72.4 (CH), 57.9 (Cquart), 56.9 (Cquart), 52.7 (CH), 37.8
(Cquart), 33.1 (CH2), 29.5 (CH2), 25.4 (CH2), 24.0 (CH2), 21.1 (CH3), 18.4
(CH2), 17.0 (CH3); IR (CHCl3): nÄ � 3628, 3064, 2956, 2868, 1448, 1368, 1206,
1172, 1060, 1024, 924 cmÿ1; MS (25 8C): m/z (%)� 206 (3) [M�], 188 (1), 175
(13), 159 (3), 147 (100), 131 (9), 119 (19), 105 (27), 91 (25); HRMS: calcd for
C14H22O 206.1671; found 206.1662; C14H22O (206.3): calcd C 81.50, H 10.75;
found C 81.55, H 10.54.


TIPS ether 34 : iPr3OTf (919 mg, 3.00 mmol) was added to a solution of 33
(582 mg, 2.82 mmol) and NEt3 (508 mg, 5.02 mmol) in CH2Cl2 (10 mL) at
ÿ78 8C. The mixture was stirred at ÿ78 8C for 3 h. The reaction was
quenched by dilution with MTBE and washing with citric acid (2n),
saturated aqueous NaHCO3 and brine. After drying the organic layer over
MgSO4, concentration and purification by flash chromatography (PE)
afforded 34 (1.01 g, 99 %) as a colorless oil. [a]20


D �ÿ5.88 (c� 1.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d� 6.00 (d, J� 5.9 Hz, 1 H; HC�CH), 5.83
(dd, J� 5.9, 3.1 Hz, 1H; HC�CH), 3.67 (d, J� 9.4 Hz, 1H; CH2 ± O), 3.46
(d, J� 9.4 Hz, 1H; CH2 ± O), 2.19 (br t, J� 3.0 Hz, 1 H), 1.87 ± 1.71 (m, 3H),
1.53 (tq, J� 13.6, 3.8 Hz, 1H), 1.44 ± 1.35 (m, 1H), 1.34 ± 1.15 (m, 2H),
1.15 ± 1.04 (m, 24 H), 1.01 (s, 3H; CH3), 0.93 (s, 3H; CH3); 13C NMR
(100.6 MHz, DEPT, CDCl3): d� 136.7 (CH), 133.3 (CH), 72.4 (CH2), 58.1
(Cquart), 56.8 (Cquart), 52.9 (CH), 38.3 (Cquart), 33.4 (CH2), 29.7 (CH2), 25.4
(CH2), 24.0 (CH2), 21.2 (CH3), 18.6 (CH2), 18.2 (CH3), 18.1 (CH3), 17.5
(CH3), 12.0 (CH); IR (CHCl3): nÄ � 3060, 2944, 2864, 1460, 1380, 1112, 1088,
1012, 996 cmÿ1; MS (25 8C): m/z (%)� 363 (2) [M�], 334 (4), 319 (76), 291
(9), 277 (12), 249 (4), 237 (5), 223 (7), 209 (5), 187 (16), 171 (15), 159 (10),
145 (26), 131 (100), 117 (10), 103 (43), 91 (21); HRMS: calcd for C23H42OSi
362.3005; found 362.2994.


Alcohols 36 : BH3 ´ THF (1.0 mL, 1.0m in THF, 1.0 mmol) was added
dropwise to a solution of 34 (60 mg, 0.17 mmol) in THF (4.0 mL) at 0 8C.
The resulting solution was stirred at 0 8C for 27 h. After complete
conversion, EtOH (3.0 mL) was added and the cooling bath was removed.
At 25 8C, aqueous NaOH (3.0 mL, 3m) was added and the mixture was
stirred for 15 min at the same temperature. Then the flask was cooled again
to 0 8C and H2O2 (8.0 mL, 35% in H2O) was added slowly. Now the mixture
was stirred at 0 8C for 10 min, at 25 8C for 1.5 h and at 60 ± 70 8C for 1 h.
After cooling, the mixture was diluted with MTBE and washed with water
(3� ), saturated aqueous NaS2O3, saturated aqueous NaHCO3, and brine,
and dried over MgSO4. Concentration and purification by flash chroma-
tography (PE/EtOAc, 5:1) afforded 36 (34 mg, 53 %) as a colorless oil
(mixture of two diastereomers, which could be separated for spectroscopic
characterization by flash chromatography (PE/EtOAc, 10:1)). Major
diastereomer: 1H NMR (400 MHz, CDCl3): d� 3.78 (dd, J� 8.2, 3.0 Hz,
1H; CH ± OH), 3.47 (d, J� 9.5 Hz, 1 H; CH2 ± O), 3.22 (d, J� 9.5 Hz, 1H;
CH2 ± O), 2.28 (ddd, J� 13.0, 13.0, 4.2 Hz, 1 H), 2.08 ± 1.93 (m, 1 H), 1.84 ±
0.85 (m, 14H), 1.06 (s, 21H), 1.00 (s, 3H); IR (CHCl3): nÄ � 3612, 2944, 2864,
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1464, 1380, 1244, 1188, 1112, 1092, 1068, 1024, 880 cmÿ1; MS (50 8C): m/z
(%)� 380 (3) [M�], 337 (27), 319 (8), 292 (2), 263 (1), 189 (46), 175 (11), 161
(16), 149 (100), 131 (48), 119 (92), 109 (26), 95 (39); HRMS: calcd for
C23H44O2Si 380.3111; found 380.3109. Minor diastereomer: 1H NMR
(400 MHz, CDCl3): d� 4.47 ± 4.34 (m, 1H; CH ± OH), 3.42 (d, J� 9.0 Hz,
1H; CH2 ± O), 3.20 (d, J� 9.0 Hz, 1 H; CH2 ± O), 2.46 (ddd, J� 13.8, 10.4,
3.8 Hz, 1H), 2.01 ± 0.85 (m, 12 H), 1.05 (s, 24H), 1.01 (s, 3 H); IR (CHCl3):
nÄ � 3612, 2944, 2864, 1464, 1380, 1240, 1096, 1072, 1016, 880 cmÿ1; MS
(110 8C): m/z (%)� 379 (1) [M�ÿ 1], 337 (100) [M�ÿ iPr], 318 (3), 293 (2),
239 (8), 225 (3), 199 (3), 189 (30), 175 (11), 161 (13), 148 (74), 131 (86), 119
(92), 109 (53), 95 (71), 81 (48); HRMS: calcd for C20H37O2Si (M�ÿ iPr)
337.2563; found 337.2561.


Ketone 40 : DMSO (181 mg, 2.32 mmol) was added to a solution of (COCl)2


(147 mg, 1.16 mmol) in CH2Cl2 (5.0 mL) atÿ60 8C. The mixture was stirred
at the same temperature for 20 min. Then a solution of 36 (294 mg,
0.77 mmol) in CH2Cl2 (2.0 mL) was added at ÿ60 8C. Stirring was
continued at ÿ60 8C for 30 min before Et3N (0.6 mL, 4.3 mmol) was added
at the same temperature. After 15 min at ÿ60 8C the cooling bath was
removed. At 25 8C water (3.0 mL) was added and 10 min later MTBE. The
layers were separated and the organic layer was washed twice with citric
acid (2n), with saturated aqueous NaHCO3, and with brine, and dried over
MgSO4. Concentration and purification by flash chromatography (PE/
EtOAc, 10:1) afforded 40 (272 mg, 93%) as a colorless solid. M.p. 43 8C;
[a]20


D ��8.68 (c� 0.67 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 3.43 (d,
J� 9.4 Hz, 1H; CH2 ± O), 3.32 (d, J� 9.4 Hz, 1H; CH2 ± O), 2.49 (dd, J�
18.4, 3.2 Hz, 1H), 2.10 ± 1.93 (m, 3 H), 1.83 (d, J� 18.4 Hz, 1H), 1.80 ± 1.53
(m, 3H), 1.52 ± 1.19 (m, 5 H), 1.11 (s, 3H; CH3), 1.09 (s, 3H; CH3), 1.07 ± 1.03
(m, 21 H); 13C NMR (100.6 MHz, DEPT, CDCl3): d� 217.2 (Cquart), 72.6
(CH2), 61.5 (CH), 51.3 (Cquart), 47.1 (Cquart), 45,7 (CH2), 39.1 (Cquart), 30.8
(CH2), 30.4 (CH2), 28.4 (CH2), 22.9 (CH2), 18.8 (CH3), 18.3 (CH3), 18.1
(CH3), 18.1 (CH3), 18.1 (CH2), 11.9 (CH); IR (CHCl3): nÄ � 2944, 2892, 2864,
1736, 1464, 1380, 1196, 1000, 1044, 880, 816 cmÿ1; MS (70 8C): m/z (%)�
378 (5) [M�], 335 (100), 306 (2), 291 (2), 279 (2), 265 (2), 227 (3), 213 (13),
201 (3), 187 (47), 173 (5), 159 (8), 145 (28), 131 (26), 119 (11), 103 (27);
HRMS: calcd for C23H42O2Si 378.2954; found 378.2957; C23H42O2Si (378.7):
calcd C 72.95, H 11.18; found C 72.96, H 11.04.


Olefin 41: A solution of 40 (221 mg, 0.58 mmol), Ph3PCH3Br (1.45 g,
4.06 mmol) and KOtBu (328 mg, 2.92 mmol) in benzene (10 mL) was
stirred at 25 8C for 44 h. After dilution with MTBE the mixture was washed
with citric acid (2n), saturated aqueous NaHCO3, and brine, and dried over
MgSO4. Concentration and purification by flash chromatography (PE)
afforded 41 (191 mg, 87%) as a colorless oil. [a]20


D �ÿ25.48 (c� 1.1 in
CHCl3); 1H NMR (400 MHz, CDCl3): d� 4.72 (dd, J� 3.7, 2.3 Hz, 1H;
H2C�C), 4.53 (dd, J� 3.7, 1.8 Hz, 1H; H2C�C), 3.46 (d, J� 9.3 Hz, 1H;
CH2 ± O), 3.23 (d, J� 9.3 Hz, 1H; CH2 ± O), 2.58 ± 2.50 (m, 1 H), 2.05 (d,
J� 4.2 Hz, 1 H), 1.98 ± 1.77 (m, 3 H), 1.72 ± 1.58 (m, 1H), 1.55 ± 1.45 (m, 1H),
1.45 ± 1.16 (m, 6H), 1.07 (s, 21H), 1.06 (s, 3 H; CH3), 1.02 (s, 3H; CH3); 13C
NMR (100.6 MHz, DEPT, CDCl3): d� 154.8 (Cquart), 101.3 (CH2), 72.4
(CH2), 57.0 (CH), 51.3 (Cquart), 47.4 (Cquart), 39.6 (CH2), 39.1 (Cquart.), 31.0
(CH2), 30.0 (CH2), 29.3 (CH2), 28.0 (CH2), 19.3 (CH3), 18.4 (CH2), 18.1
(CH3), 18.1 (CH3), 17.9 (CH3), 11.9 (CH); IR (CHCl3): nÄ � 2994, 2864, 1660,
1616, 1608, 1464, 1380, 1096, 1012, 996, 880 cmÿ1; MS (70 8C): m/z (%)�
376 (10) [M�], 347 (10), 332 (100), 304 (10), 289 (9), 240 (10), 201 (16), 189
(11), 175 (9), 161 (13), 145 (21), 131 (82), 119 (22), 103 (53), 91 (23); HRMS:
calcd for C24H44OSi 376.3161; found 376.3163.


(ÿ)-Myltaylenol (1): A solution of 41 (120 mg, 0.32 mmol) and TBAF
(201 mg, 0.64 mmol) in THF (6.0 mL) was stirred at 25 8C for 18 h. MTBE
was added and the mixture was washed with water, saturated aqueous
NaHCO3, and brine, and dried over MgSO4. Concentration and purifica-
tion by flash chromatography (PE/EtOAc, 5:1) afforded 1 (69 mg, 98%) as
a colorless solid. M.p. 64 8C; [a]20


D �ÿ59.08 (c� 1.0 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 4.75 ± 4.72 (m, 1H; H2C�C), 4.56 ± 4.53 (m, 1H;
H2C�C), 3.45 (d, J� 10.7 Hz, 1 H; CH2 ± OH), 3.23 (d, J� 10.7 Hz, 1H;
CH2 ± OH), 2.59 ± 2.51 (m, 1 H), 2.08 (d, J� 4.2 Hz, 1 H), 2.02 ± 1.92 (m,
1H), 1.90 ± 1.78 (m, 2H), 1.74 ± 1.59 (m, 1H), 1.56 ± 1.48 (m, 1H), 1.44 ± 1.18


(m, 7 H), 1.06 (s, 3H; CH3), 1.02 (s, 3 H; CH3); 13C NMR (100.6 MHz,
DEPT, CDCl3): d� 154.1 (Cquart), 101.7 (CH2), 72.3 (CH2), 56.8 (CH), 51.1
(Cquart), 47.4 (Cquart), 39.5 (CH2), 38.6 (Cquart), 30.8 (CH2), 29.9 (CH2), 29.2
(CH2), 27.9 (CH2), 19.2 (CH3), 18.2 (CH2), 17.4 (CH3); IR (CHCl3): nÄ �
3628, 3068, 2956, 2932, 2872, 1772, 1660, 1468, 1380, 1340, 1296, 1236, 1164,
1060, 1028, 992, 876 cmÿ1; MS (25 8C): m/z (%)� 220 (15) [M�], 205 (4), 189
(56), 174 (10), 165 (66), 152 (27), 147 (27), 133 (40), 119 (57), 107 (68), 93
(94), 86 (15); HRMS: calcd for C15H24O 220.1827; found 220.1826; C15H24O
(220.4): calcd C 81.76, H 10.98; found C 81.60, H 10.86.
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Stabilization of DNA Triple Helices by Crescent-Shaped
Dibenzophenanthrolines


Olivier Baudoin, Christophe Marchand, Marie-Paule Teulade-Fichou, Jean-Pierre
Vigneron, Jian-Sheng Sun, TheÂreÁse Garestier, Claude HeÂleÁne,* and Jean-Marie Lehn*


Abstract: Mono- and disubstituted crescent-shaped dibenzophenanthrolines have
been prepared and their ability to stabilize synthetic DNA triple helices has been
investigated. Thermal denaturation experiments were conducted on two triplexes of
different sequences in the presence of the various compounds. For both targets, the
monosubstituted derivatives (4 a,b) induced a large and specific increase of the
temperature of the triplex-to-duplex transition compared with the duplex-to-single
strand transition (DT3!2


m ÿDT2!1
m up to �32 8C), and appeared to be more efficient


than their disubstituted analogues. Therefore compounds 4 a and 4 b seem to be
better triplex-specific ligands than the previously reported benzopyridoindole (BPI)
derivatives.


Keywords: dibenzo[b,j]phenanthro-
lines ´ DNA triplex stabilization ´
DNA structures ´ N ligands ´
oligonucleotides


Introduction


Oligonucleotide-directed triple-helix formation has raised
considerable interest as a result of its potential biological and
therapeutic applications[1, 2] (for reviews see refs. [3, 4]).
However, in many cases triplexes are thermodynamically less
stable than corresponding duplexes. Therefore, the use of
triplex-specific ligands should be of benefit to stabilize
triplexes. In the past few years several ligands have been
reported to bind to triplexes, with some ligands stabilizing and
others destabilizing the triple-helical complexes.[5±15] Among
them, benzo[e]pyridoindole (BePI) and benzo[g]pyridoindole
(BgPI) derivatives have been shown to significantly stabilize
pyrimidine-motif triplexes by intercalation between T´ A�T
base triplets.[7, 16±18] Here we report a new series of pentacyclic
crescent-shaped compounds, dibenzophenanthroline deriva-
tives, which exhibit better triplex-specific stabilization proper-
ties than the previously described BePI and BgPI compounds.


Results and Discussion


On the basis of simple geometric considerations and subse-
quent molecular modeling, the dibenzo[b,j]phenanthroline
derivatives (i.e. quinacridines) would appear to have the
appropriate size and shape to provide broad overlap with
nucleobase triplets. Such pentacyclic angular compounds
seem, therefore, to be potential candidates for stabilizing
ordered nucleic acid structures such as triplexes through
strong p ± p electronic orbital overlap.


Synthesis: Two series of water-soluble aminodibenzophenan-
throlines have been synthesized: a monosubstituted series
bearing one aminoalkyl side chain on the central ring and a
disubstituted series bearing two side chains on the external
benzo rings.


The disubstituted compounds 1 ± 3 (Figure 1) were pre-
pared by a general procedure that we reported recently.[19]


These isomeric compounds exhibit various relative locations
of the two ring nitrogens and of the aminoalkyl side chains
that might interact differently with a triplex. The monosub-
stituted compounds 4 a and 4 b were obtained by a synthetic
pathway derived from that used for compounds 1 ± 3
(Scheme 1). Ullmann ± Goldberg dicondensation between 2-
aminobenzoic acid and 2,5-dibromotoluene followed by
cyclization by POCl3 (Scheme 1, steps a and b) afforded
dichloroquinacridine 6 exclusively, with no trace of the linear
isomer in spite of the considerable steric hindrance provided
by the proximity of the two chlorine atoms. The selectivity of
the ring closure, as has already been discussed,[19] is driven by
electronic factors rather than steric ones. Furthermore, X-ray
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Figure 1. Chemical structure of the disubstituted dibenzo[b,j]phenanthro-
line derivatives (compounds 1 ± 3).


Scheme 1. Synthesis of the monosubstitued dibenzo[b,j][4,7]phenanthro-
lines 4a and 4 b. Reagents and reaction conditions: a) Cu (0.25 equiv), CuI
(0.2 equiv), K2CO3 (2.5 equiv), n-pentanol, reflux, 4 h, 65%; b) POCl3,
reflux, 3.5 h, 28 %; c) LiAlH4 (8.0 equiv), THF, reflux, 10 h, then FeCl3


(4.0 equiv), ethanol/H2O, reflux, 87%; d) i) N-bromosuccinimide
(1.0 equiv), perbenzoic anhydride (0.06 equiv), CCl4, reflux, 10 h,
ii) RNH2, 50 8C, 4 h, 50 % (4 a) and 33% (4b).


analysis of the disubstituted analogue of 6 (dichlorodimethyl-
quinacridine) has shown that the aromatic system is strongly
twisted to accommodate the two chlorine atoms (torsion angle
between the central ring and the two adjacent heterocycles is
35.98).[20]


The monomethyl intermediate 7 obtained by reduction of 6
was then submitted to successive bromination and nucleo-
philic substitution by the appropriate amine to give the amino
derivatives 4 a and 4 b. This synthetic pathway (Scheme 1,
step d) provided higher yields than the reaction sequence
used to prepare the disubstituted analogues 1 ± 3 (i.e. oxida-
tion of the dimethyl precursors/Schiff base formation/reduc-
tion).[19]


Compounds 1 ± 4 were protonated by 1n aqueous HCl to
give the water-soluble salts suitable for biochemical assays.
The pH dependence of the UV-visible and fluorescence
spectra of 1 ± 4 showed that the pKa�s of the two ring nitrogens
lie below pH 5 and those of the side chains nitrogens above
pH 7 (data not shown).[19] This indicates that all the com-
pounds tested are exclusively protonated on the side chains at
physiological pH.


Thermal denaturation experiments : Stabilization of the triple
helices (Table 1, top) as well as that of the target double
helices was studied by means of thermal denaturation experi-
ments by UV absorption spectroscopy in the presence and
absence of ligands as previously described.[18] In these triple
helices, a 14-mer oligonucleotide binds to a 26-base-pair (bp)


Abstract in French: Des dibenzopheÂnanthrolines de forme
coudeÂe, mono- et disubstitueÂes, ont eÂteÂ preÂpareÂes et leur
capaciteÂ aÁ stabiliser des triples heÂlices d�ADN syntheÂtiques a
eÂteÂ eÂvalueÂe. Des expeÂriences de deÂnaturation thermique ont eÂteÂ
meneÂes sur deux triplexes de seÂquence diffeÂrente en preÂsence de
ces composeÂs. Pour les deux cibles, les deÂriveÂs monosubstitueÂs
(4a,b) induisent une augmentation forte et speÂcifique de la
tempeÂrature de la transition triplex ± duplex par rapport aÁ la
transition duplex ± simple brin (DT3!2


m ÿDT2!1
m jusqu'aÁ 328C),


et se reÂveÂlent plus efficaces que leurs analogues disubstitueÂs. En
conseÂquence, il semble que les composeÂs 4a,b soient de
meilleurs ligands speÂcifiques des triplexes que les deÂriveÂs
benzopyridoindoles (BPI) preÂceÂdemment deÂcrits.


Table 1. Top: A 14-mer triple helix-forming oligopyrimidine can bind to a
26-bp DNA duplex containing a 14-mer oligopyrimidine ´ oligopurine
target sequence. Two sequences are used, 14C3 and 14C5, which differ by
the number of cytosines in the third strand (3 cytosines for 14C3 and 5 for
14C5). Bottom: DTm values (� 1 8C) of triplex and duplex in the presence
of compounds 1 ± 4, as well as BePI and BgPI. In the absence of ligands, the
T3!2


m values of triplexes 14C3 and 14C5 are 18 8C and 26 8C, respectively,
whereas the T2!1


m values for the corresponding target duplex are 58 8C and
60 8C, respectively. The thermal denaturation experiments were carried out
in 10mm cacodylate buffer (pH 6.2) containing 0.1m NaCl in the absence or
in the presence of 15mm ligand, for both triple and double helix at a
concentration of 1.5 mm.


14C3 14C5
DT3!2


m [8C] DT2!1
m [8C] DT3!2


m [8C] DT2!1
m [8C]


1a � 7 � 2 � 2 � 2
1b � 16 � 10 � 5 � 10
2 � 18 � 6 � 12 � 6
3 � 20 � 10 � 11 � 10
4a � 37 � 5 � 24 � 5
4b � 44 � 12 � 19 � 12


BePI � 20 � 12 � 3 � 10
BgPI � 28 � 16 � 12 � 13
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DNA fragment containing a 14-bp oligopyrimidine ´ oligo-
purine target sequence. One of the triplexes contains three
positively charged C ´ G�C� triplets (triplex 14C3), and the
other has five (triplex 14C5). Results are summarized in
Table 1 where DT3!2


m and DT2!1
m are the difference in melting


temperatures (Tm) for the triplex-to-duplex and the duplex-
to-single strand transitions, respectively, in the presence and
absence of ligands. It should be noted that the melting curves
of triplex 14C3 in the presence of compounds 4 a and 4 b
exhibit a single transition at high temperature (data not
shown). Therefore a 36-bp DNA fragment, which differs from
the 26-bp duplex by five additional base pairs at both ends,
was used to assess the triplex stabilization in the presence of
4 a and 4 b, since a better separation between the triplex-to-
duplex and the duplex-to-single strand transitions could be
obtained. Figure 2 shows the triplex stabilization by these


Figure 2. Melting curves (filled circles) and their first derivatives (open
circles) of triplex 14C3 with a 36-bp target duplex in the presence of 4a
(top) and 4 b (bottom). The arrows point to the center of the shoulder as an
approximate estimate of T3!2


m value.


compounds with the 36-bp duplex. The melting curves reveal
two overlapped transitions, which were confirmed by the
presence of a shoulder near the main peak on the first
derivatives of the melting curves. The control experiment with


the 36-duplex in presence of 4 a and 4 b indicates that the main
peak is related to the duplex-to-single strand transition (data
not shown). Therefore the observed shoulder is ascribed to
the triplex-to-duplex transition, and the T3!2


m value is esti-
mated at the center of the shoulder.


The disubstituted compounds 1 a, 2, and 3, which differ
from each other by the relative location of two ring nitrogen
atoms (Figure 1), exhibit different triplex/duplex stabilization
properties. The DT3!2


m values of compounds 2 and 3 are higher
than those of 1 a by about 10 8C in both triplexes, whereas the
DT2!1


m values of 2 and 3 are higher than those of 1 a by 4 8C and
8 8C, respectively, in both duplexes. To determine the role
played by the aminoalkyl side chains, compound 4 a was
compared with 2. In 4 a, one aminopropyl side chain is
attached to the central ring, whereas two aminopropyl groups
are attached to the external benzene rings of 2. Compound 4 a
exhibits significantly higher triplex stabilization properties for
both triplexes than compound 2, but only moderate duplex
stabilization. It should be noted that the presence of addi-
tional charges in compounds 1 b and 4 b does increase the
DT3!2


m values for the triplex 14C3, but only marginally
stabilizes (1 b) or even destabilizes (4 b) the triplex 14C5.
This might be explained by electrostatic repulsion between the
ligand and C ´ G�C� base triplets; compounds 1 b and 4 b
bear two positive charges per side chain and, therefore, interact
less favorably with the triplex 14C5 than with the 14C3.


The comparison of the triplex/duplex stabilization of the
newly synthesized compounds with the previously reported
benzo[e]- and benzo[g]-pyridoindoles (BePI and BgPI) re-
veals that compound 4 b is the most triplex-specific ligand for
triplex 14C3, whereas compound 4 a is best for triplex 14C5.
Again, this difference can be explained by a greater extent of
electrostatic repulsion between the five C ´ G�C� triplets and
the biprotonated aminoalkyl side chain of compound 4 b than
that between the five triplets and the monoprotonated side
chain of compound 4 a. Recently we described the properties
of pentacyclic benzoquinoloquinoxaline (BQQ) and benzoin-
doloquinoline (BIQ) that also produce a high stabilization of
triplex structures.[21, 22] In particular BQQ exhibited a high
selectivity for the triplex compared with the corresponding
duplex.[21]


Linear dichroism experiments have provided evidence that
benzopyridoindole derivatives intercalate between the base
triplets of the triple helix.[23] DTm measurements reported in
the present work do not address the question of the structure
of the complexes formed by dibenzophenanthroline deriva-
tives. Further investigations are required to characterize their
binding mode and affinity.


Conclusion


The newly synthesized dibenzophenanthroline derivatives
(compounds 4 a and 4 b) are the most efficient triplex-
stabilizing ligands for both triplex sequences studied in the
present work. Therefore, compounds 4 could represent
promising new lead molecules for further development of
triplex-stabilizing ligands.
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Experimental Section


Thermal denaturation experiments : All thermal denaturation studies were
carried out on a Uvikon 940 spectrophotometer, interfaced to an IBM-AT
personal computer for data collection and analysis. Temperature control of
the cell holder was achieved by a Haake D8 circulating water bath, the
temperature of which was decreased from 90 to 0 8C and then increased
back to 90 8C at a rate of 0.1 8Cminÿ1 with a Haake PG 20 thermopro-
grammer. The absorbance at 260 nm was recorded every 10 minutes. The
maxima of the first derivatives of the melting curves gave a good
approximation of the half-dissociation temperature (Tm) and allowed us
to characterize the stability of the complexes in an easy and reproducible
way. The DNA melting experiments were carried out in a 10mm cacodylate
buffer (pH 6.2) containing 0.1m NaCl in the absence and in the presence of
15mm ligands for both triple and double helices at the concentration of
1.5 mm.


Synthesis : All commercially available chemicals were reagent grade and
used without further purification. 1H and 13C NMR spectra were recorded
on a Bruker AC 200 spectrometer. UV/Vis experiments were monitored on
a Beckmann DU 640 spectrophotometer. Fluorescence measurements
were performed on a Spex Fluoromax spectrophotometer equipped with
a Hamamatsu R928 photomultiplier (PM) and a thermostated cell holder.
Melting points were determined on an Electrothermal 9100 apparatus. IR
spectra were obtained on a Bruker Vector 22 FT-IR spectrometer. The
microanalyses were performed at the Service ReÂgional de Microanalyse de
l�UniversiteÂ Pierre et Marie Curie (Paris).


2,2''-(2-Methyl-1,4-phenylenediamino)bisbenzoic acid (5): A mixture of 2,5-
dibromotoluene (5.0 g, 20.0 mmol), 2-aminobenzoic acid (13.72 g,
100.0 mmol), copper bronze (318 mg, 5.0 mmol), CuI (762 mg, 4.0 mmol),
potassium carbonate (6.91 g, 50.0 mmol), and n-pentanol (75 mL) was
stirred under reflux for 4 h. After removing the solvent in vacuo, methanol
(250 mL) was added and the solution was filtered through Celite. The
filtrate was concentrated under vacuum and concd HCl was added. The
precipitate was washed with hot methanol and recrystallized from THF/
DMSO/water to yield 4.7 g (65 %) of a pale yellow powder. M.p. 230 ±
240 8C; 1H NMR (200 MHz, [D6]DMSO): d� 2.17 (s, 3 H), 6.65 ± 6.80 (m,
3H), 7.10 ± 7.42 (m, 6H), 7.88 (2d, J� 7.0 Hz, 2 H), 9.40 (s, 1H), 9.60 (s, 1H),
12.97 (br s, 2H); IR (nujol): nÄ � 3326, 3200 ± 3000, 1657 cmÿ1; C21H18N2O4 ´
0.7H2O (374.99): calcd C 67.26, H 5.21, N 7.47; found C 67.22, H 4.99, N 7.03.


13,14-Dichloro-6-methyldibenzo[b,j][4,7]phenanthroline (6): Compound 5
(17.5 g, 48.3 mmol) and phosphorous oxychloride (135 mL, 1.45 mol) were
refluxed under nitrogen for 3.5 h. POCl3 was removed under vacuum,
CH2Cl2(250 mL) was added, and the solution was slowly poured into cold
15% NH4OH (200 mL). The organic layer was decanted and the aqueous
layer was extracted with CH2Cl2 (3� 100 mL). The mixed organic layers
were dried over Na2SO4 and evaporated. The crude product was purified by
chromatography on alumina eluted with CH2Cl2/MeOH (99:1), followed by
recrystallization from CHCl3, yielding 5.01 g (28 %) of a white powder.
Rf� 0.92 (alumina, CH2Cl2 99 %, MeOH 1%); m.p. 188 8C; 1H NMR
(200 MHz, CDCl3): d� 2.76 (d, J� 1.3 Hz, 3H), 7.64 ± 7.75 (2td and 1br s,
J1� 1.6 Hz, J2� 5.4 Hz, 3 H), 7.80 ± 7.89 (2td, J1� 1.6 Hz, J2� 6.9 Hz, 2H),
8.18 ± 8.29 (2d, J� 13.5 Hz, 2H), 8.43 ± 8.49 (2d, J� 8.4 Hz, 2 H); 13C NMR
(200 MHz, CDCl3): d� 18.4, 120.3, 120.4, 124.6, 124.7, 124.8, 127.2, 127.6,
129.0, 129.7, 130.5, 130.7, 131.5, 141.0, 141.3, 141.4, 147.3, 147.9, 150.5, 150.7;
C21H12N2Cl2 ´ 0.12 CHCl3 (377.57): calcd C 67.19, H 3.24, N 7.42; found C
67.27, H 3.17, N 7.49.


6-Methyldibenzo[b,j][4,7]phenanthroline (7): Compound 6 (200 mg,
0.55 mmol) in dry THF (5 mL) was added dropwise under nitrogen to a
refluxing solution of LiAlH4 (167 mg, 4.4 mmol) in dry THF (5 mL) for
15 min. The reaction mixture was refluxed for 10 h and the deep blue
solution was allowed to cool to room temperature. The excess of hydride
was slowly hydrolyzed with THF/H2O (1:1). THF was removed in vacuo
and the solution was extracted with CH2Cl2. After drying over Na2SO4, an
orange-red solid was obtained that contained a mixture of 6 and partially
reduced derivatives. The solid was refluxed in ethanol (25 mL), and FeCl3


(600 mg, 2.2 mmol) dissolved in water (10 mL) was slowly added. The
solution was refluxed for 15 h then allowed to cool and 15% NH4OH was
added. The black precipitate was filtered and washed with methanol. The
alcoholic solvents were removed under vacuum from the filtrate, and water
was then extracted with CH2Cl2. The organic layer was dried over Na2SO4


and evaporated, giving a brown product that was recrystallized from CHCl3


to yield 142 mg (87 %) of yellow needles. M.p. 174 8C; 1H NMR (200 MHz,
CDCl3/CD3OD 2:1): d� 2.83 (d, J� 1.1 Hz, 3H), 7.55 ± 7.65 (2td, 2H),
7.74 ± 7.83 (2td, 3 H), 7.88 (d, J� 1.0 Hz, 1H), 8.06 (2d, 2H), 8.10 (d, 1H),
8.23 (d, 1 H), 9.33 (s, 1H), 9.34 (s, 1 H); C21H14N2 ´ 0.035 CHCl3 (298.53):
calcd C 84.63, H 4.74, N 9.38; found: C 84.66, H 4.79, N 9.41.


6-(n-Propylaminomethyl)dibenzo[b,j][4,7]phenanthroline (4 a): Com-
pound 7 (1.0 g, 3.4 mmol), N-bromosuccinimide (605 mg, 3.4 mmol), and
perbenzoic anhydride (50 mg, 0.21 mmol) were refluxed in CCl4 (75 mL)
for 10 h. After cooling, the precipitate was filtered, washed with CCl4, and
dissolved in CH2Cl2. The solution was extracted with a 1 % Na2CO3


aqueous solution and dried over Na2SO4. The solvent was evaporated to
yield 982 mg of the 6-bromomethyl derivative (white powder) of sufficient
purity for further reactions. M.p.> 250 8C (decomp); 1H NMR (200 MHz,
CDCl3/CD3OD 2:1): d� 5.31 (s, 2H), 7.66 (m, 2H), 7.85 (m, 2 H), 8.12 ± 8.27
(m, 5H), 9.49 (s, 1H), 9.50 (s, 1H). The above crude bromomethyl
compound (100 mg, 0.27 mmol) was heated to 50 8C in n-propylamine
(5 mL) for 4 h. The excess amine was removed under vacuum, CH2Cl2 was
added, and the solution was extracted with a 5 % Na2CO3 aqueous solution.
The organic layer was dried over Na2SO4 and evaporated. The crude
product was recrystallized from 1n HCl/THF, yielding 74 mg (50 % from 7)
of a yellow powder. M.p.> 240 8C (decomp); 1H NMR (200 MHz, CD3OD/
D2O 2:1): d� 1.07 (t, 3H), 1.86 (m, 2H), 3.20 (t, 2H), 4.60 (s, 2H), 7.45 ±
8.03 (m, 9H), 9.15 (s, 1 H), 9.18 (s, 1H); UV/Vis (H2O, pH� 7.1): lmax (e)�
246 (56 400), 306 (31 700), 326 nm (35 000); fluorescence (H2O, pH� 7.1,
lexc� 326 nm): lem� 413, 436, 463 nm; C24H21N3 ´ 2HCl (424.37): calcd C
67.93, H 5.46, N 9.90; found C 67.77, H 5.60, N 9.79.


6-Di[(3-dimethylaminopropyl)aminomethyl]dibenzo[b,j][4,7]phenanthro-
line (4 b): Compound 4 b was synthesized in the same manner as described
above for 4a from the crude 6-bromomethyl derivative (114 mg,
0.27 mmol) and 3-(dimethylamino)propylamine (7.7 mL). Compound 4b ´
HCl was obtained by adding 1n HCl to the free amine and subsequent
precipitation with THF to yield 66 mg (33 % from 7) of a yellow powder.
M.p.> 240 8C (decomp); 1H NMR (200 MHz, D2O, ref DSS): d� 2.43 (m,
2H), 3.05 (s, 6 H), 3.43 (m, 4H), 4.78 (s, 2 H), 7.35 ± 7.60 (m, 7H), 7.80 (d,
1H), 7.83 (s, 1 H), 8.41 (s, 1 H), 8.84 (s, 1 H); 13C NMR (200 MHz, D2O, ref
DSS): d� 21.5, 43.2, 45.1, 48.8, 54.6, 120.5, 121.5, 122.6, 126.2, 127.1, 128.1,
128.8, 129.5, 132.1, 132.6, 135.5, 137.0, 137.6, 139.7, 140.6, 143.6, 146.4;
C26H26N4 ´ 3HCl ´ 0.3H2O (509.31): calcd C 61.32, H 5.86, N 11.00; found C
61.26, H 5.99, N 11.06.
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Chemistry of Boratophosphazenes: Synthesis of Borazine ± Phosphazene
Hybrid Cations, and New Inorganic Heterocycles by Skeletal
Substitution Reactions


Derek P. Gates, Andrew R. McWilliams, Ralf Ziembinski, Louise M. Liable-Sands,
Ilia A. Guzei, Glenn P. A. Yap, Arnold L. Rheingold, and Ian Manners*


Abstract: The structural characteriza-
tion of the boratophosphazene N-
(PCl2NMe)2BCl2 (1) is reported and
reveals a distorted structure in which
the boron atom is bent out of the plane
of the other ring atoms (0.39(1) �) and
the axial B ± Cl bond is highly elongated.
Halide abstraction with Lewis acids,
AlCl3 and GaCl3, yielded the first well-
characterized examples of borazine ±
phosphazene hybrid cations
[N(PCl2NMe)2BCl]� , ([2][AlCl4], and
[2][GaCl4] respectively), which were
fully characterized spectroscopically
and crystallographically. Halide abstrac-
tion with BCl3 also yielded the borazine
hybrid cation [2][BCl4], which was char-
acterized crystallographically; however,
in solution there was evidence for coor-
dination of the anion. The structures of
the ions [2]� show the presence of planar
rings with B ± N bond lengths (ca.
1.44 �) characteristic for borazines and


P ± N bond lengths (ca. 1.56 �) typical
for phosphazenes. Attempts to coordi-
nate amines (D), such as NEt3 and
quinuclidine to [2][GaCl4], resulted in
the regeneration of 1 and the formation
of Lewis-base adducts D ´ GaCl3. Evi-
dence for the formation of a product
involving amine coordination to the
boron atom of [2][GaCl4] was found
with quinuclidine. Variation of the anion
present was attempted by use of Ag�


salts with [BF4]ÿ and [OSO2CF3]ÿ


anions. Reaction of 1 with 2 equiv of
Ag[OSO2CF3] afforded N(PCl2NMe)2-


B(OSO2CF3)2 (7). Similarly, reac-
tion with Ag[BF4] produced
N(PCl2NMe)2BF2 (8). The reaction of 1
with silver(i) salts containing even less


coordinating anions (e.g., [AsF6]ÿ and
[SbF6]ÿ) resulted in the discovery of a
new type of reaction for boron-contain-
ing heterocycles. Thus the As and Sb
atoms were found to replace boron in a
skeletal substitution reaction forming
novel arsenic(v) [N(PCl2NMe)2AsF4,
(9)] and antimony(v) heterophospha-
zenes [N(PCl2NMe)2SbF4 (10 a) and
N(PCl2NMe)2SbF3Cl (10 b)]. In solu-
tion, a complex fluxional behavior was
observed for 9 by variable-temperature
19F and 31P NMR spectroscopy. With the
discovery of the skeletal substitution
reactions, questions were raised with
regard to the mechanism of formation
of 8 from the reaction of Ag[BF4] and 1.
Thus, 10B-labeled 1 was prepared and
the reaction with Ag[BF4] was found to
proceed with substantial skeletal substi-
tution from 10B and 11B NMR analysis
and mass spectrometry.


Keywords: aromaticity ´ borazines
´ heterocycles ´ phosphazenes ´
structure elucidation


Introduction


Inorganic heterocycles have attracted considerable recent
attention, because of the interesting questions they pose with
respect to structure and bonding, and their function as
precursors to inorganic polymers by ring-opening polymer-
ization (ROP), and to ceramics by pyrolysis.[1±3] The ring
skeleton present in many inorganic heterocycles has been


found to be quite robust and stable, and halogenated
derivatives undergo facile side-group substitution reactions
without degradation of the ring structure.[4] The cyclic
phosphazene trimer (NPCl2)3 is one of the most well-studied
ring systems that is known to undergo ROP.[5] Also, several
heterophosphazenes containing, for example, carbon, sulfur-
(iv), sulfur(vi), and metals have been reported to undergo
facile thermal ROP reactions to yield high molecular weight
polymers.[6±9] In the case of the polymers containing sulfur(vi)
atoms, poly(thionylphosphazenes), these have also been shown
to have potential applications in the aerospace industry as gas-
permeable matrices for pressure-sensing applications.[10, 11]


With this in mind we have chosen to investigate boron-
containing heterophosphazenes, which represent an under-
developed area of inorganic chemistry and may provide
access to new inorganic polymers through ROP. In fact, very
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few examples of rings constructed from boron, nitrogen, and
phosphorus atoms are known,[12] which is surprising since
borazines and phosphazenes represent two of the most well-
studied textbook classes of inorganic ring systems. The first


report of a N3P2B ring, RBNP(Ph2)NP(Ph2)NH, was made
in 1966 by Schmulbach et al. and the synthesis in-
volved a [5�1] cyclocondensation reaction between
[H2NPh2P�N�PPh2NH2]Cl and RBCl2 (R�Ph or Cl). How-
ever characterization was limited to infrared and UV
spectroscopy, and elemental analysis.[13] The same researchers
also briefly reported salts of a borazine ± phosphazene cation


of type [ClBNHP(Ph2)NP(Ph2)NH]BCl4, but these materials
were also only partially characterized. Due to our interest in
B ± N ± P systems as precursors to inorganic polymers, and the
fact that cyclic phosphazenes containing alkyl or aryl side
groups do not polymerize,[14] we chose to focus our studies on
the perhalogenated boratophosphazene N(PCl2NMe)2BCl2


(1). This compound was originally synthesized by Becke-
Goehring from the reaction between [Cl3P�N�PCl3]Cl,
(MeNH3)Cl, and BCl3;[15] however, improved yields were
reported by Binder, through the reaction of
[Cl3P�N�PCl3]BCl4 with (MeNH3)Cl (Scheme 1).[16]


This paper, as a follow-up to our communications,[17] reports
a detailed study of the reactivity of 1 with a wide variety of
halide acceptors. These types of study may also ultimately
provide insight into polymerization behavior, since ROP
reactions of phosphazene-based heterocycles are proposed to
involve a cationic mechanism.[18]


Results and Discussion


Synthesis and structure of the boratophosphazene 1: When
first studied, compound 1 was proposed to have a zwitterionic
structure with a formal negative charge at boron and a formal
positive charge at the nitrogen atom on the opposite side of
the ring, although initial studies in polar solvents (ie. CH3CN)
suggested that partial heterolytic dissociation of a B ± Cl bond
may take place.[15] However, through our studies of 1 by NMR
spectroscopy in CD3CN, CDCl3, or CD2Cl2 solution no
evidence of dissociation was detected, with four lines in the
31P NMR spectrum in CDCl3 (d� 28.2, 2JBP� 15 Hz) and,
even more convincingly, a sharp 1:2:1 triplet in the 11B NMR
spectrum at d� 5.4 (2JBP� 15 Hz). Because of our interest in
the bonding in 1 and the almost complete lack of structural
information for boron ± nitrogen ± phosphorus rings, we char-
acterized the boratophosphazene by X-ray crystallography.


Single crystals were obtained from cooling a concentrated
solution of 1 in dichloromethane to ÿ30 8C. Two views of the
molecular structure of 1 are shown in Figure 1. Remarkably,
the ring was found to deviate significantly from planarity, and
the boron atom was positioned 0.39(1) � away from the best
plane of the other five ring atoms. Of particular interest is that
the P ± N bonds flanking N(3) are shorter (av 1.547(5) �) than
those involving the methyl-substituted nitrogen atoms N(1)
and N(2) (av 1.593(5) �). This suggests a greater degree of p


bonding in the case of the former bonds and is consistent with
the proposed Lewis structure showing a formal positive
charge on N(3). For comparison, the phosphorus ± nitrogen


Figure 1. Molecular structure of 1 with thermal ellipsoids at the 30%
probability level. Selected bond lengths [�] and angles [8]: B(1) ± N(1)
1.536(6), N(1) ± P(1) 1.583(4), P(1) ± N(3) 1.551(4), N(3) ± P(2) 1.544(4),
P(2) ± N(2) 1.602(4), N(2) ± B(1) 1.531(5), B(1) ± Cl(5) 1.847(5), B(1) ±
Cl(6) 1.903(4); N(1)-B(1)-N(2) 113.9(3), B(1)-N(2)-P(2) 122.2(3), N(2)-
P(2)-N(3) 113.7(2), P(2)-N(3)-P(1) 125.7(3), N(3)-P(1)-N(1) 113.9(2), P(1)-
N(1)-B(1) 122.3(3).


bonds in [Cl3P�N�PCl3]� are 1.51 ± 1.56 � long,[19] and a
typical P ± N single bond is 1.78 �.[20] Significantly, however,
the P(1) ± N(1) and P(2) ± N(2) bonds (av 1.593(5) �) are
similar in length to the P ± N bonds in (NPCl2)3 (1.58 �),[21]


which suggests that the lone pairs on N(1) and N(2) are
involved in the p bonding to the phosphorus atoms of the
P(1)-N(3)-P(2) fragment. Further evidence for p bonding is
provided by the trigonal planar rather than pyramidal
geometry of N(1) and N(2). The B ± N bonds have lengths
(av 1.533(5) �) indicative of predominantly single-bond


Scheme 1. Reaction scheme for the formation of 1.
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character as the typical range for B ± N single bonds is 1.58 ±
1.59 �, whereas B�N double bonds are generally about
1.41 �.[22] Nevertheless, the B ± N bonds are still markedly
shorter than a typical single bond (for (Cl2BNMe2)2, the B ± N
length is 1.591(10) �),[23] suggesting the possibility of some
degree of p character in the skeletal N-B-N moiety. This
postulate is supported by a careful consideration of the
environment about the boron atom B(1). Remarkably, the
two boron ± chlorine bonds differ significantly, with the B(1) ±
Cl(5) bond lying approximately in the best plane of the NP2N3


ring and 1.847(5) � long, which is comparable to that found in
cyclic chloroborane ± amine adducts such as the dimeric
species (Cl2BNMe2)2 [1.830(10) �].[23] In contrast, the B(1) ±
Cl(6) bond is approximately perpendicular to the best plane
of the six-membered ring and is markedly elongated to
1.903(4) �. Together with the significant shortening of the
skeletal B ± N bonds, this elongation suggests that Cl(6) is
close to heterolytic dissociation, which would generate a
borazine-like planar environment at B(1).


Synthesis and spectroscopic characterization of borazine ±
phosphazene hybrid cations : In view of the long B ± Cl(6)
bond observed in 1 and our interest in investigating the
reactivity of this relatively unexplored class of ring system, we
decided to attempt halide abstraction using a variety of Lewis
acids. Addition of AlCl3 in CH2Cl2 to a solution of 1 in the
same solvent gave no color change. However, analysis of the
product by 11B NMR spectroscopy showed that 1 [d� 5.4 (t)]
was completely consumed and that a new product [2][AlCl4]
with a broad singlet resonance at d� 29.6 in CDCl3 was
formed (Scheme 2). This downfield shift and the broadening
of the 11B NMR resonance for [2][AlCl4] suggests the
presence of a planar rather than tetrahedral environment at
boron. Significantly, the 11B NMR chemical shift for [2]� is
similar to that for the borazine (ClBNMe)3 (d� 31.2).[24] In
addition, the 31P resonance of [2][AlCl4] (d� 34.8) is shifted
downfield from that of 1 (d� 28.2) and now consists of a single
broad resonance as compared with the four-line pattern
observed in 1. Analysis of the product by 1H NMR (d� 3.32)
and 13C NMR (d� 35.5) revealed slight downfield shifts from
those of 1 (d 1H� 3.23; d 13C� 33.3). Similarly, [2][GaCl4] can
be prepared by reaction of a GaCl3 solution with 1 in
dichloromethane. This compound has similar spectroscopic
properties to [2][AlCl4] with a broad 11B NMR resonance in
CDCl3 at d� 30.2 and a 31P NMR resonance at d� 35.0.
Similar downfield shifts with respect to 1 were observed in the
1H and 13C NMR spectra of [2][GaCl4] (d 1H� 3.36; d 13C�
35.7).


Scheme 2. Reaction scheme for the formation of [2][AlCl4] and
[2][GaCl4].


X-ray structural studies of borazine ± phosphazene hybrid
cations [2]�: In order to probe the structure and bonding in
this new class of compound, the products of the reactions were
studied by X-ray crystallography. Crystals of [2][AlCl4] and
[2][GaCl4] suitable for X-ray diffraction were obtained by
either cooling a CH2Cl2/hexanes solution of the compound or
by slow solvent evaporation. Borazine ± phosphazene hybrids
[2][AlCl4] and [2][GaCl4] are isostructural; front and side
views of [2][AlCl4] are shown in Figure 2 and summaries of


Figure 2. Molecular structure of [2][AlCl4] with thermal ellipsoids at the
30% probability level. Selected bond lengths [�] and angles [8]: B ± N(2)
1.446(4), N(2) ± P(1) 1.626(2), P(1) ± N(1) 1.557(2), N(3) ± P(2) 1.627(2),
N(3) ± B 1.444(4), B ± Cl(5) 1.752(5); N(2)-B-N(3) 124.0(2), B-N(3)-P(2)
121.8(2), N(3)-P(2)-N(1) 112.39(12), P(2)-N(1)-P(1) 125.3(2), N(1)-P(1)-
N(2) 112.26(12), P(1)-N(2)-B 121.6(2).


important structural features of these compounds are listed in
Table 1. The structures were consistent with the spectroscopic
data, and confirmed that the chlorine atom attached to boron
in 1 had successfully been abstracted to yield a boron ± ni-
trogen ± phosphorus cation with tetrachloroaluminate or
-gallate as the counterion. No significant interactions between
the cation and anion were observed, with the closest B ´´ ´
Cl(6) contacts in [2][AlCl4] and [2][GaCl4] being 3.223(3) �
and 3.223(3) �, respectively, and the closest N ´´´ Cl contacts
being 3.381 � (N(2) ´´ ´ Cl(9) in [2][AlCl4]) and 3.980(3) �
(N(1) ´´ ´ Cl(9) in [2][GaCl4]). The rings deviate only slightly
from planarity with the largest deviation being at N(1) in both
[2][AlCl4] (0.22(1) �) and [2][GaCl4] (0.11(1) �).
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One striking feature of the molecular structures of
[2][AlCl4] and [2][GaCl4] is the boron ± nitrogen distance,
which has shortened dramatically from 1 (av 1.533(6) �) to an
average value of 1.445(5) � for [2][AlCl4] and 1.429(10) � for
[2][GaCl4]. This indicates an increased degree of p bonding in
the cations and, furthermore, the B ± N bond lengths are
similar to those found in the borazines (1.43 �).[22] Accom-
panying this dramatic shortening of the B ± N bonds is a
significant widening of the N-B-N bond angle from 113.9(3)8
in 1 to 124.0(2)8 in [2][AlCl4] and 124.2(6)8 in [2][GaCl4]. This
is consistent with a planar borazine-like environment. In
addition, the B ± Cl(5) bond lengths for [2][AlCl4] and
[2][GaCl4], 1.752(3) and 1.747(8) �, are substantially shorter
than the shortest B ± Cl bond in 1 (1.847(5) �) and are similar
to the bond lengths in BCl3 (ca. 1.75 �).[25] They are also
consistent with some degree of p donation from chlorine to
boron and the sp3 ± sp2 hybridization change.


The P ± N(Me) bonds are longer (av 1.626(5) � for
[2][AlCl4], 1.624(6) � for [2][GaCl4]) than the analogous
bonds in 1 (av 1.593(5) �) and are also much longer than the
P ± N(P) bonds (av 1.558(4) � for [2][AlCl4], 1.551(8) � for
[2][GaCl4]), reflecting increased double-bond character in the
P-N-P fragment. The slight elongation of the P ± N(Me) bonds
in [2]� is possibly a reflection of the increase in p donation
from the lone electron pair on nitrogen into the empty 2p
orbital of boron, subsequently leaving less possibility for a
similar donation into the empty 3d orbital on phosphorus;
however, they are shorter than the longest P ± N bonds in
(Cl3PNMe)2 (1.769(7) �).[26] The P ± N(P) bonds in [2]� are
similar to those of 1 (1.547(5) �), reflecting the lack of change
in electronic structure at this end of the molecule. Interest-
ingly, these bonds are similar in length to those found in the
cyclic phosphazene (NPCl2)3.[21]


Synthesis, characterization, and solution behavior of
[2][BCl4]: In order to extend the range of salts containing
the borazine ± phosphazene hybrid cation [2]� , an attempt was
made to prepare the compound [2][BCl4] by halide abstrac-
tion from 1 with BCl3. Thus, an equimolar reaction between
BCl3 and 1 in dichloromethane solution was carried out and,
after solvent removal in vacuo, this yielded a colorless solid.
Examination of the product by X-ray crystallography showed
that the solid-state structure was the borazine ± phosphazene
hybrid [2][BCl4]. The molecular structure of [2][BCl4] is
shown in Figure 3; in contrast to the structures of [2][AlCl4]


and [2][GaCl4], this compound was found to
crystallize in the monoclinic lattice (space
group Cc) rather than the triclinic lattice
(space group P1Å). Nevertheless, the structur-
al features of this molecule are similar to
those found for [2][AlCl4] and [2][GaCl4],
with a planar ring [largest deviation:
0.13(1) � at N(3)] and no close contacts
between cation and anion were observed in
the crystal, with the closest B(1) ´´ ´ Cl(9)
distance being 3.103(5) �, and the closest
N(2) ´´´ Cl(9) distance 3.222(4) �. Interest-
ingly, these are significantly less than the
closest contacts in [2][AlCl4] and [2][GaCl4]


Figure 3. Molecular structure of [2][BCl4] with thermal ellipsoids at the
30% probability level. Selected bond lengths [�] and angles [8]: B(1) ± N(1)
1.462(6), N(1) ± P(1) 1.618(4), P(1) ± N(3) 1.579(6), N(3) ± P(2) 1.548(6),
P(2) ± N(2) 1.628(4), N(2) ± B(1) 1.434(7), B(1) ± Cl(3) 1.743(5); N(1)-B(1)-
N(2) 124.6(4), B(1)-N(2)-P(2) 121.7(3), N(2)-P(2)-N(3) 113.0(2), P(2)-
N(3)-P(1) 125.8(3), N(3)-P(1)-N(1) 112.6(2), P(1)-N(1)-B(1) 121.4(4).


reflecting a possible weak interaction between the anion and
cation in [2][BCl4]. The environment at boron also exhibits
similarities with that of borazine, with an average B ± N bond
length of 1.448(7) �� and an N-B-N bond angle of 124.6(4)8.


Analysis of the crystals redissolved in CDCl3 by 31P NMR
spectroscopy showed a singlet resonance at d� 28.4, and the
11B NMR spectrum showed two sharp resonances at d� 6.5
and 40.2.[27] Interestingly, this is more consistent with the
presence of a species with a structure such as 3, or even 1 (d
31P� 28.2; d 11B� 5.4) and BCl3 (d 11B� 46.7). Binder also
studied the reaction of 1 with BCl3 in 1977, and reported the
NMR spectra for the reaction mixture in 1,2-dichloroethane
solution (d 31P� 26.0; d 11B� 6.0). He thus considered three


Table 1. Selected structural features of BN3P2 heterocycles.


1 [2][AlCl4] [2][GaCl4] [2][BCl4] 7 8


[B ± N]av 1.533(6) 1.445(5) 1.429(10) 1.448(7) 1.509(11) 1.552(5)
[P ± N(Me)]av 1.593(5) 1.626(3) 1.624(6) 1.623(5) 1.590(7) 1.584(3)
[P ± N(P)]av 1.547(5) 1.558(4) 1.551(8) 1.563(7) 1.548(7) 1.556(4)
[N-B-N] 113.9(3) 124.0(2) 124.2(6) 124.6(4) 116.4(6) 112.9(2)
[B-N-P]av 122.2(4) 121.7(3) 121.8(6) 121.5(4) 125.3(6) 126.0(3)
[P-N-P]av 125.7(3) 125.3(2) 125.4(4) 125.8(3) 126.3(4) 124.5(2)
[N-P-N] 113.8(3) 112.3(2) 112.1(4) 112.8(3) 113.3(5) 114.5(2)
deviation from
planarity[a]


0.39(1) 0.22(1) 0.11(1) 0.13(1) 0.02(1) 0.17(1)


[a] maximum distance that one atom is from the plane of the other five ring atoms (for 1 [B(1)],
for [2][BCl4] [N(3)], for [2][AlCl4] [N(1)], for [2][GaCl4] [N(1)], for 7 [P(1') molecule 2], for 8
[N(1)]).
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possible solution structures; namely, [2][BCl4], an adduct (3)
of BCl3 and 1 (i.e. 3), and the unexpected ring-expansion
product 4.[28] Although only 4 made spectroscopic sense
because of the observation of a single 11B NMR resonance, it
was concluded that 3 was the most likely product.[29]


Because of our differing observations, we have studied the
reaction of 1 with BCl3 in more detail. An NMR-scale reaction
between 1 and a slight excess of BCl3 (20 %) in CD2Cl2 was
performed, and analysis by 11B NMR spectroscopy showed a
sharp signal at d� 12.3 and a broad resonance at d� 29.9,
which is consistent with that previously observed for [2]� . The
31P NMR spectrum exhibited a singlet resonance at d� 34.7,
which is consistent with [2]� , and a resonance at d� 30.0,
which lies closer to that for 1 than [2]� , and is consistent with
the presence of adduct 3. In addition, a broad resonance is
observed in the 31P NMR spectrum between the resonances at
d� 30.0 and 34.7; this suggests that an exchange process may
be occurring. A 10B labeling experiment was carried out to
determine whether 4 is formed and to provide insight into the
possible exchange process in solution. Reaction between 1
(99 % 10B) and 1 equiv BCl3 was undertaken in CD2Cl2


solution, and the 31P NMR spectrum showed the formation
of a new product at d� 32.9 that was shifted slightly downfield
from the starting material 1 (99 % 10B), which has a single
resonance at d� 27.9 in CD2Cl2. This is intermediate between
the chemical shifts observed in the unlabeled experiment,
which utilized excess BCl3, and is presumably a result of the
1:1 stoichiometry. The 10B and 11B NMR spectra are shown in
Figure 4, and the 10B NMR spectrum shows that the sharp
resonance for starting material 1 (99 % 10B) at d� 5.7 was
almost completely consumed and two new resonances were
observed, with a sharp singlet at d� 10.6 and a very broad
resonance at d� 24.6. In contrast, the 11B NMR spectrum of
the reaction mixture, after about 2 h, showed only one
dominant sharp resonance at d� 10.4, and a very small broad
peak at d� 26.0 was observed. This shows that there is no
appreciable insertion of BCl3 into the ring to form 4, which
would result in exchange of the 10B atoms in 1 with the natural
abundance boron atoms in BCl3; thus the same ratios of the
peaks in both the 11B and 10B NMR spectra would be
observed. Furthermore, no evidence for free BCl3 in solution
was observed in either experiment; for this species a down-
field resonance in both the 10B and 11B NMR spectra (ca. d�
46) would be expected.


Thus, it can be concluded that [2][BCl4] and 3 are present in
equilibrium in the reaction mixture and each can be observed
by 31P NMR in a reaction with excess BCl3. This equilibrium
can be shifted toward [2][BCl4] or 3 depending on the ratio


used (and perhaps concentration), but the
mechanism does not involve insertion into the
ring to form 4. Upon redissolution of the
crystals obtained from the reaction, the major
species in solution was likely to be a dissociated
product 1�BCl3 and not 3. Additionally, the
crystals of [2][BCl4] were found to spontane-
ously lose BCl3 over time regenerating 1. This is
similar to the behavior reported by Schmulbach
for [N(PPh2NH)2BCl]BCl4, which was claimed
to lose BCl3 under vacuum according to ele-
mental analysis and infrared spectroscopy.[13]


Figure 4. 10B labeling study of the reaction between 1 (99 % 10B) and BCl3


in CD2Cl2. a) 10B NMR spectrum of 1 (99 % 10B); b) 10B NMR spectrum
after the addition of BCl3; c) 11B NMR spectrum of 1 (99 % 10B); d) 11B
NMR spectrum after the addition of BCl3.


Reactivity of borazine ± phosphazene hybrid cation [2]�: To
understand the electrophilic reactivity of [2]� and to inves-
tigate the potential of back coordination of chlorine to the
borazine ± phosphazene hybrid observed in solution for
[2][BCl4] with other anions, we explored the reaction of the
borazine ± phosphazene cation [2][GaCl4] with two amine
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nucleophiles. Addition of a dichloromethane solution of NEt3


to a solution of [2][GaCl4] in the same solvent showed a single
31P NMR four-line resonance at d� 28.2 and an 11B NMR
resonance at d� 5.6. This suggested the formation of 1
[Equation (1)] as one of the products and implied formation
of Et3N ´ GaCl3, rather than the expected formation of the
adduct of NEt3 with the borazine ± phosphazene hybrid
cation. This was confirmed by an X-ray analysis of the two
types of crystals formed in the reaction, which showed
formation of the boratophosphazene 1 and the Et3N ´ GaCl3


adduct.[30]


When an alternative base, quinuclidine, was added to a
solution of [2][GaCl4] in CDCl3 [Equation (2)], the formation
of two new quartets was observed in the 31P NMR spectrum,
one at d� 28.0 (ca. 30 %) and the other at d� 36.2 (ca. 70 %),
and [2][GaCl4] (d� 35.0) was completely consumed. This
suggested the competing formation of both the adduct (5) of
quinuclidine with [2][GaCl4] and halide transfer of a chlorine
from the anion [GaCl4]ÿ to the borazine ± phosphazene hybrid
cation. The 11B NMR spectrum exhibited two overlapping
resonances, the major peak being at d� 6.5 for 5 and a
shoulder at d� 5.9 assigned to 1.
Attempts to separate the prod-
ucts by fractional recrystallization
resulted in an intensity increase
for the species with a 31P NMR
resonance at d� 36.3 with respect
to 1; however, the crystals ob-
tained were not suitable for X-ray
diffraction.


Attempted generation of borazine ± phosphazene
hybrid cations [2]� with [OSO2CF3]ÿ and [BF4]ÿ


counterions : The base-induced transfer of chlorine
in the tetrachlorogallate anion to the boron atom
in [2]� prompted us to explore the synthesis of [2]�


with alternative anions in which this type of halide


transfer would not occur. We
chose Ag� as the halide ac-
ceptor with a series of coun-
terions. Thus, a solution of the
boratophosphazene 1 in
CH2Cl2 was added to a slurry
of Ag[OSO2CF3] (1:1) in
CH2Cl2, and after stirring for
several hours the colorless
solution was decanted from
a white precipitate. The 31P
NMR spectrum exhibited
three sets of pseudoquartets
(d� 28.0, 29.1, and 30.6) in
approximately 1:2:1 ratio,
rather than the broad singlet
around d� 35 that would be
expected for the borazine ±
phosphazene hybrid cation.
Nevertheless, these can be
assigned to three different
species with quaternary bor-


on atoms, 1, 6, and 7 [Equation (3)], and these assignments
were supported by the 11B NMR spectrum, which exhibited
three sharp resonances at high field (d� 1.6, 4.3, and 5.5)
consistent with four-coordinate boron. In addition, there was
no indication of the formation of the borazine ± phosphazene
hybrid cation [2]� . This can be explained by the strong
bonding between boron and oxygen, and suggests that the
triflate anion is more coordinating than the Group 13
tetrahalide anions.


The reaction of 1 with two equivalents of Ag[OSO2CF3] or
the mixture of 1, 6, and 7 with a further equivalent of
Ag[OSO2CF3] produced bis(triflato)boratophosphazene 7
quantitatively [Equation (4)] as observed by 31P NMR (d�
30.6). The 11B NMR spectrum of 7 in CDCl3 consisted of a
single sharp resonance at d� 1.6. The presence of the triflate
anion was confirmed by 19F NMR spectroscopy in CDCl3,
which showed a singlet resonance at d�ÿ77.4 that is similar
to that observed for triflic acid (d�ÿ78.48),[31] and the 13C
NMR spectrum showed a quartet resonance at d� 118.3
assigned to the CF3 group in addition to the methyl resonance
at d� 31.2.
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This prompted us to treat the boratophosphazene 1 with
Ag[BF4] with the view that the [BF4]ÿ anion might be less
coordinating than the triflate anion. When a solution of the
boratophosphazene was added to a slurry of Ag[BF4] in
CH2Cl2, the immediate elimination of a gas (which fumed in
air) was observed. After several hours of vigorous stirring, the
colorless solution was decanted from the white precipitate and
31P NMR analysis of the reaction mixture in CH2Cl2 showed
the quantitative formation of a new product with a quartet
resonance at d� 29.0. This was not consistent with the
formation of a borazine ± phosphazene hybrid cation, but
was consistent with halide transfer of fluorine and formation
of a four-coordinate boron center. This new product 8
[Equation (5)] was isolated as a white solid in vacuo, and


spectroscopic analysis of this solid in CDCl3 by 31P NMR gave
a quartet resonance at d� 28.3, a single resonance in the 11B
NMR at d� 2.8, and a single peak at d�ÿ147.5 in the 19F
NMR spectrum. Thus, it was postulated that BFnCl3ÿn had
been eliminated as a highly reactive gas that fumes in air, and
fluoride had thus been back-donated to boron. The nature of
the cyclic product was confirmed by an X-ray crystallographic
analysis. Compound 8 has previously been obtained by Binder
from the reaction of SbF3 with 1.[28]


X-ray crystal structures of boratophosphazenes 7 and 8 : In
order to confirm the structures of 7 and 8, and to provide
further structural information on the bonding present in
boratophosphazenes, crystallographic analyses were under-
taken. The most striking feature of the molecular structures of
7 and 8 (Figures 5 and 6) is the planarity of the ring, with the
largest deviation from the plane of the other five ring atoms
being at P(1') in 7 and N(1) in 8 (0.02(1) � and 0.17(1) �,
respectively). This was very surprising, because it was thought
that the nonplanar structure in 1 was due in part to the fact
that the maximum coordination number (four) for boron had
been achieved and thus the lone pair of electrons on the
nitrogen atoms were localized, causing distortion at those
sites. There are no distortions in the bonding of the boron
atom, with the average B ± O bond lengths in 7 being
1.524(10) �, and the B ± F bonds in 8 are only slightly
different (B ± F(1) 1.409(4) �; B ± F(2) 1.384(4) �) and do
not show the axial/equatorial behavior that the chlorine atoms
in 1 exhibit. Other than the planarity of the rings, the other
features of the structures are quite unremarkable, with B ± N
and P ± N bond lengths, and major bond angles similar to 1.


Attempted synthesis of [2]� with [AsF6]ÿ and [SbF6]ÿ


counterions: discovery of skeletal substitution reactions.
1) Reaction of 1 with Ag[AsF6]: The reactivity of the triflate
and tetrafluoroborate anions with [2]� prompted us to explore
the possibility of preparing this species with alternative, less


Figure 5. Molecular structure of 7 (molecule 1) with thermal ellipsoids at
the 30 % probability level. Selected bond lengths [�] and angles [8]: B ±
N(1) 1.512(9), N(1) ± P(1) 1.598(5), P(1) ± N(3) 1.549(5), N(3) ± P(2)
1.548(5), P(2) ± N(2) 1.582(5), N(2) ± B 1.517(9), B ± O(1) 1.530(8), B ±
O(4) 1.505(8); N(1)-B-N(2) 116.3(5), B-N(2)-P(2) 125.4(4), N(2)-P(2)-
N(3) 113.7(2), P(2)-N(3)-P(1) 126.1(3), N(3)-P(1)-N(1) 113.3(2), P(1)-
N(1)-B 125.2(4); Molecule 2: B' ± N(1') 1.509(9), N(1') ± P(1') 1.588(5),
P(1') ± N(3') 1.538(5), N(3') ± P(2') 1.555(5), P(2') ± N(2') 1.590(5), N(2') ± B'
1.499(9), B' ± O(1') 1.528(8), B' ± O(4') 1.534(8); N(1')-B'-N(2') 116.6(5), B'-
N(2')-P(2') 125.2(4), N(2')-P(2')-N(3') 113.2(3), P(2')-N(3')-P(1') 126.5(3),
N(3')-P(1')-N(1') 113.0(3), P(1')-N(1')-B' 125.4(4).


Figure 6. Molecular structure of 8 with thermal ellipsoids at the 30%
probability level. Selected bond lengths [�] and angles [8]: B ± N(1)
1.551(4), N(1) ± P(1) 1.582(2), P(1) ± N(2) 1.554(3), N(2) ± P(2) 1.558(3),
P(2) ± N(3) 1.586(2), N(3) ± B 1.552(4), B ± F(1) 1.409(4), B ± F(2) 1.384(4);
N(1)-B-N(3) 112.9(2), B-N(3)-P(2) 126.4(2), N(3)-P(2)-N(2) 114.36(14),
P(2)-N(2)-P(1) 124.5(2), N(2)-P(1)-N(1) 114.64(14), P(1)-N(1)-B 125.6(2).


reactive anions. When a solution of 1 was added to Ag[AsF6]
in CH2Cl2, the immediate formation of a fine white precip-
itate of AgCl was observed. After 12 h a slight pressure
buildup was detected. The solution was then decanted, and
the solvent removed to yield a white crystalline solid. The
product was analyzed by 31P NMR in CDCl3, which showed
the presence of a dominant singlet at d� 30.6. This resonance
was not consistent with the formation of the analogue of [2]�


with [AsF6]ÿ as counterion (for [2][GaCl4], d(31P, CDCl3)�
35.0). Remarkably, no nonvolatile boron-containing species
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were detected by 11B NMR. Colorless crystals were obtained
by slow evaporation of solvent from a solution of the product
in dichloromethane/hexanes (1:1). A crystal was analyzed by
X-ray diffraction, which surprisingly showed the product of
the reaction to be the arsenic(v) heterophosphazene 9
[Equation (6)].


One striking feature of the molecular structure of 9
(Figure 7) is that the compound is in the boat conformation,
with As and N(1) removed substantially from the plane of the


Figure 7. Molecular structure of 9 with thermal ellipsoids
at the 30 % probability level. Selected bond lengths [�]
and angles [8]: As ± N(2) 1.907(6), N(2) ± P(1) 1.589(4),
P(1) ± N(1) 1.555(4), N(1) ± P(2) 1.562(4), P(2) ± N(3)
1.595(4), N(3) ± As 1.903(4), As ± F(1) 1.735(3), As ± F(2)
1.731(3), As ± F(3) 1.724(2), As ± F(4) 1.727(3); N(2)-As-
N(3) 93.3(2), As-N(3)-P(2) 121.5(2), N(3)-P(2)-N(1)
114.6(2), P(2)-N(1)-P(1) 124.8(2), N(1)-P(1)-N(2)
114.5(2), P(1)-N(2)-As 121.3(2).


other four ring atoms by 0.85(1) � and
0.33(1) �, respectively. Unlike in 1, in which
one B ± Cl bond is highly elongated, all As ± F
bonds in 9 are equal (1.724(2) ± 1.735(3) �) and


are longer than the As(v) ± F bonds in [AsF6]ÿ (1.68 �).[32] The
P ± N bonds flanking N(1) [P(1) ± N(1) and P(2) ± N(1)] are
shorter (av 1.558(6) �) than those involving the methyl-
substituted nitrogen atoms N(2) and N(3) (P(1) ± N(2) and
P(2) ± N(3); av 1.592(5) �). This suggests a greater degree of p


bonding in the former bonds and is consistent with the
presence of a positive charge on N(1) analogous to the
situation in 1 (av 1.547(4) �). Due to the lack of structural
data on As(v) ± N-containing heterocycles, a detailed analysis
of the arsenic(v) environment in 9 is difficult. However, the
As ± N bond lengths (av 1.905(6) �) are similar to the longest
bonds found in the cyclodiars(v)azane [{(CF3)2ClAsNSiMe3}2]
(As ± N� 1.933(7) �)[33] and are longer than the As ± N multi-
ple bonds in the arsazene [{NAsPh2}3] (av 1.758(4) �).[34] For
comparison, a typical As ± N single bond length has been
calculated to be 1.87 � from Pauling�s covalent single-bond
radii. Mass spectrometric analysis of 9 supports the X-ray
structure with the identification of a molecular ion [M�] with
the expected isotope pattern.


At room temperature, the 19F NMR spectrum of a pure
sample of 9 in CDCl3 or CD2Cl2 exhibited only very broad
resonances between d�ÿ35 and ÿ45, and d�ÿ50 and ÿ60.
The broadness of the 19F resonances observed at 39 8C
(Figure 8) suggested that 9boat was fluxional in solution, which
was not unexpected since similar six-membered rings formed
by chelating ligands to octahedral metal centers are known to


Figure 8. Variable-temperature 19F (left) and 31P (right) spectra of 9 in CD2Cl2.
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exhibit fluxional behavior in solution.[35] Consideration of the
boat structure (9boat) determined by X-ray crystallography
suggests that three types of chemically different fluorine
environments should be observed (two types of Fax (F '


ax and
F ''


ax) and one type of Feq). If the axial environments were
exchanging rapidly in a boat/chair equilibrium, a single
environment would be expected in the fast exchange region
and two axial environments at low temperature. In addition,
at least three plausible structures can be envisaged in solution
(Scheme 3): the boat structure (9boat), a chair structure (9chair),


and a skew-boat structure (9skew-boat), which may be considered
as an intermediate between the 9boat and 9chair. Thus, a
variable-temperature (VT) NMR spectroscopic study of 9
was undertaken with the intention of resolving the 19F NMR
resonances of the fluorine atoms that are axial and equatorial
to the AsN2 moiety in compound 9 and to provide insight into
the possible conformation(s) of 9 in solution.


The results of these experiments are shown in Figure 8, and
both the 31P and 19F NMR spectra (in CD2Cl2) are shown at
each temperature. At �39 8C, a broad singlet resonance is
observed in the 31P NMR spectrum at d� 30.6, and two broad
resonances are observed by 19F NMR at approximately d�
ÿ40 andÿ55.[36] Upon cooling to 1 8C, the 31P NMR spectrum
is unchanged; however, the 19F NMR spectrum shows a
sharpening of the resonance at d�ÿ55, and the broad
resonance at d�ÿ40 is much less intense. The peak in the 19F
NMR spectrum at d�ÿ40 is not seen at around ÿ5 8C and
reappears as two broad resonances at about ÿ40 8C (d� ca.
ÿ14 and ca. ÿ64), which is consistent with the coalescence of
the two axial fluorine environments. The 19F NMR signals
sharpen dramatically on further cooling until the expected
three sets of triplets for coupling between the Fax and Feq are
observed in a 1:2:1 ratio at ÿ99 8C. The equatorial fluorine
atoms (Feq) were observed at d�ÿ55.9 (2JFF� 110 Hz) and
the axial fluorine atoms F '


ax, which are external to the ring and
in a similar chemical environment to Feq, are observed at d�
ÿ65.5 (2JFF� 105 Hz). The axial fluorine atoms F ''


ax, which are
internal to the ring and in a dramatically different chemical
environment to Feq and F ''


ax, are shifted to d�ÿ14.6 (2JFF�
114 Hz). An activation energy (DG 6�


c ) for this process of 41�
2 kJ molÿ1 was estimated from the Tc (251� 10 K) and DnÄ


(14 350 Hz). At ÿ99 8C, each of the triplets for the axial
fluorine atoms are split by approximately 15.5 Hz (see
expansion of F ''


ax Figure 8). This could be due to the trans
coupling between the two nonequivalent axial fluorine atoms;
however, this is typically near-zero and is not observed in
species such as the [As2F11]ÿ anion.[37] To confirm this a 19F ±
19F COSY NMR at ÿ90 8C was undertaken to determine
whether the Fax ± Fax coupling could be detected. The spectrum


(Figure 9) showed the expected coupling between the peaks
assigned to the axial fluorine atoms (F '


ax and F ''
ax) with the two


equivalent equatorial fluorine atoms (Feq); however, no
coupling between the axial fluorine atoms was detected. We
therefore postulate that the two sets of triplets observed
for the axial fluorines are from different conformational
isomers.


Whereas the 19F NMR signals coalesce between ÿ5 and
ÿ40 8C, the 31P NMR spectrum remains unchanged until
ÿ62 8C at which point two shoulders are observed on either


side of the peak at d� 30.2. At ÿ74 8C
three distinct phosphorus environments
are observed, suggesting three different
compounds are present in solution at
that temperature in approximately
equal amounts. A possible explanation
for this is that the three conformers 9boat ,
9skew-boat, and 9chair are observed. At
ÿ99 8C the central peak is not observed,
which suggests that two of these con-


formers freeze out at this temperature. This is also observed
with the small splitting of the axial signals [F '


ax and F ''
ax] in the


19F NMR spectrum at ÿ99 8C (see expansion in Figure 8). At
39 8C the central resonance is dominant, indicating that one


Figure 9. 19F ± 19F COSY NMR spectrum of 9 in CD2Cl2 at ÿ 90 8C.


conformer is dominant; however, close examination reveals
that this resonance is slightly broad. It is beyond the scope of
this study to determine which conformers are present at each
temperature; however, it seems likely that 9boat is present at
low temperature, since this is the conformer observed in the
crystal structure. As chair isomers are generally more stable
than their boat counterparts, 9chair would be expected to be
stable at low temperature. We tentatively postulate that 9skew-


boat may therefore only be present at elevated temperatures as
an intermediate for the interconversion of 9boat and 9chair.


Scheme 3. Equilibrium between the different possible conformations of 9.
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2) Skeletal substitution reaction of 1 with Ag[SbF6]: Skeletal
substitution reactions of an atom in an inorganic ring are rare
and, to the best of our knowledge, are unprecedented for
boron-containing rings. The reactions of titanocene chalco-
genide heterocycles with Group 16 dihalides to form rings in
which titanium has been replaced by a chalcogen atom have
been explored extensively.[38] Zirconium metallacycles have
been used to prepare various main group heterocycles
containing P, As, Ge, S, Ga, and so forth.[39±41] In addition,
trans-metallation reactions of SnS2N2 rings with Pt complexes
to yield PtS2N2 rings have also been observed.[42] Moreover,
we assume that the cation [2]� is formed initially in the
reaction mixture containing 1 and Ag[AsF6], and the sub-
sequent skeletal replacement of boron in a borazine-like
environment would be highly unexpected. It is also note-
worthy that [AsF6]ÿ is often used as a noncoordinating anion
to isolate reactive cations. Remarkably, this anion appears to
react readily with the borazine ± phosphazene cation. We
believe that the thermodynamic driving force for the observed
reaction is the formation of B ± F bonds from As ± F bonds
(B ± F, 613� 53 kJ molÿ1, As ± F, ca. 406 kJ molÿ1)[43] and the
subsequent elimination of volatile BFxCl3ÿx .


In order to explore the generality of this new synthetic
procedure, we also studied the reaction of 1 with Ag[SbF6]
[Equation (7)]. Again, an immediate white precipitate of
AgCl formed and a pressure buildup was detected. After
workup, a crystalline solid (10) was obtained and analysis by
31P NMR in CDCl3 revealed two dominant resonances at d�
28.9 and 27.5. This is consistent with skeletal replacement of
boron, but suggests that more than one product is obtained


from this reaction. Mass-spectral analysis indicated that both
10 a and 10 b were formed, which was confirmed by X-ray
crystallographic analysis.


The molecular structure of 10 a and 10 b is shown in
Figure 10, and confirms the replacement of the skeletal boron
atom by antimony(v). Both compounds co-crystallize and
there is occupational disorder of one atom (labeled ClF) in
which Cl occupies the site 85 % of the time and F occupies it
15 % of the time. This structure is similar to that of 9 in which
the ring also adopts a boat conformation. The structure of the
phosphazene end of the molecule is similar to that of 1 and 9,
with the P-N-P bonds [P(1) ± N(1) and P(2) ± N(2)] averaging
1.560(8) � and the P ± N(Me) bonds [P(1) ± N(2) and P(2) ±
N(3)] averaging 1.584(8) �. The Sb(v) ± N distances (av
2.072(8) �) are similar to the average Sb(iii) ± N bond
length (2.03 �) in the antimony(iii)cyclophosphazene,
[N{P(NMe2)2NH}2Sb(OOCMe)2].[44] Few examples of
Sb(v) ± N-containing heterocycles have been crystallographi-
cally characterized. The Sb ± N bond length in


Figure 10. Molecular structure of 10 with thermal ellipsoids at the 30%
probability level. Selected bond lengths [�] and angles [8]: Sb ± N(2)
2.064(6), N(2) ± P(1) 1.581(6), P(1) ± N(1) 1.562(6), N(1) ± P(2) 1.557(6),
P(2) ± N(3) 1.588(6), N(3) ± Sb 2.081(5), Sb ± F(1) 1.891(4), Sb ± F(2)
1.906(4), Sb ± F(3) 1.892(4), Sb ± ClF 2.275(2); P(1)-N(1)-P(2) 128.1(4),
N(1)-P(1)-N(2) 113.8(2), N(1)-P(2)-N(3) 114.0(3), P(1)-N(2)-Sb 120.4(3)
N(2)-Sb-N(3) 92.2(2).


[Cl4SbN(Me)C(O)C(NHMe)O] is 2.04 �,[45] and, in a more
recent example, {[Cl4SbN(PMe3)Sb(Cl)N(PMe3)]CH3CN}�


the Sb(v) ± N bond lengths average 2.06 �.[46]


It is noteworthy that both 9 and 10 represent rare examples
of heterophosphazenes containing heavier Group 15 elements
in a high oxidation state. The arsazene (NAsPh2)3 and the


arsaphosphazene hybrid (NAsPh2)(NPPh2)2


have been synthesized and crystallographi-
cally characterized.[34, 47] To our knowledge
there are no crystallographically character-
ized examples of antimony(v) heterophos-
phazene rings.[48] In this case the more
electron-withdrawing fluorine atoms may
provide a stabilizing effect for the high
oxidation states present for the skeletal As
and Sb centers.


Is there skeletal replacement in the reaction of 1 and Ag[BF4]
to form 8?
A 10B labeling study : In order to determine whether a similar
skeletal substitution reaction was occurring when Ag[BF4]
was treated with the boratophosphazene, a 10B labeling study
was undertaken. The boratophosphazene 1 was prepared
from 99 % 10B enriched BF3 ´ OEt2. 10B and 31P NMR analysis
of 1 (99% 10B) was consistent with the natural-abundance
spectrum, however the 31P NMR was slightly broader and no
coupling was observed. In addition, the 11B NMR spectrum
was quite weak, indicating a very small amount of 11B
compound was present. When the product of the reaction of
boratophosphazene 1 with Ag[BF4] in CD2Cl2 was analyzed
by 31P NMR, the fluorinated boratophosphazene 8 was
observed as a pseudoquartet resonance (d� 29.0), which
suggested that 10B had been replaced as coupling to 11B was
observed. Further evidence of this was provided by examina-
tion of the 10B and 11B NMR spectra of the reaction mixture
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(Figure 11). In the 10B NMR spectrum the signal for 1 had
been consumed and a new resonance was formed at d� 2.3. In
addition, 11B NMR analysis of the reaction mixture showed
that the weak 11B signal for 1 (99 % 10B; d� 5.7) had


Figure 11. 10B labeling study of the replacement reaction between 1 (99 %
10B) and AgBF4 in CD2Cl2. a) 10B NMR spectrum of 1 (99 % 10B); b) 10B
NMR spectrum after the reaction with AgBF4; c) 11B NMR spectrum of 1
(99 % 10B); d) 11B NMR spectrum after the reaction with AgBF4.


been consumed and a strong signal had formed at d� 2.3. The
10B and 11B NMR spectra were consistent with the formation
of 8 (d 11B (CD2Cl2)� 2.3). The improvement in the signal-to-
noise ratio for the 11B NMR spectrum of the product when
compared with that for the starting material (which had ca.
1 % 11B) suggested that the product contained 11B at or near
natural abundance.[49] Furthermore, mass spectral analysis of
the product showed a molecular ion ([M�]� 323, 325, 327,
329) that was assigned to 8 containing 11B, and the spectrum
also exhibited peaks at 322, 324, 326, 328 that were assigned to
either [M�ÿH] (for 8 containing 11B) or [M�] (for 8
containing 10B). From these results it is clear that substantial
skeletal replacement of the 10B atom in 1 by the [BF4]ÿ anion
(natural abundance: 80 % 11B, 20 % 10B) must have taken
place in the reaction. However, it is difficult to quantify the
degree of exchange between 10B in 1 and 11B/10B in [BF4]ÿ by
mass spectrometry as the [M�ÿH] ion (for 8 containing 11B)


overlaps with [M�] (for 8 containing 10B) and, furthermore,
[M�ÿH] is predominant in the mass spectrum of 8 formed
from 1 with natural-abundance boron.


In order to investigate the necessary formation of volatile
boranes (10BFxCl3ÿx) the reaction was attempted in a sealed
NMR tube. The two solids were mixed in an NMR tube,
degassed solvent (CD2Cl2) was condensed into the tube, and
the tube was flame-sealed. Remarkably, upon warming to
room temperature no reaction was detected by 31P, 11B, or 10B
NMR spectroscopy, even after prolonged periods (weeks),
and only resonances assignable to starting material were
observed. When the tube was broken inside the glovebox,
immediate bubbling occurred and a rapid reaction was
observed forming a white precipitate (AgCl). The results of
the analysis of the reaction mixture by 31P, 10B, and 11B NMR
spectroscopy were consistent with the formation of 8. These
results surprisingly indicate that the whole reaction (not just
subsequent steps) is driven by the elimination of the borane.


Summary


The reactivity of the boratophosphazene 1 with halide
acceptors has been studied in detail. Reaction with AlCl3,
GaCl3, and BCl3 gave the first well-characterized examples of
borazine ± phosphazene hybrids [2][AlCl4], [2][GaCl4], and
[2][BCl4], respectively, which were characterized crystallo-
graphically and spectroscopically. The structures show planar
rings with bond lengths typical for borazines and phospha-
zenes; however for [2][BCl4] evidence for coordination
between the anion and the cation was observed in solution.
Amines were found to react in a nucleophilic substitution
reaction with the tetrachlorogallate anion of [2][GaCl4],
which was accompanied by back-coordination of chloride to
[2]� and reformation of 1. Two other examples of borato-
phosphazenes, 7 and 8, were synthesized by the reaction of 1
with Ag[OSO2CF3] and Ag[BF4], respectively. Novel exam-
ples of skeletal substitution reactions were discovered by
treatment of 1 with Ag[AsF6] and Ag[SbF6] resulting in the
replacement of boron in a borazine-like environment by
arsenic(v) or antimony(v) generating the heterophosphazenes
9, and 10 a and 10 b. Although the compounds crystallized in
the boat conformation, variable-temperature NMR analysis
of 9 suggested an interconversion between the boat and chair
conformations in solution. A 10B labeling study of the reaction
of 1 with Ag[BF4] showed that this reaction, remarkably, also
involves appreciable skeletal replacement of the boron atom
in 1 by the boron atom in the tetrafluoroborate anion.
Detailed studies of the intriguing mechanism(s) of the skeletal
substitution reactions are underway and work on the ROP
behavior of 1 and related species is ongoing.


Experimental Section


General procedures : Reagents: BF3 ´ OEt2 (Aldrich), NH3 (Liquid Car-
bonic), 10BF3 ´ OEt2 (Aldrich), PCl5 (Aldrich), BCl3 (1m in CH2Cl2)
(Aldrich), and quinuclidine (Aldrich) were used as received; MeNH3Cl
(Aldrich) was dried in vacuo (100 8C, 1x10ÿ3 mmHg); GaCl3 (Aldrich) and
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AlCl3 (Aldrich) were sublimed before use; NEt3 (Aldrich) was dried over
Na and distilled before use. Silver(i) salts: Ag[OSO2CF3] (Aldrich),
Ag[BF4] (Aldrich), Ag[AsF6] (Strem or Aldrich), and Ag[SbF6] (Strem
or Aldrich) were dried in vacuo (ca. 120 8C, 1� 10ÿ3 mmHg) for about 24 h
before use.[50] The salt [Cl3P�N�PCl3]BCl4 was prepared by a literature
procedure.[51] Glass wool was treated with Me3SiCl, washed with hexanes,
and dried before use. 31P NMR spectra (121.4 MHz) were referenced
externally to 85 % H3PO4; 13C NMR spectra (75.4 MHz) were referenced to
deuterated solvent; 1H NMR spectra (300.0 MHz) were referenced to
residual protonated solvent; 19F NMR spectra (282.3 MHz) were refer-
enced externally to CFCl3/CDCl3, and all were recorded on a Varian
Gemini 300 spectrometer. Variable-temperature NMR spectroscopic
studies were done on a Varian Gemini 300, and were referenced externally
to CFCl3/CDCl3 (19F) or 85% H3PO4 (31P) at room temperature, and the
temperatures were calibrated with CH3OH. The 19F ± 19F COSY NMR
spectrum was recorded on a Varian XL-400 NMR spectrometer. 11B NMR
spectra were referenced to BF3 ´ OEt2 and recorded on either a Gemini 300
at 96.2 MHz or a Varian 500 at 160.4 MHz. 10B NMR were referenced to
BF3 ´ OEt2 and recorded on a Gemini 300 instrument. Mass spectra were
obtained with a VG 70-250S mass spectrometer operating in electron
impact (EI) mode. Elemental analyses were performed by Quantitative
Technologies, Whitehouse, NJ. All manipulations were performed in an
Innovative Technology glove box or with standard Schlenck techniques,
and some reactions were carried out in an evacuated chamber.[52]


Crystallographic structural determination : Crystal, data collection, and
refinement parameters are given in Tables 2 ± 4. In all cases, a suitable
crystal for single-crystal X-ray diffraction was selected and mounted in a
nitrogen-flushed, thin-walled glass capillary and flame sealed. All crystallo-


graphic data were collected on a Siemens P4 diffractometer with graphite
monochromator, MoKa (l� 0.71073 �); for [2][AlCl4] and [2][BCl4] the
diffractometer was equipped with a SMART CCD detector. No symmetry
higher than triclinic was observed in either the photographic or diffraction
data for [2][AlCl4], [2][GaCl4], or 7, and the systematic absences in the
diffraction data were consistent with a monoclinic crystal system, C-


centered lattice for [2][BCl4], and the reported space groups for
1, 8, 9, and 10. E statistics suggested the centrosymmetric space
group option for [2][AlCl4], [2][GaCl4], and 7. The absence of a
molecular mirror plane or a two-fold axis in [2][BCl4], the
multiplicity, and the E statistics suggested the noncentrosym-
metric space group Cc for [2][BCl4]. Solution in the respective
space groups yielded chemically reasonable and computationally
stable results of refinement. The structures were solved by direct
methods, completed by subsequent difference Fourier synthesis,
and refined by full-matrix least-squares procedures. Semiempir-
ical absorption corrections were applied for 9 and 10, and no
absorption corrections were required for the others, because
there was less than 10% variation in the integrated-scan intensity
data. There are two independent, but chemically equivalent
molecules in the asymmetric unit of 7. The chlorine on antimony
in 10 is occupationally disordered as chlorine/fluorine (85:15),
modeled as an undersized chlorine atom, and labeled ClF. All
non-hydrogen atoms were refined with anisotropic displacement
parameters and hydrogen atoms were treated as idealized
contributions. All software and sources of the scattering factors
are contained in the SHELXTL (5.03) program library (G.
Sheldrick, Siemens XRD, Madison, WI). Further details of the
crystal structure investigations may be obtained from the
Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leo-


poldshafen, Germany (fax: (�49) 7247-808-666 ; e-mail : crysdata@fiz-
karlsruhe.de), on quoting the depository numbers CSD-58352 (1), -408852
([2][AlCl4]), -58352 ([2][GaCl4]), -408851 ([2][BCl4]), -408847 (7), -408849
(8), -408850 (9), and -408848 (10).


Preparation of boratophosphazene 1: This compound was prepared by a
modification of the previously reported method.[16] The salts
[Cl3P�N�PCl3][BCl4] (121.2 g, 0.275 mol) and (MeNH3)Cl (63.7 g,
0.943 mol) were slurried in 1,2-dichloroethane (ca. 300 mL) and the
mixture was refluxed for 24 h. The remaining (MeNH3)Cl was removed
by filtration and the solvent was removed in vacuo yielding a white solid.
The crude product was recrystallized by cooling (ÿ30 8C) the solution of 1
in hexanes/CH2Cl2 (1:1). Yield� 70.1 g (71 %). The 31P NMR and 11B NMR
spectra of this compound were as previously reported in 1,2-dichloro-
ethane.[28] 31P NMR (CDCl3): d� 28.2 (q, 2JBP� 15 Hz); 11B NMR (CDCl3):
d� 5.4 (t, 2JBP� 15 Hz); 1H NMR (CDCl3): d� 3.23 (m); 13C NMR
(CDCl3): d� 33.3; MS (EI, 70 eV): m/z (%): 695 (0.5) [N6P6Cl�12], 659 (1)
[N6P6Cl�11], 544 (1.4) [N5P5Cl�9 ], 464 (1.4) [N4P4Cl�8 ], 427 (4.5) [N4P4Cl�7 ],
312 (11) [N3P3Cl�5 ], 257 (17) [M�ÿ 2MeCl], 228 (100) [Cl3P�NMe ±
BCl�NH�], 225 (63) [(MeNBCl)�3 ÿH], 193 (70) [Cl2P�NMe-BCl�NH�].


Table 2. Structural parameters for 1, [2][AlCl4], [2][GaCl4] and [2][BCl4]


1 [2][AlCl4] [2][GaCl4] [2][BCl4]


formula C2H6BCl6N3P2 C2H6AlBCl9N3P2 C2H6BCl9GaN3P2 C2H6B2Cl9N3P2


Mr 357.6 490.88 533.6 474.71
crystal class monoclinic triclinic triclinic monoclinic
space group P21/c P1Å P1Å Cc
color colorless colorless colorless colorless
a [�] 9.119(2) 8.55260(10) 8.613(2) 10.6433(8)
b [�] 7.765(2) 9.2472(2) 9.259(3) 13.2638(10)
c [�] 18.862(4) 12.7157(2) 12.712(3) 12.2964(10)
a [8] 90 93.3693(3) 93.34 90
b [8] 103.50(3) 101.3650(10) 100.96(2) 95.6500(10)
g [8] 90 112.7991(2) 112.71(2) 90
Z 4 2 2 4
T [K] 298 223(2) 297 223(2)
R1 [I> 2s(I)] 4.82 4.08 4.79 3.55
wR2 (all data) 7.06 13.44 5.97 12.76
GOF 1.50 1.010 1.23 1.135


Table 3. Structural parameters for 7 and 8.


7 8


formula C4H6BCl4F6N3O6P2S2 C2H6BCl4F2N3P2


Mr 584.79 324.65
crystal class triclinic monoclinic
space group P1Å P21/c
color colorless colorless
a [�] 12.9815(12) 8.679(1)
b [�] 13.6426(12) 10.583(1)
c [�] 14.141(2) 13.161(2)
a [8] 71.576(10) 90
b [8] 62.702(5) 100.18(1)
g [8] 77.082(8) 90
Z 4 4
T [K] 298(2) 233(2)
R1 [I> 2s(I)] 5.21 3.99
wR2 (all data) 17.86 10.28
GOF 0.977 1.440


Table 4. Structural parameters for 9 and 10.


9 10


formula C2H6AsCl4F4N3P2 C2H6Cl5F3N3P2Sb
Mr 426.76 490.04
crystal class monoclinic monoclinic
space group P21/n P21/n
color colorless colorless
a [�] 6.424(5) 6.447(2)
b [�] 12.531(8) 17.517(5)
c [�] 16.129(3) 12.535(3)
a [8] 90 90
b [8] 95.90(3) 97.09(4)
g [8] 90 90
Z 4 4
T [K] 298(2) 233(2)
R1 [I> 2s(I)] 3.35 3.40
wR2 (all data) 8.25 9.13
GOF 1.117 1.007
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Preparation of 1 (99 % 10B): 10B-enriched 1 was prepared from 10BF3 ´ OEt2


(99 % 10B), following the same procedure as for the unlabeled compound 1.
31P NMR (CD2Cl2): d� 27.9; 10B NMR (CD2Cl2): 5.7; 11B NMR (CD2Cl2):
d� 5.7 (weak); 1H NMR(CD2Cl2): d� 3.05 (m).


Syntheses of borazine ± phosphazene hybrid cations.
Preparation of [2][AlCl4]: A suspension of AlCl3 (1.37 g, 10.3 mmol) in
CH2Cl2 (30 mL) was added to a colorless solution of 1 (3.65 g, 10.2 mmol)
in CH2Cl2 (30 mL) at room temperature. After stirring for about 1 h the
solution was clear and colorless and the solvent was removed in vacuo
yielding a colorless crystalline solid. The product was recrystallized by
cooling (ÿ30 8C) a CH2Cl2/hexanes (1:1) solution, which gave colorless
crystals suitable for X-ray analysis. Yield: 4.53 g (90 %); 31P NMR (CDCl3):
d� 34.8; 11B NMR (CDCl3): d� 29.6; 1H NMR (CDCl3): d� 3.32 (m); 13C
NMR (CDCl3): d� 35.5.


Preparation of [2][GaCl4]: A solution of GaCl3 (0.26 g, 1.5 mmol) in
CH2Cl2 (30 mL) was added to a solution of 1 (0.52 g, 1.4 mmol) in CH2Cl2


(30 mL). A slight yellowing of the solution was observed after stirring, and
reaction was quantitative by 31P NMR. The solvent was removed in vacuo
yielding a beige solid. The obtained solid was dissolved in CH2Cl2 (2 mL)
and cooled toÿ30 8C, and hexanes (2 mL) were layered over the top. Upon
mixing at ÿ30 8C colorless crystals formed. Yield: 0.63 g (81 %); 31P NMR
(CDCl3): d� 35.0; 11B NMR (CDCl3): d� 30.2; 1H NMR (CDCl3): d� 3.36
(m); 13C NMR (CDCl3): d� 35.7; C2H6BCl9GaN3P2: calcd C 4.50, H 1.13, N
7.87; found C 4.50, H 1.12, N 7.72.


Preparation of [2][BCl4]: A solution of BCl3 (1m, 1.5 mL, 1.5 mmol) in
CH2Cl2 was added slowly to a colorless solution of 1 (0.51 g, 1.4 mmol) in
CH2Cl2 (40 mL) by syringe at room temperature. The reaction mixture was
stirred for 4 h and the solvent was removed in vacuo leaving a colorless
solid. The solid was recrystallized by cooling a CH2Cl2/hexanes (2:1)
solution to ÿ30 8C, which yielded colorless crystals. Yield: 0.59 g (87 %);
31P NMR (CDCl3): d� 28.4; 11B NMR (CDCl3): d� 6.5, 40.2; 1H NMR
(CDCl3): d� 3.09 (m); 13C NMR (CDCl3): d� 33.5.


Reaction of 1 and excess of BCl3 (20 %): A solution of BCl3 (1m, 0.35 mL,
0.35 mmol) was added to a stirred solution of 1 (0.10 g, 0.28 mmol) in
CD2Cl2 (ca. 1.5 mL) and after about 30 min, the colorless solution was
transferred to an NMR tube for analysis. 31P NMR (CD2Cl2): d� 30.0, 34.7;
11B NMR (CD2Cl2): d� 12.3, 29.9.


Reaction of 1 (99 % 10B) with 1 equiv BCl3 : A solution of BCl3 (1m,
0.20 mL, 0.20 mmol) was added to a stirred solution of 1 (99 % 10B, 70 mg,
0.20 mmol) in CD2Cl2 (ca. 1.5 mL) and after about 30 min, the colorless
solution was transferred to an NMR tube for analysis. No changes were
observed in the NMR spectra after about 2 h. 31P NMR (CD2Cl2):d� 32.9;
10B NMR (CD2Cl2): d� 10.6, 24.6; 11B NMR (CD2Cl2):d� 10.4.


Reactivity of borazine ± phosphazene hybrid cations.
Reaction of [2][GaCl4] with NEt3 : A solution of NEt3 in CH2Cl2 (0.071m,
18.5 mL, 1.3 mmol) was added to a solution of [2][GaCl4] (0.68 g, 1.3 mmol)
in CH2Cl2 (ca. 30 mL). No color change was observed after stirring for 12 h,
and the solvent was removed in vacuo, yielding a yellow oily material. This
was then dissolved in a minimum of CH2Cl2 (ca. 5 mL), and was
recrystallized at ÿ30 8C. Two types of crystals were obtained, and were
characterised by X-ray analysis as Cl3Ga ´ NEt3 and boratophosphazene
1.[27] 31P and 11B NMR spectroscopy were consistent with 1.


Reaction of [2][GaCl4] with quinuclidine : A solution of [2][GaCl4] was
prepared in situ from the addition of GaCl3 (49 mg, 0.28 mmol) in CDCl3


(0.5 mL) to 1 (100 mg, 0.28 mmol) in CDCl3 (0.5 mL). 31P and 11B NMR
confirmed the quantitative formation of [2][GaCl4]. Quinuclidine (31 mg,
0.28 mmol) was added to this solution. 31P NMR analysis of the solution
revealed two quartet resonances at d� 36.2 (ca. 70%) and d� 28.0 (ca.
30%). 11B NMR analysis revealed two overlapping resonances at d� 6.5
and 5.9. The reaction was repeated several times on a large scale in CH2Cl2


with similar 31P and 11B NMR spectra; however, fractional recrystallization
(CH2Cl2/hexanes) was not able to completely separate the two products.


Reactions of boratophosphazene 1 with silver(ii) salts.
Reaction of 1 with Ag[OSO2CF3]: A colorless solution of 1 (0.52 g,
1.5 mmol) in CH2Cl2 (ca. 5 mL) was added to a stirred suspension of
Ag[OSO2CF3] (0.38 g, 1.5 mmol) in CH2Cl2 (ca. 5 mL). The reaction
mixture was stirred for about 12 h and the colorless supernatant solution
was decanted from a white solid, and 31P and 11B NMR spectra were
obtained. 31P NMR (CH2Cl2): d� 28.0 (ca. 25%, 1), 29.1 (ca. 50%, 6), 30.6


(ca. 25 %, 7); 11B NMR (CH2Cl2): d� 1.6 (ca. 25 %, 7), 4.3 (ca. 50%, 6), 5.5
(ca. 25 %, 1).


Preparation of 7: A colorless solution of 1 (0.52 g, 1.5 mmol) in CH2Cl2


(10 mL) was added to a stirred suspension of Ag[OSO2CF3] (0.78 g,
3.0 mmol) in CH2Cl2 (40 mL) at room temperature in the absence of light.
After stirring for about 12 h a fine white precipitate was observed. The
colorless solution was decanted through a plug of glass wool and the solvent
was removed in vacuo leaving a white powder. Crude yield� 0.62 g (73 %).
The solid was dissolved in a minimum of hexanes (10 mL) and cooled to
ÿ30 8C to form white crystals of 7 suitable for X-ray crystallography.
Yield� 0.45 g (53 %); 31P NMR (CDCl3): d� 30.6 (2JBP� 20 Hz); 11B NMR
(CDCl3): d� 1.6; 19F NMR (CDCl3): d�ÿ77.4; 1H NMR (CDCl3): d� 2.97
(m); 13C NMR (CDCl3): d� 31.2 (CH3), 118.3 (CF3, 1JCF� 317 Hz); MS
(EI, 70 eV): m/z (%): 585 (0.5) [M�], 552, 550, 548 (0.3, 0.7, 0.7) [M�ÿCl],
442, 440, 438, 436, 434 (0.5, 4, 17, 29, 26) [M�ÿOSO2CF3], 69 (100) [CF�3 ];
HR-MS calcd for [M�ÿCl] C4H6


11BCl3F6N3O6P2S2 547.8236, found
547.8214; C4H6BCl4F6N3O6P2S2: calcd C 8.22, H 1.03, N 7.19; found C
7.80, H 1.63, N 6.65.


Preparation of 8 : A colorless solution of 1 (0.50 g, 1.4 mmol) in CH2Cl2


(10 mL) was added to a beige suspension of Ag[BF4] (0.33 g, 1.7 mmol) in
CH2Cl2 (40 mL) at room temperature in the absence of light. The
immediate evolution of a gas was observed with bubbling and a pressure
buildup as well as a large amount of fine white precipitate. The reaction
mixture was stirred for about 12 h, and the colorless solution decanted
through a plug of glass wool. The solvent was removed in vacuo, leaving a
white powder. Yield� 0.41 g (90 %). Crystals suitable for X-ray analysis
were obtained from slow evaporation of a dichloromethane solution of the
product. 31P NMR (CDCl3): d� 28.3 (q, 2JBP� 15 Hz); (CD2Cl2): d� 28.8
(q, 2JBP� 15 Hz); 11B NMR (CDCl3): d� 2.8; (CD2Cl2): d� 2.3; 19F NMR
(CDCl3): d�ÿ147.5; 1H NMR (CDCl3): d� 2.80 (m); (CD2Cl2): d� 2.93
(m); 13C NMR (CDCl3):� 29.5; MS (EI, 70 eV): m/z (%): 329, 327, 325, 323
(2, 10, 25, 31) [M�], 330, 328, 326, 324, 322 (1, 10, 39, 66, 56) [M�ÿH], 312,
310, 308, 306, 304 (7, 20, 60, 100, 83) [M�ÿF], 294, 292, 290, 288 (6, 14, 39,
40) [M�ÿCl], 254, 252, 250, 248, 246 (9, 17, 56, 95, 79) [M�ÿF2BNCH2];
HR-MS calcd for C2H5


11BCl4F2N3P2 321.8774, found 321.8786.


Preparation of 9 : A solution of the boratophosphazene 1 (1.04 g,
2.91 mmol) in CH2Cl2 (ca. 20 mL) was added to a slurry of Ag[AsF6]
(1.05 g, 3.54 mmol) in the same solvent (ca. 75 mL); this mixture was stirred
at room temperature in the absence of light. An immediate fine white
precipitate was observed along with a pressure buildup. The reaction was
stirred for 12 h and the colorless solution was carefully decanted through a
small plug of glass wool to remove AgCl. The solvent was removed in vacuo
leaving a crystalline solid and a small amount of yellow oil. Extraction of
the solid into a mixture of CH2Cl2/hexanes (ca. 1:10; twice) and subsequent
removal of solvent gave pure 9 (free from hydrolysis product).[50] Yield:
0.63 g (51 %). Large colorless crystals suitable for X-ray analysis were
obtained by cooling (ÿ30 8C) a CH2Cl2/hexanes (1:1) solution of the
product. 31P NMR (CDCl3): d� 30.6; 1H NMR (CDCl3): d� 3.16 (m); 13C
NMR (CDCl3): d� 34.1; MS (EI, 70 eV): m/z (%): 431, 429, 427, 425 (2, 6,
13, 10) [M�], 430, 428, 426, 424 (5, 15, 29, 23) [M�ÿH], 412, 410, 408, 406
(2, 9, 17, 12) [M�ÿF], 280, 278, 276, 274 (14, 58, 100, 85) [M�ÿAsF4]; HR-
MS calcd for C2H6AsP2Cl4N3F4 424.7943, found 424.7932;
C4H6BCl4F6N3O6P2S2: calcd C 5.63, H 1.42, N 9.85, found C 5.92, H 1.28,
N 9.75.


Preparation of 10a and 10b : A solution of the boratophosphazene 1
(0.51 g, 1.43 mmol) in CH2Cl2 (ca. 15 mL) was added to a slurry of Ag[SbF6]
(0.52 g, 1.51 mmol) in the same solvent (ca. 40 mL) and was stirred at room
temperature in the absence of light. An immediate fine white precipitate
was observed along with a pressure buildup. The reaction was stirred for
12 h and the colorless solution was carefully decanted through a small plug
of glass wool to remove AgCl. The solvent was removed in vacuo leaving a
brown oil. Extraction into a mixture of CH2Cl2/hexanes(1:10) (twice) and
subsequent removal of solvent gave pure 10a and 10b as a colorless solid.
Yield� 0.51 (ca. 75%). Colorless crystals suitable for X-ray analysis were
obtained by cooling (ÿ30 8C) a CH2Cl2/hexanes (1:1) solution of the
product. 31P NMR (CDCl3): d� 28.9, 27.5; 1H NMR (CDCl3): d� 3.23 (m);
13C NMR (CDCl3): d� 33.5; MS (EI, 70 eV): m/z (%): 493, 491, 489, 487 (1,
1, 2, 1) [M�(10b)], 494, 492, 490, 488, 486 (2, 6, 10, 11, 5) [M�(10 b)ÿH],
478, 476, 474, 472, 470 (1, 5, 13, 21, 17) [M�(10a)ÿH], 460, 458, 456, 454,
452 (3, 15, 39, 48, 25) [M�(10a)ÿF] and [M�(10b)ÿCl)], 280, 278, 276, 274
(12, 55, 100, 91) [M�(10a)ÿ SbF4] and [M�(10b)ÿSbF3Cl)].
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Reaction of 1 (99 % 10B) with Ag[BF4]: A solution of 1 (99 % 10B) (78 mg,
0.2 mmol) in CD2Cl2 (ca. 0.5 mL) was added to a slurry of Ag[BF4] (43 mg,
0.2 mmol) in CD2Cl2 (ca. 1.5 mL) and the supernatant solution was
decanted from a white precipitate into an NMR tube. 31P NMR (CD2Cl2):
d� 29.0; 10B NMR (CD2Cl2): d� 2.3; 11B NMR (CD2Cl2): d� 2.3; 19F NMR
(CD2Cl2): d�ÿ146; MS (EI, 70 eV): m/z (%) 329, 327, 325, 323 (2, 11, 36,
54) [M�(11B)], 328, 326, 324, 322 (9, 32, 57, 46); [M�(10B)] and [M�ÿ
H(11B)], and the lower mass region of the spectrum is similar to that of 8
above. For the reaction in a sealed NMR tube, the reactants were mixed as
solids and degassed CD2Cl2 was added by vacuum condensation at
ÿ196 8C. The tube was then flame-sealed under vacuum and warmed to
room temperature. 31P and 11B NMR exhibited only resonances assigned to
1 even after several weeks.
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Redox States of Long Oligothiophenes: Two Polarons on a Single Chain


John A. E. H. van Haare, Edsko E. Havinga, Joost L. J. van Dongen, ReneÂ A. J. Janssen,*
JeÂroÃ me Cornil, and Jean-Luc BreÂdas


Abstract: A detailed investigation is
presented of the redox states of three
oligothiophenes (nT) with 6, 9, and 12
thiophene units. While open-shell radi-
cal cations (polarons) and closed-shell
dications (bipolarons) are usually in-
voked as the primary redox species in
these systems, we have obtained evi-
dence that the dication of the longest
oligothiophene (12T) has an electronic
structure with two individual polarons.
The redox states of 6T, 9T, and 12T have
been fully characterized using UV/visi-
ble/near-IR and ESR spectroscopy in


combination with electrospray mass
spectrometry. For 6T and 9T, single-
electron oxidation in dichloromethane
produces the corresponding radical cat-
ions, which form spinless p dimers at
lower temperatures. A second oxidation
step forms dications which possess a
bipolaronic electronic structure. How-
ever, the redox behavior of the longest


oligothiophene, 12T, is entirely differ-
ent. Radical cations of 12T dispropor-
tionate into neutral oligomers and dica-
tions, except at the lowest oxidation
levels. The spectral data for doubly
oxidized 12T are incompatible with
those expected for a bipolaronic struc-
ture but are consistent with the forma-
tion of two individual polarons on a
single chain; this interpretation is also
supported by the results from correlated
quantum chemical calculations.


Keywords: conducting materials ´
oligomers ´ pi interactions ´ radical
ions ´ redox chemistry


Introduction


p-conjugated polymers attract considerable attention as func-
tional materials in a variety of (opto)electronic devices, such
as light-emitting diodes, field-effect transistors, lightweight
batteries, solar cells, and electrochromic devices.[1, 2] In their
pristine form these polymers are semiconductors with a band
gap in the range of approximately 1.5 ± 3.5 eV. One of the most
important features of p-conjugated polymers is their ability to
become highly conducting after oxidative or reductive doping.
Many of the applications foreseen for these materials are
associated with some kind of charge transport, albeit at
greatly varying doping levels. Therefore, the nature of the
charge carriers in these materials as a function of the degree of
doping has been one of the focal points of interest since the
discovery of high levels of electrical conductivity.[3±9]


The first step in oxidative (or reductive) doping of the
conjugated polymer is the formation of a radical cation (or
anion); depending on the Coulomb potential from the
associated counterion, the charge can move along the p-
conjugated chain. These radical ions, often designated as
polarons,[10] are considered to be self-localized charged
species because, even for long chains, the geometrical change
associated with the oxidation (or reduction) is confined to a
limited number of monomeric units. As a result of the
characteristic strong coupling of the electronic structure with
the geometric structure for p-conjugated materials (elec-
tron ± lattice coupling),[6] this deformation causes new elec-
tronic states to appear within the p ± p* band gap of the
polymer. For a positive polaron (radical cation) a singly
occupied level is generated above the valence band in the p ±
p* band gap and an empty level appears below the conduction
band.[6] Initially, the positive polaron was characterized as
exhibiting three electronic absorptions, associated with a
transition from the top of the valence band to the singly
occupied polaron level, one between the two polaron levels,
and a transition from the occupied polaron level to the
conduction band.[6] Because of the single occupancy of the
highest occupied energy level, the polaron has an associated
ESR signal. With increasing doping levels, a situation is
created where more than one charge is removed from a single
chain. It has been argued that, as a result of the strong
electron ± lattice interaction, two polarons on a single chain
coalesce into a bipolaron, which is a doubly charged spinless
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deformation on a p-conjugated chain.[11] Although two like
charges are part of the same chain deformation in a bipolaron,
the energy gained by forming only one deformation may
outweigh the increased Coulomb repulsion energy.[6] Impor-
tant support for the generation of bipolarons is provided by
the loss of the ESR signal at higher doping levels, which is
observed for almost all p-conjugated materials. On the other
hand, the electronic spectra of bipolarons have raised a
number of questions. Initially, it was found in conjugated
polymers that the transition from polarons to bipolarons at
higher doping levels led to a suppression of the transition
between the two in-gap levels and that the remaining two
absorptions shifted to higher energies. The two absorptions of
a positive bipolaron have been attributed to excitations from
the valence band to the empty first and second bipolaron
levels. The hypsochromic shift can be rationalized by the
stronger lattice deformation of a bipolaron as compared to a
polaron, which causes the electronic states appearing in the
gap to be further away from the band edges.[6] Although it was
found experimentally that the two transitions have rather
similar intensity, the model developed by Fesser, Bishop, and
Campbell (FBC model)[5] predicts that the second transition
should be far less intense, so there is a marked discrepancy
between theory and experiment.[12]


This situation has been considerably clarified by oxidation
experiments on p-conjugated oligomers with a well-defined
conjugation length as model compounds for polymers. One of
the key examples in this respect was reported by Garnier et al.
for sexithiophene, which exhibits only two electronic absorp-
tions for the radical cation and only one strong absorption for
the dication.[13] In recent years various experimental and
theoretical studies have provided a detailed and coherent
insight into the characteristics of the first two oxidation states
of oligothiophenes with a limited number of rings.[14±22] The
first oxidation potential of oligothiophenes in dilute solution
decreases with chain length and exhibits an almost linear
relationship with the inverse number of thiophene rings (1/n).
In the first oxidation wave, one electron is removed and a
radical cation (also referred to as a positive polaron by
analogy with condensed matter physics terminology: a positive
polaron is defined as a radical cation associated to a local
geometry relaxation[6]) is formed which exhibits an ESR
signal and two subgap electronic absorptions that increase in
intensity with the number of oxidized oligomers at the cost of
the p ± p* transition of the neutral nT oligomer. Semiempir-
ical AM1 calculations reveal that a geometry deformation of
the aromatic rings occurs in the radical cation to a semi-
quinoidic structure.[22] The spatial extension of this deforma-
tion, which is located at the center of the chain, is estimated to
be five units or less without considering the presence of
counter ions. At higher oxidation potentials, the oligothio-
phene radical cation can be converted to the corresponding
dication. The second oxidation potential decreases with chain
length, with a steeper slope than that of the first oxidation.
Hence, the potential difference between subsequent redox
states decreases for longer oligomers as a result of a
decreasing Coulombic repulsion between the two charges.
The short-chain oligothiophene dications have a single,
strong, subgap electronic absorption and no ESR signal. The


AM1-optimized geometries of the oligothiophene dications
indicate the formation of a positive bipolaron, since the
two like charges are associated to a strong quinoidic
deformation at the center of the molecule. The amplitude
of the defect progressively diminishes when going from
the center to the end of the molecule. The upper limit for
the width of the bipolaron geometry relaxation, as estimated
from the AM1 calculations, corresponds to nine thiophene
units.[22]


It has been demonstrated that radical cations of oligothio-
phenes have a tendency to form p dimers reversibly in
solution at high concentrations or low temperatures.[14, 15]


Although the geometry of such a p dimer is not exactly
known, they are envisaged as a face-to-face complex of two
radical cations interacting through their p orbitals. This view is
corroborated by a recent X-ray crystallographic study of a
radical cation of a substituted terthiophene.[16] The face-to-
face interaction of the singly occupied, degenerate p orbitals
of the two constituent radical cations results in a splitting into
two new energy levels and a net energy gain when the lower of
these new energy levels becomes doubly occupied. This gain
in energy provides the driving force for the formation of a p


dimer and opposes the increased Coulomb repulsion, which
results from combining two like-charged species in a single
complex. The p-dimerization of radical cations, being the
result of a fine balance between attractive and repulsive
interactions, is strongly dependent on the solvent and the
nature of the counterions.[23] p Dimers are ESR-silent, and
because they possess two electronic absorptions in the p ± p*
gap at somewhat higher energy than the corresponding radical
cations it has been suggested that p dimers are a likely
alternative to bipolarons as the predominant charge carriers
in heavily doped conjugated polymers.[24] In addition to
oligothiophenes, p dimers have been identified for radical
cations of oligopyrroles and oligo(p-phenylene vinyl-
enes).[25, 26]


Although p dimers could be formed in conjugated polymers
as a result of complexation of different chains or chain
segments, the situation for a multiply charged single chain
remains unclear.[9] The oligomers that have been studied in
detail up to now have a rather limited conjugation
length,[13±18, 27] and far less attention has been paid to longer
systems.[19, 20, 28, 29] However, conjugation length is an impor-
tant parameter in differentiating between the various elec-
tronic states. For a short oligomer molecule, there is a limit to
the decrease in Coulomb repulsion of two like charges,
because they cannot diffuse further apart than the limited
length of the conjugated system. For a long oligomer (or an
infinite polymer), however, the situation is different because
there is no restriction in moving the two charges apart
(provided the counterions are fully mobile). The decrease in
Coulomb repulsion energy that is obtained by moving the two
like charges apart on a single chain may outweigh the
concurrent energy cost that results from the fact that the
two charges no longer share the same geometrical deforma-
tion.[30] Hence, a transition between a bipolaron and two
isolated polarons, as energetically favored structure, could
occur as a function of chain length, as has been predicted on
the basis of semiempirical calculations.[31]







Oligothiophenes 1509 ± 1522


Chem. Eur. J. 1998, 4, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1511 $ 17.50+.25/0 1511


In this paper, we specifically address this point and present
our investigations in elucidating the structure of the multiple
redox states of medium-sized and long oligothiophenes,
especially those with 6, 9, and 12 thiophene units (Figure 1).


Figure 1. Molecular structure of the oligothiophenes investigated in this
study.


Each of these oligothiophenes (6T, 9T, and 12T) carries one
dodecyl side chain per three thiophene units as a pendant
group to ensure solubility in common organic solvents. The
redox states were characterized by UV/visible/near-IR ab-
sorption and ESR spectroscopy in solution to avoid the effects
of aggregation and to differentiate between free and dimer-
like species by varying the temperature. In addition to these
techniques, we also used electrospray mass spectrometry
(ESMS) to characterize the charged ions. ESMS is a gentle
method to transfer ions from solution to the gas phase,
requiring little extra internal energy imparted to the ions.[32]


The mechanism of ES is not yet completely understood.
Different ions are detected with different sensitivities, and the
sensitivity is dependent on the concentration of other ions
present in solution. Nevertheless, ESMS is particularly suited
for the present study, because solutions that have been used
for UV/visible/near-IR and ESR experiments can be directly
injected into the mass spectrometer.


We will show that the electronic structure of the 12T
oligomer behaves quite differently from 6T and 9T. The
spectral data for the doubly oxidized 12T oligomer are found
to be consistent with the formation of two individual polarons
on a single chain and incompatible with those expected for a
bipolaronic structure.


Theory


In this section, we discuss in qualitative terms the electronic
structure and optical excitations of oligothiophene radical
cations and dications. As a starting point, we assume that all
thiophene rings are in a trans conformation with respect to
each other. Within this approximation and depending on the
number of thiophene rings, n, the point group symmetry of an
oligothiophene is C2v (when n is odd) or C2h (when n is
even).[33] Although the actual point group symmetry of
oligothiophenes is likely to be different owing to the presence
of side chains and/or some conformational disorder, this is
unlikely to drastically change the qualitative conclusions
based on elementary group theory discussed below.


Polarons : First, we consider the behavior of a singly oxidized
p-conjugated oligomer, which is relatively well understood.
Removal of one electron from the highest occupied molecular
orbital (HOMO) of a closed-shell neutral oligothiophene
produces the corresponding radical cation, which exhibits two
strong subgap electronic absorption transitions in the visible
and near-IR regions. These two bands originate from dipole-
allowed transitions among the frontier orbitals (Figure 2). In a
one-electron description, the two bands correspond to ex-
citations from the highest doubly occupied au level to the
singly occupied bg level (bg au) in the near-IR and from the
singly occupied bg level to the lowest empty au level (au bg)
in the visible region of the spectrum. Note that the transition
from the singly occupied polaron level (bg) to the LUMO� 1
(bg) (conduction band) level is symmetry-forbidden.[21] The-
oretical calculations using the nonempirical valence effective
Hamiltonian (VEH) method for nT up to n� 9 predict two
subgap absorption features for nT.� radical cations in full
agreement with experimental results and the simple energy
diagram discussed above.[22] The calculations have shown that


Figure 2. Schematic representations of the frontier molecular orbital levels and dipole-allowed transitions of oligothiophenes in
neutral, radical cation, and dication oxidation states. In this diagram, we only consider a C2h point-group symmetry (n even), but
the diagram is fully analogous for C2v (n odd) if the labels bg and au are replaced by a2 and b2, respectively.
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the energy of the subgap absorptions evolve in a linear fashion
with 1/n, in good agreement with experimental data.


Bipolarons : Next, we consider an oligothiophene dication
with an electronic configuration that corresponds to a
bipolaron, that is, one geometry deformation on the chain as
for a polaron. In a bipolaron the au HOMO level is doubly
occupied and the electronic state is of 11Ag symmetry. The
transition from the au HOMO level to the lowest empty
bipolaron bg level (bg au) is strongly dipole allowed and
polarized along the long axis of the molecule. Many dications
of p-conjugated oligomers show this transition as a single
intense absorption well below the p ± p* band gap, usually
located between the two subgap absorptions of the radical
cation.[34] In a one-electron description, this excitation orig-
inates from the near-IR band of the radical cation, but has
shifted to higher energy as a result of the greater geometrical
deformation that occurs in a bipolaron in comparison with a
polaron. The strong coupling of the electronic structure with
the geometrical structure pulls the unoccupied bg orbital
further into the band gap, which moves the excitation to
higher energies. Theoretical calculations fully confirm this
description.[21, 22]


Two polarons on a chain : Finally, we consider a long
oligothiophene carrying two charges which are confined to
two different geometrical deformations (A and B) near each
end of the molecule. The molecular orbitals that observe the
overall molecular symmetry, must be described with symmet-
ric (f�, au) and antisymmetric (fÿ, bg) linear combinations of
the two wavefunctions (fA and fB) describing the individual
radical cations (Figure 3), as described in Equations (1) and
(2), where SAB is the overlap of the wavefunctions fA and fb.


f�� (2� 2SAB)ÿ1/2 (fA�fB) (1)


fÿ� (2ÿ 2SAB)ÿ1/2 (fAÿfB) (2)


When the interaction between the radical cations (fA and fB)
is small, f� and fÿ are almost degenerate, and the electronic
configuration of the two radical cations (two polarons) on the
single chain cannot be described with a single determinant
wavefunction but must involve configuration interaction.
Following Borden, we consider a diradical containing a


symmetry element such that the two highest relevant MOs
(f� and fÿ) belong to different irreducible representations,
that is, behave differently with respect to at least one
symmetry operation.[35, 36] In principle, six electronic config-
urations can be distinguished when placing two electrons in
two MOs (f� and fÿ). Three of these configurations form the
Ms�ÿ1, 0, and �1 components of the same triplet state. Of
the three remaining singlet configurations, only the two
closed-shell configurations mix, giving rise to two 1Ag states.
The third singlet state does not mix due to the different spatial
symmetry of f� and fÿ. To summarize, the six configurations
give rise to the following four low-lying states that can be
described with Equations (3) ± (6).[37]


11Ag Y1� c1 jf�f� jÿ c2 jfÿfÿ j (3)


21Ag Y2� c2 jf�f� j� c1 jfÿfÿ j (4)


13Bu Y3� { jf�fÿ j�jf�fÿ j }/
���
2
p


Ms� 0 component (5)


11Bu Y4� { jf�fÿ jÿjf�fÿ j }/
���
2
p


(6)


The off-diagonal element in the matrix that describes the
mixing of the two closed-shell 1Ag configurations jf�f� j and
jfÿfÿ j is the exchange integral K�ÿ. In the limit that the two
radical cations have a negligible interaction, the symmetrized
polaron wavefunctions f� and fÿ are degenerate and the
mixing of the jf�f� j and jfÿfÿ j configurations will be
complete, resulting in c1� c2� 1/


���
2
p


. With an increasing
distance between the two polarons on a long chain, the
energy difference between the 11Ag and 13Bu states, which
describe the spin states of a diradical on a single chain,
decreases and at a certain point the singlet and triplet states
become degenerate.[37] Similarly, the energy difference be-
tween the two higher lying states 21Ag and 11Bu disappears. In
this limit, the energy difference between the 11Ag/13Bu states
and the 21Ag/11Bu states is equal to 2K�ÿ .[38]


From these considerations it appears that both the bipolar-
on, with a single geometrical deformation, and the two-
polaron configuration, with two separate geometry distor-
tions, correspond to the 11Ag state described by Equation (3).
The crucial difference between the two possible configura-
tions, however, is the relative magnitude of the coefficients c1


and c2 . In a bipolaron, the coefficients will differ substantially
(i.e. c1� c2), while for two individual, non-
interacting, polarons the coefficients will be
similar (i.e. c1� c2).


Having addressed the electronic wave-
function of the two-polaron state, we con-
sider the dipole-allowed transitions that
originate from it. Within the C2h point group
a 1Bu 1Ag excitation is dipole-allowed, and
because it is polarized along the long axis of
the molecule, it is expected to be strong. In a
one-electron description several single ex-
citations that correspond to either a bg au


or a au bg electronic transition may give
rise to a 1Bu state (Figure 2). Many of these
transitions are closely related to the two


Figure 3. Schematic representation of the frontier p orbitals (top view) of the symmetrized two-
polaron wavefunctions of duodecithiophene. The shading indicates the phase of the molecular
orbitals.
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transitions that would occur in an isolated radical cation. In
addition, however, a transition might occur that involves an
electron transfer from one radical cation to the other,
corresponding to single excitation among the f� and fÿ
orbitals (i.e. f� fÿ or fÿ f�) (Figure 2). This transition
results in the 11Bu state described by Equation (6). In the limit
of two noninteracting polarons, the excitation energy of this
transition will be equal to 2K�ÿ .[38] Whether this qualitative
picture of the optical transitions is correct remains to be tested
experimentally and confirmed with high-level calculations.
Moreover, since a range of close-lying 1Bu configurations can
be reached from the 11Ag ground state by bg au and au bg


excitations, it can be expected that configurational mixing
occurs among the various 1Bu configurations, so that an
ordering of the 1Bu states cannot be predicted by simple
arguments.


Results


In order to allow for a direct comparison of the redox
properties of 6T, 9T, and 12T, we briefly summarize and
reconsider some of the results previously obtained for
unsubstituted and dodecyl-substituted 6T as described by
Garnier et al.[13] and Bäuerle et al.[17]


Didodecyl sexithiophene (6T): The cyclic voltammogram of
6T recorded in dichloromethane (Figure 4a) shows two
consecutive chemically reversible oxidation waves at E1


o�
0.81 and E2


o� 1.03 V vs. SCE, in good agreement with values
reported by Bäuerle et al.[17] The distance between the anodic
and cathodic peaks is about 90 mV.


Figure 5 shows the evolution of the UV/visible/near-IR
spectrum of a 6T solution upon oxidation by addition of small
aliquots of a solution of thianthrenium perchlorate in
dichloromethane. Thianthrenium perchlorate (THI .�ClOÿ


4 )


Figure 4. Cyclic voltammograms of a) 6T; b) 9T; c) 12T at 10ÿ3m
concentration recorded in dichloromethane/TBAH (0.1m) at T� 295 K,
scan rate 100 mV sÿ1, potential vs. SCE calibrated against Fc/Fc� (0.47 V).


Figure 5. Evolution of the UV/visible/near-IR spectra of a 2.5� 10ÿ5m
solution of 6T in dichloromethane at T� 295 K during conversion a) from
neutral 6T to the 6T.� radical cation and b) from 6T.� to 6T2� dication,
resulting from the addition of aliquots of a 3� 10ÿ4m solution of
THI .�ClOÿ


4 in dichloromethane. The inset shows the number of equiv-
alents of THI .�ClOÿ


4 added.


was chosen as the oxidizing agent for the present studies
because it combines a relatively high oxidation potential of
E8� 1.23 V vs. SCE with characteristic signals in the UV/
visible spectrum (E� 2.23 and 4.25 eV) and the ESR spectrum
(g� 2.0081, a(H)� 0.132 mT).[39, 40] The appearance of these
signals in the electronic or ESR spectra indicates that further
addition of THI .� does not result in (complete) oxidation of
oligothiophene. As an additional advantage, the thianthrene
formed in the reduction reaction absorbs at E� 4.83 eV, well
outside the region of interest for the redox states of the
present oligothiophenes. Figure 5a represents the oxidation of
neutral 6T (E� 2.92 eV) to the corresponding 6T.� radical
cation. 6T.� exhibits two strong absorption bands at E� 1.59
and 0.84 eV, each accompanied by a vibronic transition at
higher energy (at E� 1.81 and � 1.0 eV, respectively). The
band at 1.59 eV is assigned to an excitation from the singly
occupied polaron level to the LUMO (au bg), whereas the
band at 0.84 eV is attributed to an excitation from the highest
doubly occupied MO to the first polaron level (bg au), as
shown in Figure 2 (see Theory section). In addition a third,
weak, band at 3.55 eV is found that seems to be associated
with 6T.� . The isosbestic point at E� 1.50 eV indicates the
interconversion of two species, consistent with the oxidation
of 6T into 6T.� .


These spectral data of 6T.� are in excellent agreement with
the electronic spectra of 6T.� obtained by doping with ferric
chloride[17] or by excited-state electron transfer,[41] and are
fully supported by the VEH-calculated transition energies at
0.93 and 1.47 eV.[21] The results also correspond remarkably
well to the spectra of 6T.� observed in photoinduced
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absorption (PIA) experiments on thin films[42] and in field-
induced charging of semitransparent metal ± insulator ± semi-
conductor devices, where counterions are absent.[43] With
respect to the third, low-intensity, absorption at 3.55 eV for
6T.� , it is interesting to note that correlated calculations
performed on short oligo(p-phenylene vinylene)s indicate
that a positive polaron is characterized not only by two strong
subgap absorption features, but also by a third weak
absorption peak at an energy higher than that of the neutral
band.[44] On the basis of this result, the weak band of 6T.� may
be the consequence of a mixing of formally forbidden
excitations, whose main contributions originate from transi-
tions between the singly occupied polaron level (bg) and the
LUMO� 1 (bg) and between the highest doubly occupied
level (au) and LUMO (au) (Figure 2).


Upon further oxidation, the radical cation is converted to
the 6T2� dication (Figure 5b), which exhibits a strong absorp-
tion at E� 1.28 eV together with a shoulder at E� 1.42 eVand
a second, much smaller, band at E� 2.35 eV. In addition to the
loss of signals at E� 0.84, 1.59, and 3.55 eV, the transforma-
tion of 6T.� into 6T2� is characterized by a series of isosbestic
points (E� 0.73, 1.07, 1.50, 2.12, and 2.62 eV). The experi-
mental data for 6T2� are in agreement with the model outlined
in the Theory section (Figure 2) and quantum chemical
calculations; the lowest optical feature of the dication is
calculated at 1.08 eV at the VEH level and is described by
the symmetry-allowed transition taking place between the
HOMO level (au) and the lowest bipolaron level (bg).[21] The
weak absorption band of the dication at 2.35 eV, which was
first noticed by Horowitz et al.,[19] can be assigned to the
normally forbidden one-electron excitation between the
HOMO (au) and the highest bipolaron level (au), estimated
at 2.02 eV by the VEH method; this band can appear in the
spectrum due to some symmetry lowering in solution and
breakdown of the selection rules. The results of these
chemical oxidations are once again supported by the optical
spectra of 6T2� obtained by photoinduced and field-induced
charging.[42, 43]


It is important to note that the 220 mV separation between
the first and second oxidation potential of 6T is large enough
to preclude the simultaneous presence to any significant
extent of the three redox states 6T, 6T.� , and 6T2� in
dichloromethane solution. After reduction with an excess of
hydrazine monohydrate at either the 6T.� or 6T2� levels of
oxidation, the original UV/visible/near-IR spectrum of 6T is
recovered, demonstrating the stability and complete reversi-
bility of the first two one-electron oxidations of 6T.


These optical studies and their assignments are fully
consistent with the observed ESR spectrum of 6T.� (Figure 6)
and the evolution of the doubly integrated ESR intensity with
progressing oxidation level (Figure 7). By measuring ESR and
UV/visible/near-IR spectra in a single cell under identical
conditions, we confirmed that the UV/visible/near-IR spec-
trum of 6T.� , shown in Figure 5a, reaches maximum intensity
at the oxidation level for which the ESR intensity is the
highest. Further oxidation results in the complete loss of the
ESR spectrum, when 6T.� is fully converted to 6T2�, in
accordance with the diamagnetic character of the dication
(Figure 7).[13, 17]


Figure 6. ESR spectrum of the 6T.� radical cation in dichloromethane at
T� 295 K. The ESR spectrum is characterized by g� 2.0022 and can be
successfully simulated using the following hyperfine coupling parameters:
a(H)� 0.193 mT (4H); a(H)� 0.125 mT (2H); a(H)� 0.106 mT (2 H);
a(H)� 0.097 mT (2H); a(H)� 0.090 mT (2H); a(H)� 0.075 mT (2 H);
a(H)� 0.011 mT (2 H).


Figure 7. Evolution of the double integrals of the ESR signal recorded for
6T, 9T, and 12T as a function of the number of equivalents of THI .�ClOÿ


4


being reduced to THI.


Direct analysis of the oxidized 6T solutions with ESMS
gives information on the ions present in solution. It is
important to note that the relative intensity of the peaks at
different m/z values does not necessarily correlate with the
relative concentration of the various charged species present
in solution as deduced from the optical absorption and ESR
experiments. This is a result of the different response for
different ions and the possibility of subsequent redox
reactions in the course of the ionization process in the ES
mass spectrometer. The ES mass spectrum of an oxidized
sample of 6T (converted to 6T.� for about 75 % as judged
from UV/visible/near-IR and ESR) is shown in Figure 8. The
strongest peak is observed at m/z� 830.5 amu resulting from
the 6T.� radical cation (calcd m/z� 830.3 amu), while traces
of other oligomers are detected (Figure 8).[45] The isotope
distribution of the m/z� 830.5 amu peak possesses unit amu
mass separation, confirming the single charge. At m/z�
415.5 amu (i.e., half the m/z value of 6T.�), the 6T2� dication
is observed, exhibiting an isotope mass separation of 0.5 amu
units, consistent with the twofold charge.


At higher m/z values than that of 6T.� , two small peaks are
detected. The first peak at m/z� 1660.6 amu corresponds to a
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Figure 8. ES mass spectrum of a dichloromethane solution of the 6T.�


radical cation fed directly into the ES mass spectrometer. The insets show
expanded regions of interest (see text). The signals at m/z� 184.1, 216.1,
and 431.1 amu are caused by THI .� ± S, THI .� , and (THI) .


2
� respectively.


Small impurities are present at m/z� 1244.6 amu (9T.�), m/z� 553.3 amu
(12T.3�), and m/z� 864.3 amu (a-Cl-6T.�).[45]


singly charged complex of two 6T molecules (i.e. (6T).
2
�, calcd


m/z� 1660.6 amu),[46] which can be considered as a charge-
transfer complex of a 6T.� radical cation with a neutral 6T
molecule.[47] Similar dimer radical cations [(nT).


2
�] have been


reported to be formed in films of methyl end-capped
oligothiophenes.[48] The (6T).


2
� peak at m/z� 1660.6 amu


was no longer observed when neutral 6T was fully converted
to the radical cation. The second peak at m/z� 1759.7 amu is
assigned to a complex of two 6T.� radical cations and a
perchlorate anion (calcd m/z for [(6T)2ClO4]� is 1759.6 amu).
Although the exact nature of the bonding in this complex
cannot be deduced from the ESMS data, we tentatively assign
this complex to a p dimer of two 6T.� radical cations with a
perchlorate counterion, based on the well-known dimeriza-
tion behavior of oligothiophene radical cations in solution at
low temperatures.[24] A MS ± MS analysis of this peak gave a
signal at m/z� 830.5 amu and no peak in the negative mass
spectrum, consistent with a dissociation into 6T.� and
6TClO4. The parent peak of (6T)2�


2 p dimers is expected to
coalesce with that of the 6T.� signal at m/z� 830.5 amu. The
1.0 amu separation observed for the peak at m/z� 830.5 amu,
however, indicates that this is largely due to 6T.� radical
cations and gives no evidence of the presence of p dimers,
which should have a 0.5 amu separation.


The changes in ESR and in the electronic spectrum of 6T.�


with temperature have been described in great detail by
Bäuerle et al.[17] and will not be repeated here. Our experi-
ments confirm that in the temperature range of 295 ± 220 K a
fully reversible p dimerization of the 6T.� radical cations
occurs to a diamagnetic state, according to Equation (7).


2 6T.� > (6T)2�
2 (7)


The (6T)2�
2 p dimer shows two dominant electronic


absorptions at E� 1.12 and 1.97 eV that are significantly
blue-shifted with respect to those of the isolated species. The
dimerization equilibrium of Equation (7) is characterized by


isosbestic points at E� 0.99 and 1.75 eV.[49] From the changes
in the optical absorption spectra and, independently, from the
reduction of the doubly integrated ESR signal intensity, the
dimerization enthalpy of 6T.� has been determined as
DH0


dim�ÿ43� 7 kJ molÿ1, which is less than the value of
DH0


dim�ÿ87� 16 kJ molÿ1 previously reported.[17, 50]


Tridodecyl nonithiophene (9T): The cyclic voltammogram of
9T (Figure 4b) is more complex than that of 6T, where two
reversible waves are obtained. For 9T, the first oxidation wave
at E8� 0.62 V vs. SCE is chemically fully reversible if the
voltage scan is reversed before E� 0.75 V. The distance
between anodic and cathodic peaks is 70 mV. Extending the
sweep to higher potentials gives two to three ill-resolved
quasireversible broad waves. This complicated behavior in
cyclic voltammetry may have its origin in various effects,
namely, 1) adsorption or precipitation of charged species; 2)
interactions between electroactive centers such as the for-
mation of p dimers at the electrode even at room temper-
ature; 3) conformational changes or the fact that a mixture of
regioisomers is used; or 4) slow electron transfer.[51]


The chemical oxidation of 9T has been monitored with UV/
visible/near-IR spectroscopy in detail (Figure 9). Upon addi-
tion of THI .�ClOÿ


4 , the band of neutral 9T at E� 2.75 eV is


Figure 9. Evolution of the UV/visible/near-IR spectra of a 1.2� 10ÿ5m
solution of 9T in dichloromethane at T� 295 K during conversion from
neutral 9T to the 9T.� radical cation (top) and from 9T.� to 9T2� dication
(bottom) resulting from the addition of aliquots of a 3� 10ÿ4m solution of
THI .�ClOÿ


4 in dichloromethane. The inset shows the number of equiv-
alents of THI .�ClOÿ


4 added.


replaced by two new bands at E� 1.46 and 0.67 eV of the 9T.�


radical cation. The high-energy band of 9T.� has an additional
vibronic transition as a shoulder at approximately E� 1.61 eV.
The low-energy band contains a broad tail to higher energy
that possibly contains unresolved vibronic coupling. The
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bands at 1.46 and 0.67 eV are assigned to excitations from the
singly occupied polaron level (a2) to the LUMO (b2) and from
the highest doubly occupied level (b2) to the singly occupied
polaron level (a2) (see Theory section, Figure 2). The con-
version of 9T into 9T.� results in an isosbestic point at E�
2.37 eV. Upon further oxidation to 9T2�, the two bands of 9T.�


are replaced by a strong absorption at E� 0.82 eV with a
vibronic shoulder at E� 0.95 eV. In addition, a second,
weaker, band is observed at higher energies, which is also
attributed to 9T2�. After the addition of approximately two
equivalents of THI .�ClOÿ


4 the absorption maximum of this
band is found at E� 1.59 eV. As was the case for 6T, the
9T.�!9T2� conversion produced a series of isosbestic points
(E� 0.73, 1.32, 1.79, and 2.37 eV). The band at 0.82 eV is
attributed to excitation of the doubly occupied HOMO level
(b2) into the LUMO (a2 , the lowest bipolaron level) of the
9T2� dication (Theory section, Figure 2). In contrast to 6T, the
onset of the formation of 9T2� can be observed in the UV/
visible/near-IR spectrum before the band of 9T has bleached
completely (Figure 9). This indicates that at intermediate
oxidation levels a disproportionation equilibrium exists
[Eq. (8)]. The coexistence of these three species is most


2 9T.�> 9T� 9T2� (8)


clearly observed in the second set of oxidation experiments
(Figure 9, bottom) where the remainder of the neutral 9T
absorption continues to decrease, while the 9T2� dication
bands increase. A third weak absorption of 9T.� , as observed
for 6T.� at 3.55 eV, could not be identified with certainty in
the spectra; possibly it is part of the features seen in the
spectra around the position of neutral 9T. Reduction with
hydrazine monohydrate of the charged 9T oligomers shows
that oxidation is fully reversible up to the dicationic state.


Carrying the oxidation process beyond the level of 9T2�


results in a decrease of the band at E� 0.82 eV, while a new
absorption is found at E� 0.95 eV (not shown). At these high
oxidation levels, 9T is not stable, as we inferred by checking
the reversibility with hydrazine monohydrate. For example,
when the oxidation of 9T was continued until the absorption
of unreacted THI .� appeared at E� 2.23 eV in the UV/
visible/near-IR spectrum, addition of an excess of hydrazine
monohydrate gave a new hypsochromically shifted absorption
band, which is attributed to a neutral oligothiophene (or
polythiophene). The band maximum at E� 2.56 eV suggests
that on average three 9T units have coupled.[52] Because of
these irreversible changes we did not investigate 9T in detail
beyond the second oxidation stage.


Figure 10 shows the changes of the UV/visible/near-IR
spectrum of 9T.� with temperature in the range of T� 290 to
230 K. Lowering the temperature results in a decrease of the
9T.� bands at E� 0.67 and 1.46 eV (labeled M1 and M2 in
Figure 10) with a concomitant growth of two new bands at
higher energy. In addition to an increasing intensity, the two
new bands, labeled D1 and D2, shift hypsochromically with
decreasing temperature. Below T� 230 K, however, their
positions remain constant at E� 0.95 and 1.94 eV, respective-
ly. The observed temperature dependence is fully reversible


Figure 10. Temperature dependence of the UV/visible/near-IR spectra of
the 9T.� radical cation in a 5� 10ÿ6m dichloromethane solution. Peaks
labeled M1 and M2 are assigned to the monomeric 9T.� radical cation, while
D1 and D2 are attributed to their (9T)2�


2 p dimers. Band N is assigned to
neutral 9T (see text). The temperature (K) is given in the inset.


and readily associated with the formation of p dimers of 9T.�


radical cations [Eq. (9)].


2 9T.�> (9T)2�
2 (9)


The dimerization is further corroborated by the decrease of
the ESR signal in the same temperature range. The enthalpy
of dimerization could not be determined accurately owing to
extensive overlap of the electronic absorption bands of the
radical cation and its dimer, but is estimated, and independ-
ently confirmed by temperature-dependent ESR experiments,
to be DH0


dim�ÿ61� 10 kJ molÿ1, that is, larger than the value
for 6T.� . The increase of the dimerization enthalpy with chain
length is in accordance with published results.[15, 27] The
changes that occur in the spectrum at the band labeled N
(Figure 10), which increases in intensity and shifts bath-
ochromically with decreasing temperature, are attributed to a
thermochromic effect of neutral 9T. Like poly(3-alkylthio-
phenes), 9T forms microcrystallites at lower temperatures,
causing a bathochromic shift of the absorption.[53] This
phenomenon was confirmed independently by temperature-
dependent UV/visible/near-IR spectroscopy on neutral 9T in
which the same bathochromic shift is observed. Below T�
230 K, the position of the band N remains constant at E�
2.60 eV.


The ESR spectrum of 9T.� in dichloromethane contains a
single isotropic signal at g� 2.0023 without any resolvable
hyperfine coupling. The evolution of the ESR intensity with
the amount of THI .�ClOÿ


4 added (Figure 7) reveals that the
total amount of 9T.� radical cations that can be present in
solution is less than the total amount of 6T.� radical cations
formed under identical conditions. This result is consistent
with the disproportionation equilibrium defined in Equa-
tion (8) because it explains the presence of diamagnetic
species at intermediate oxidation levels. Likewise, the for-
mation of p dimers according to Equation (9) can account for
this result. The lower ESR signal observed for 9T.� as
compared to 6T.� is consistent with the suggestion that the
tendency to form p dimers of oligothiophene radical cations
increases with conjugation length.[17, 27]
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ESMS of 9T in dichloromethane solution, oxidized with one
equivalent of THI .�ClOÿ


4 , produces the signals of 9T.� at m/
z� 1244.5 and 9T2� at 622.5 amu, in accordance with the
calculated mass of 9T (m/z� 1244.5 amu) (Figure 11). In


Figure 11. ES mass spectrum of a dichloromethane solution of the 9T.�


radical cation, which was fed directly into the ES mass spectrometer. The
insets show expanded regions of interest (see text). The signals at m/z�
184.1, 216.1, and 431.1 amu are due to THI .� ± S, THI .� , and (THI).


2
�


respectively. The peak marked with an asterisk is attributed to 6T2� or 9T.3�


(see text). Small oligothiophene impurities are due to 6T.� at m/z�
830.3 amu and mono-a-chlorinated products of 9T at m/z� 1278.5 amu
(a-Cl-9T.�) and m/z� 639.5 amu (a-Cl-9T2�).[45] The peak at m/z�
242.5 amu is due to the presence of a tetrabutylammonium contamination.


contrast to the mass spectra of 6T, which were recorded at the
same intermediate oxidation level, the spectrum of 9T shows
more doubly charged species than expected on the basis of the
UV/visible/near-IR spectrum, demonstrating the different
responsiveness in ESMS for the two 9T ions. Peaks attribut-
able to (9T).


2
� charge-transfer complexes or (9T)2�


2 p dimers
were not detected under these conditions. The isotope mass
separations of the two 9T peaks are in full agreement with
their single (m/z� 1244.5 amu) and double charge (m/z�
622.5 amu). For the peak at m/z� 1244.5 amu this rules out
important contributions from (9T)2�


2 p dimers. At m/z�
414.3 ± 416.6 amu an unresolved peak is observed that could
be due to either triply oxidized 9T.3� (calcd m/z� 414.8 amu)
or an impurity of 6T2� (calcd m/z� 415.2 amu). The presence
of a small peak at m/z� 426.3 amu of a triply charged mono-
a-chlorinated by-product of 9T (a-Cl-9T.3� , calcd m/z�
426.2 amu), which is present as a by-product of the syn-
thesis,[45] however, strongly suggests that 9T.3� is formed
under these conditions.


Tetradodecyl duodecithiophene (12T): The cyclic voltammo-
gram of 12T (10ÿ3m) recorded in dichloromethane shows a
first oxidation wave at E8� 0.59 V with a separation between
anodic and cathodic peaks of 50 mV (Figure 4c). The poten-
tial separation of less than 59 mV is most likely due to
adsorption of charged 12T on the electrode. To check the
possibility of aggregation effects of 12T on the cyclic
voltammogram, we repeated the electrochemical measure-
ments at a lower concentration (2� 10ÿ4m), but obtained


identical results. Upon increasing the scan range, broad
oxidation waves (peak-to-peak 80 ± 100 mV) are observed
around E� 0.82 and 0.98 V. Increasing the voltage above E�
1.20 V vs. SCE results in the formation of a new peak in the
reduction wave at E� 0.37 V with a simultaneous small
decrease of the cathodic wave at 0.57 eV. This new peak could
be the result of hysteresis in the reduction of charged species
deposited on the electrode in the anodic scan.[54] A strong
potential hysteresis is a common feature of solid-state
voltammograms of many conjugated systems. In agreement
with the present study, hysteresis effects in oligothiophenes
are not observed until a certain potential or charging level is
exceeded.[54]


The changes in the UV/visible/near-IR spectrum of 12T
with increasing oxidation levels show marked differences
from those for 6T and 9T (Figure 12). At the lowest oxidation


Figure 12. Evolution of the UV/visible/near-IR spectra of a 1.2� 10ÿ5m
solution of 12T in dichloromethane at T� 295 K during conversion from
neutral 12T to charged species. The top spectrum corresponds to the
addition of the first equivalent of 3� 10ÿ4m solution of THI�. ClOÿ


4 in
dichloromethane, while the bottom spectrum represents the changes upon
addition of the second equivalent. The inset shows the number of
equivalents of THI�. ClOÿ


4 added.


levels two subgap absorptions are found at E� 0.59 and
1.42 eV. Because 12T.� will be formed at the lowest oxidation
levels, these two bands are readily assigned to the excitations
from the highest doubly occupied level (au) to the singly
occupied polaron level (bg) and from this level to the empty
polaron band (au, LUMO) (Figure 2). These bands shift
slightly hypsochromically to E� 0.62 and 1.45 eV after the
addition of half an equivalent of THI .�ClOÿ


4 (Figure 12, top).
Surprisingly, after the addition of exactly one equivalent of
THI .�ClOÿ


4 the p ± p* absorption band of neutral 12T at E�
2.68 eV has decreased to somewhat less than half its original
intensity, indicating that neutral 12T is still present. This can
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be explained by a disproportionation equilibrium of the kind
described by Equation (10). Hence, at this stage of the
oxidation, 12T, 12T.� , and 12T2� are simultaneously present
in the solution, each to an appreciable extent.


2 12T.�> 12T� 12T2� (10)


During the addition of a second equivalent of THI .�ClOÿ
4


the p ± p* absorption band continues to decrease (Figure 12,
bottom), giving evidence of the further consumption of
neutral 12T. Simultaneously the two subgap absorption bands
increase and the peaks exhibit a monotonous hypsochromic
shift to E� 0.88 and 1.75 eV. The presence of two equally
intense peaks at the doubly oxidized state is not compatible
with a bipolaron structure, for which only one strong
absorption is expected,[5, 22] but could be explained if two
separated polarons were present on a chain. It is of interest to
note that the energies of the two bands of 12T2� are close to
those obtained for singly oxidized 6T (Table 1).


Garnier et al. have recently suggested that for a slightly
different 12T derivative the doubly oxidized state in solution
corresponds to a fourfold charged spinless p dimer, (12T)4�


2 , in
which each molecule carries two noninteracting charges
[Eq. (11)].[20] Each radical cation of this 12T fourfold-charged


2 12T> (12T)4�
2 � 4 eÿ (11)


dication dimer is supposed to extend over approximately four
thiophene units. Variable-temperature experiments may give
evidence for the p-dimerization equilibrium of a doubly
charged 12T2� molecule, similar to the temperature-induced
dimerization of 6T.� and 9T.� [Eq. (12)]. Figure 13 shows the


2 12T2�> (12T)4�
2 (12)


variable temperature UV/visible/near-IR experiments of a
solution of 12T after oxidation with two equivalents of
THI .�ClOÿ


4 in chloroform (Figure 13a, T� 290 ± 330 K) and
dichloromethane (Figure 13b, T� 190 ± 295 K). Cooling from
ambient temperature to T� 190 K does not result in signifi-
cant changes in the spectrum, apart from a small increase of
the absorbance due to contraction of the solvent. Similarly,
warming to T� 330 K only gives a decrease in absorbance. In
contrast to cooling in dichloromethane, warming in chloro-
form is not completely reversible because of partial dedoping
at higher temperatures. To summarize, no clear indication for
an equilibrium as in Equation (12) could be obtained from
these variable temperature UV/visible/near-IR experiments.
Hence, no conclusive answer concerning the formation of
(12T)4�


2 p dimers from 12T2� can be given from the optical
spectra, since the equilibrium appears to be entirely to the
right hand or to the left hand of Equation (12) at all
temperatures studied.


The UV/visible/near-IR spectra of 12T recorded after
addition of more than two equivalents of THI .�ClOÿ


4 (Fig-
ure 14) reveal that the two bands at E� 0.88 and 1.75 eV
diminish and are replaced by a new strong absorption which
shifts slightly from E� 1.10 to 1.18 eV during the oxidation
process. This band is assigned to higher oxidation products of


Figure 13. Temperature dependence of the UV/visible/near-IR spectra
doubly oxidized 12T in a 1.2� 10ÿ5m dichloromethane solution (top) and in
2.5� 10ÿ5m solution in chloroform (bottom). The temperature (K) is given
in the key.


12T such as triply charged (12T.3�) and quadruply charged
(12T4�) oligomers. Up to the dicationic state 12T can be
reduced reversibly to neutral 12T by addition of hydrazine
monohydrate. Reduction from higher oxidation levels results
in a red shift of the p ± p* band.


Figure 14. Evolution of the UV/visible/near-IR spectra of a 1.2� 10ÿ5m
solution of 12T in dichloromethane at T� 295 K during conversion from
doubly oxidized 12T to higher charged species with a 3� 10ÿ4m solution of
THI .�ClOÿ


4 in dichloromethane. The inset shows the number of equiv-
alents of THI .�ClOÿ


4 added.


Oxidation of 12T in dichloromethane produces a weak
isotropic ESR signal at g� 2.0023, without any resolvable
hyperfine coupling. Although a small increase in ESR
intensity is observed after the addition of the first aliquot of
THI .�ClOÿ


4 , the total increase of the ESR spectrum during
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progressive oxidation is negligible when compared with the
experiments involving 6T and 9T (Figure 7). This observation
is in full agreement with the disproportionation equilibrium
proposed in Equation (10). When 12T is doubly oxidized in
solution, the absence of an ESR spectrum at room temper-
ature in solution does not rule out the possibility of a triplet
state (12T2 . 2�). Lowering the temperature to T� 100 K results
in an increase of ESR intensity (I) consistent with Curie�s law
(I�C/T). Under these low-temperature conditions, a zero-
field splitting or a signal at half field, characteristic for a triplet
state in frozen solution, were not observed.


The ES mass spectrum of 12T (Figure 15) recorded after the
addition of one equivalent of THI .�ClOÿ


4 reveals the presence
of 12T.� , 12T2�, and 12T.3� at m/z� 1658.7, 829.5, and
553.5 amu, respectively. High resolution MS of these peaks
confirms the �1, �2, and �3 charge on these molecules. In
particular the high-resolution mass spectrum of 12T2� shows a
base peak at m/z� 829.5 amu with a 0.5 amu isotope separa-
tion, which rules out the possibility that this manifold is due to
6T.� (base peak at m/z� 830.3 amu and unit mass separation).
At m/z� 415 amu a small peak is found, which can be
attributed unambiguously to the quadruply charged 12T4�


because an accompanying peak appears at m/z� 423.2 from
a mono-a-chlorinated 12T impurity (a-Cl-12T4�).[45] Com-
pared to the spectra of 6T and 9T, the relative intensity of the
12T.� peak has further decreased in favor of higher charged
ions, even when ES mass spectra were recorded at lower
oxidation levels. It is important to note that the ES mass
spectra of 12T recorded at various stages of the oxidation
process do not show any evidence of p dimers of singly
[(12T)2�


2 calcd at m/z� 1658.6 with 0.5 amu separation] or
doubly [(12T)4�


2 calcd at m/z� 829.3 with 0.25 amu separa-
tion] charged cations, nor any complexes thereof with a
perchlorate anion.


Figure 15. ES mass spectrum of a dichloromethane solution of 12T
oxidized with one equivalent of THI .�ClOÿ


4 which was fed directly into
the ES mass spectrometer. The insets show expanded regions of interest
(see text). The line at m/z� 415 amu marked with an asterisk is assigned to
12T4�. Oligothiophene impurities from mono-a-chlorinated products of
12T are found at m/z� 1692.6 (a-Cl-12T.�), 846.5 (a-Cl-12T2�), 565.2 (a-
Cl-12T.3�), and 423.2 amu (a-Cl-12T4�).[45] The signals m/z� 184.1, 216.1,
and 431.1 amu are due to THI .� ± S, THI .� , and (THI) .2� respectively.


Discussion


The experiments on 6T, 9T, and 12T demonstrate that within
this homologous series 12T behaves quite differently from 6T
or 9T. One of the salient differences is the observation that
after addition of one equivalent of oxidizing agent
(THI .�ClOÿ


4 ) to a solution of 12T, the optical absorption of
the neutral 12T oligomer decreases only to approximately half
the original intensity, while 6T and 9T are almost completely
oxidized under similar conditions. This result confirms that
the formation of a 12T dication is essentially a one-step
reaction, as proposed by Horowitz et al. for a closely related
tetrakis(decyl)-12T molecule.[19]


Another remarkable difference is found for the changes in
the ESR intensity with increasing oxidation levels. For 6T and
9T, an increase, followed by a subsequent decrease, is
observed when the oxidation is carried through the singly
oxidized state, consistent with the formation of a radical
cation (S� 1/2) followed by its conversion to a dication with a
bipolaronic structure (S� 0). For 12T, the ESR signal, which is
initially weak, hardly increases over the complete oxidation
range, suggesting that the doubly charged state of 12T formed
has no spin and corresponds to a bipolaron. However, the
presence of two equally strong electronic subgap transitions
strongly argues against the possible formation of bipolarons
for 12T.[5, 22] We have performed semiempirical Hartree ± Fock
intermediate neglect of differential overlap (INDO) calcu-
lations coupled to a single configuration interaction (SCI)
scheme. The results indicate that the absorption spectrum of
12T supporting a positive bipolaron is characterized by a
single subgap feature owing to the selection rules imposed by
the symmetry of the system. It might be argued that the
charged defect is not necessarily localized in the central part
of the oligomer, as typically obtained from geometry opti-
mizations that preserve C2h symmetry.[22, 55] However, a single
subgap peak is also calculated for a 12T oligomer where the
bipolaron is forced to be localized near one end of the chain.
This is rationalized by the fact that the selection rules remain
valid for the conjugated segment affected by the bipolaronic
relaxation; the latter remains highly symmetric whatever the
position of the center of the bipolaron. This is also the reason
why alkyl side groups hardly modify the optical properties of
doped conjugated chains. Note that a way to induce the
appearance of a second subgap absorption in the spectrum is
to generate two bipolarons in interaction on a single chain;[22]


this feature is ruled out by the ESMS spectra on 12T but is a
possibility in long polymer chains.


If it is not a bipolaron structure, what is the nature of that
ESR-silent redox state in 12T? At this point, several
interpretations are possible and it is important to address this
issue in detail. The explanation advanced by Garnier et al. is
that the 12T2� dication is present as a quadruply charged
spinless p dimer in which each molecule carries two non-
interacting charges.[20] As demonstrated in the preceding
section, we have not been able to find proof for the existence
of such a species using variable temperature UV/visible/near-
IR absorption spectroscopy or ESMS. The absence of (12T)4�


2


mass peaks or any adduct thereof with ClOÿ
4 in the ES mass


spectrum is significant in our view. We consider it unlikely that
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12T2� has dimerized to a large extent, while going undetected
in mass spectrometry, especially because p dimers were
observed with ESMS for 6T.� under conditions where
dimerization has occurred to a small extent only. In addition,
it is interesting to note that the optical transitions of (6T)2�


2 at
1.12 and 1.97 eV are significantly higher than the values
obtained for 12T2�


2 [or (12T)4�
2 ], 0.88 and 1.75 eV, respectively.


It is thus unlikely that the spectrum of 12T originates from a
double p dimer formed by two noninteracting charges per
chain.


Instead of a bipolaron or a p dimer, 12T2�might have a two-
polaron electronic state. Both the bipolaron and the two-
polaron states correspond to an 1Ag state, described by
Equation (3), but the coefficients c1 and c2 differ: for a
bipolaron c1� c2 , while for two polarons c1� c2 . The latter is
in fact a diradical.[35] The ESR spectra of diradicals can vary
strongly, depending on the strength of the exchange inter-
action J0 between the two electrons.[56] For very small
exchange interactions, the ESR spectrum of a diradical is
equivalent to that of two independent monoradicals. When
the exchange interaction is small but significantly larger than
the electron ± nuclear hyperfine coupling (J0� a), the ESR
spectrum of the diradical exhibits a hyperfine splitting which
is halved compared with that for the monoradical.[57, 58] For a
conjugated system like 12T, however, it is unlikely that the
exchange interaction in a two-polaron state is small and
corresponds to either of these two situations, because several
electronic configurations interact. It is more likely that the
diradical is in a singlet ground state with the 3Bu triplet state
as a near-lying excited state.[59] A singlet state is of course
ESR-silent. A triplet state should give an ESR signal in
frozen solution where a characteristic anisotropic spectrum is
expected, resulting from dipolar spin ± spin interactions.[60]


The experimental result that the 12T dication does not show a
triplet ESR signal in frozen solutions rules out the possibility
that the triplet state is thermally populated. In this respect it
interesting to note that the dications of orthogonally bridged
and spiro-fused phenylene ± thiophene mixed oligomers were
also found to produce no or very weak ESR signals under
conditions where UV/visible/near-IR data suggest the pres-
ence of a single charge in each of the two orthogonal oligomer
units.[61]


Therefore, based on all experimental results obtained from
UV/visible/near-IR, ESR, and ESMS, we propose the most
likely electronic configuration for the dication of 12T is that of
a 1Ag singlet ground state carrying two individual polarons,
although direct spectral evidence for this proposition could
not be obtained.


In Table 1, the optical transitions of the redox states of the
nT (n� 6, 9, and 12) oligomers are listed together with the
values reported for terthiophene.[62] Figure 16 reveals that for
the neutral oligomers (nT) and the singly oxidized radical
cations (nT.�) an approximate linear relation is observed
between the peak position (hnmax) and the reciprocal of the
number of thiophene rings (1/n) in the oligomer. This
approximate linear behavior is characteristic of many p-
conjugated oligomers and their redox states but is found to
break down for longer neutral oligomers, where values at
higher energies are found, resulting in a curve.[28, 63] Figure 16


Figure 16. Evolution of the peak positions observed in the UV/visible/
near-IR spectra as function of 1/n for the neutral (&); radical cation (*, *);
and dication (~, ~) redox states of oligothiophenes nT (n� 3, 6, 9, and 12).


shows that this also seems true for the electronic transitions of
the radical cations, although the limited number of points
does not allow a firm conclusion. From Figure 16 it can been
seen that the bathochromic shift of the bands with 1/n is found
to be similar for the neutral and singly oxidized states, in full
accordance with previous results.[15, 18a, 19, 27] The slope of these
lines is about 3.4� 0.15 eV. For the dications, the situation is
different. Previous studies on shorter oligothiophenes have
shown that the most prominent dication absorption band also
shifts linearly to lower energies with 1/n, but with a much
steeper slope (6.0� 0.5 eV).[15, 18a, 19] Figure 16 reveals that this
behavior is also observed for the strong bipolaron transition of
the 6T2� and 9T2� dications. It is noteworthy that even the
weak absorption bands at higher energies of 6T2� and 9T2�


dications follow the same trend. Figure 16 clearly demon-
strates the different electronic structure of the 12T2� dication
when compared to the shorter oligomers, giving an unexpect-
ed increase in transition energies with increasing n. The
important conclusion is that the absorption bands of 12T2� are
not found at the energies expected for a bipolaronic structure.


Conclusion


We have presented a detailed study on the redox states of long
oligothiophenes (6T, 9T, and 12T) using UV/visible/near-IR in
combination with ESR spectroscopy and electrospray mass


Table 1. UV/visible/near-IR data of the redox states of the nT oligomers
(hnmax (eV)).


Radical cation p Dimer Dication
Oligomer Neutral 1 2 1 2 1 2


3[a] 3.50 1.46 2.25
6 2.92 0.84 1.59 1.12 1.97 1.28 2.35[b]


9 2.75 0.67 1.46 0.95 1.94 0.82 1.59
12 2.68 0.59[c] 1.42[c] 0.75[d] 1.60[d]


0.88[e] 1.75[e]


[a] Data for 3T were taken from ref. [62]. [b] Very weak transition. [c] Peak
position at the initial stages of oxidation. [d] Peak position after addition of
1 equiv. of oxidant. [e] Peak position after addition of 2 equiv. of oxidant.
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spectrometry. Radical cations (polarons), p dimers of radical
cations, and dications with a closed-shell structure (bipolar-
ons) have been characterized for 6T and 9T. The most
interesting results have been obtained for the longest
oligothiophene (12T), which behaves completely differently
from the shorter homologues. The electronic structure of the
12T2� dication is not in accordance with the expected features
of a bipolaron, and we propose that it is in a singlet state
carrying two individual polarons. Such behavior has been
recently predicted based on theoretical calculations.[31] The
rationale for this effect in dications of oligothiophenes is that
the decrease in Coulomb repulsion obtained by moving the
two positive polarons further apart along the chain outweighs
the energy cost required for creating two individual geometry
deformations on the chain, instead of a single deformation
associated with a bipolaron.


Our results demonstrate that for a long oligomer (or an
infinite polymer) new states may occur that cannot be found
in short oligomers because the restricted length disfavors such
a configuration. We might actually expect the relative stability
of one bipolaron versus two polarons to result from a fine
balance depending intimately on the experimental conditions,
such as solvent and type of counterions.[64]


Experimental Section


The oligothiophenes used in this study were synthesized by Syncom B.V.,
Groningen (The Netherlands). The solubilizing dodecyl (d) side chains of
the oligothiophenes are substituted on the b positions of every third
thiophene ring, starting at the second ring (i.e. 6T� (2,5)d2-6T; 9T�
(2,5,8)d3-9T; 12T� (2,5,8,11)d4-12T). Their synthesis involved the oxidative
coupling of a-lithiooligothiophenes with cupric chloride. Details of their
preparation will be published elsewhere.[65] The mass spectra and elemental
analysis are consistent with the proposed structures (see analytical data
below). All oxidation experiments were performed under an inert N2


atmosphere (<1 ppm H2O and <10 ppm O2). Commercial-grade solvents
were purified, dried, and deoxygenated following standard methods. Cyclic
voltammograms were recorded with 0.1m tetrabutylammonium hexafluor-
ophosphate (TBAH) as supporting electrolyte with a Potentioscan Wenk-
ing POS 73 potentiostat. Substrate concentration was typically 10ÿ3m. The
working electrode was a platinum disc (0.2 cm2), the counterelectrode was
a platinum plate (0.5 cm2), and a saturated calomel electrode was used as
reference electrode, calibrated against a Fc/Fc� couple (�0.470 V vs. SCE).
UV/visible/near-IR experiments were performed with a Perkin Elmer
Lambda 900 spectrophotometer equipped with an Oxford Optistat cryostat
and ITC 502 controller for variable temperature experiments down to 80 K.
The typical concentration in optical experiments was 10ÿ5m. ESR experi-
ments were carried out with an X-band Bruker ESP 300 E spectrometer,
operating with a standard or TMH cavity, an ER 035 M NMR Gauss meter,
and a HP 5350 B frequency counter. Temperature was controlled by means
of a Bruker ER 4111 variable-temperature unit. Combined UV/visible/
near-IR and ESR studies were performed with a home-made cell consisting
of a 10 mm quartz cuvette, a quartz 4 mm o.d. ESR tube, and a teflon-lined
septum-sealed entry port for addition of oxidizing agent through a gas-tight
Hamilton syringe. Electrospray mass spectra were recorded with a Perkin
Elmer Sciex API 300 MS/MS mass spectrometer. The sample solutions
were delivered to the ESMS by a syringe pump (Harvard Apparatus) at a
flow rate of � 5 mLminÿ1. Under the conditions applied for ESMS,
injection of neutral oligothiophenes did not give detectable signals of
oxidized species. MS ± MS spectra revealed that fragmentation only occurs
to a small extent, giving benzylic fission leading to loss of C11H23


(155.2 amu) fragments.


Analytical data :


(2,5)d2-6T: EI-MS: m/z (M .�): calcd 830.32; obs 830.5; anal. calcd for
C48H62S6: C 69.35, H 7.52, S 23.14; found: C 69.25, H 7.51.


(2,5,8)d3-9T: EI-MS: m/z (M .�): calcd 1244.47; obs 1244.5; anal. calcd for
C72H92S9: C 69.40, H 7.44, S 23.16; found: C 69.39, H 7.53.


(2,5,8,11)d4-12T: EI-MS: m/z (M .�): calcd 1658.62; obs 1658.7; anal. calcd
for C96H122S12 : C 69.43, H 7.40, S 23.17; found: C 69.39, H 7.37.
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Doubly Docked Pseudorotaxanes**


Peter R. Ashton, Matthew C. T. Fyfe, M.-Victoria Martínez-Díaz, Stephan Menzer,
Cesare Schiavo, J. Fraser Stoddart,* Andrew J. P. White, and David J. Williams*


Abstract: The complexation phenom-
ena associated with the ditopic crown
ether bis-p-phenylene[34]crown-10
(BPP34C10) and four bisammonium
salts, each endowed with two bulky 3,5-
di-tert-butylbenzyl termini and a pair of
NH�


2 centers that are linked through a
suitable spacer unit, have been studied.
These studies have led to a route to the
supramolecular syntheses of singly
stranded, doubly docked [2]pseudoro-
taxanes, in which each NH�


2 center
interacts simultaneously with the crown
ether�s independent polyether arcs, so
that one dicationic unit can interpene-
trate the cavity of one BPP34C10 mac-
roring by means of hydrogen-bonding
interactions. NMR spectroscopy, mass
spectrometry, and X-ray crystallography
demonstrate (in solution, in the gas


phase, and in the solid state, respective-
ly) that the doubly docked [2]pseudo-
rotaxanes are generated through the self-
assembly of BPP34C10 with bisammo-
nium dications bearing p-xylylene, 2,6-
naphthalenebis(methylene), or hexa-
methylene spacer units. In contrast,
X-ray crystallography shows that a su-
permolecule, possessing a hot-dog-like
co-conformation, is synthesized nonco-
valently when BPP34C10 self-assembles
with a bisammonium salt in which the
NH�


2 centers are separated by a shorter
pentamethylene spacer unit. The double


docking of one of the bisammonium
dications within BPP34C10�s cavity has
been utilized in a prototypical chromo-
phoric supramolecular device that oper-
ates in response to changes in its sur-
rounding pH. A 1:1:1 solution of the
hexafluorophosphate salt of this bisam-
monium dication with BPP34C10 and a
4,4'-bipyridinium salt is colorless, since
the crown ether complexes preferential-
ly with the bisammonium dication. Con-
versely, it is red in the presence of
iPr2NEt because the NH�


2 centers are
deprotonated, forcing the crown ether to
interact with the 4,4'-bipyridinium salt
by means of, inter alia, charge-transfer
interactions. This process is reversible,
since the solution is decolorized upon
treatment with CF3CO2H.


Keywords: host ± guest chemistry ´
inclusion compounds ´ molecular
recognition ´ pseudorotaxanes ´
supramolecular devices


Introduction


The so-called pseudorotaxanes[1] are ideal precursors for the
construction[2] of interlocked molecular assemblies and inter-
woven superarchitectures. The search for novel protocols that


can be utilized for the supramolecular synthesis[3] of new
classes of pseudorotaxanes, by self-assembly,[4] has led us to
develop[5] supramolecular systems that are based upon the
mutual recognition between secondary dialkylammonium
ions and macrocyclic polyethers of varying constitutions. We
have demonstrated that the composition of the pseudorotax-
ane superarchitecture is dependent on the size of the
macroring employed for the supramolecular synthesis (Fig-
ure 1): by way of illustration, only one NH�


2 -containing strand
can be passed through the cavity of the dibenzo[24]crown-8
(DB24C8) macroring,[5a, 5c±e, 5g] whereas two such strands can
be fed through its larger congener bis-p-phenylene[34]crown-
10 (BPP34C10),[5b±e] which acts, in this instance, as a ditopic
coreceptor.[6] In both cases, the principal recognition mecha-
nism between the separate components involves [N� ± H ´´´ O]
and [C ± H ´´´ O] hydrogen bonding between the cationic
NH�


2 -bearing guests and the neutral polyether receptors.
Recently, we started to explore the potential of BPP34C10


to bind two NH�
2 centers concurrently within its macrocyclic


interior, in order to prepare controllable molecular switches[7]


based upon systems that are endowed with different compet-
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Figure 1. Schematic diagram depicting how differently sized macrorings
self-assemble with the dibenzylammonium ion to generate pseudorotax-
anes with diverse stoichiometries. The dibenzylammonium ion self-
assembles with DB24C8 to produce a singly stranded [2]pseudorotaxane,
while it forms a doubly stranded [3]pseudorotaxane with BPP34C10.


ing recognition motifs. Previously, these two cationic centers
have been located on different strands,[5b±e, 8] whereas in the
prototypical system, illustrated in Figure 2, they reside on the


Figure 2. Schematic picture of a pH-operated [2]rotaxane switch. The
BPP34C10 macrocycle is compelled to shuttle back-and-forth between the
dumbbell�s a,w-bisammonium and 4,4'-bipyridinium[9] units as a result of
added acid or base.


same strand. Here, we describe the consequences of employ-
ing different spacer units between the two NH�


2 centers for
the design of one of the two competing receptor sites of the
potentially switchable system.


In previous investigations on the threading of the a,a'-
bisbenzylammonium-p-xylene dication (12�) with BPP34C10,
we discovered that a doubly stranded, doubly encircled
[4]pseudorotaxane complex was generated, in the solid state,
with all the ingredients of the analogous 1:2 complex formed
between a pair of dibenzylammonium ions and BPP34C10
(Figure 1). Recently, we analyzed the supramolecular aspects
of this crystal structure in more detail and have discovered
that PFÿ6 counterions are located in the cavities formed
between 21-screw-related [4]pseudorotaxanes to create an
interwoven[10] one-dimensional supramolecular array (Fig-
ure 3a). There are more than ten C ± H bonds, emanating both
from hydroquinone rings and benzylic methylene groups, that
are directed toward the fluorine atoms of these PFÿ6 anions in
an arrangement that is reminiscent of those which we have


Figure 3. a) Ball-and-stick view of the one-dimensional supramolecular
array generated in the solid state when the dication 12� self-assembles,
using assistance from attendant PFÿ6 anions, with BPP34C10. b) Schematic
representation illustrating how the [4]pseudorotaxane [(BPP34C10)2 ´
(1)2]4� disassembles in solution to create two [2]pseudorotaxanes
[BPP34C10 ´ 1]2�.


observed[5f±g, 8b, 10] hitherto in examples of anion-assisted self-
assembly. On the other hand, in solution, the 2:2 complex
disassembles (Figure 3b) to produce a complex which we
believe possesses a 1:1 stoichiometryÐthat is, a [2]pseudo-
rotaxaneÐthereby potentially fulfilling our requirements for
the simultaneous binding of a covalently interconnected pair
of NH�


2 centers within the cavity of a single BPP34C10 mo-
lecule. Indeed, molecular modeling indicates[11] that the
insertion of appropriate spacer units between the NH�


2


centers should favor the formation of singly stranded, doubly
docked [2]pseudorotaxanes, as opposed to their doubly
stranded, doubly encircled [4]pseudorotaxane congeners.


Results and Discussion


Design logic : Initially, we speculated that the presence of
bulky alkyl substituents (e.g., a pair of m,m'-disposed tert-
butyl groups) on the dications� phenyl termini should 1)
prevent the insertion of a second strand into the cavity of the
BPP34C10 macroring, 2) increase the solubility of the
pseudorotaxanes, and 3) inhibit solid-state, anion-assisted
self-assembly (vide supra). Moreover, we conjectured that
rigid aromatic spacer unitsÐsuch as p-xylylene or 2,6-
naphthalenebis(methylene)Ðcould be sandwiched by the
hydroquinone rings of BPP34C10, thus rendering further
stabilization, through p ± p stacking interactions, to the doubly
docked [2]pseudorotaxanes. On the other hand, we believed
that flexible aliphatic spacer unitsÐsuch as penta- or hexam-
ethyleneÐwould permit the dications� NH�


2 centers to adopt
favorable hydrogen-bonding geometries with the polyether
loops of the BPP34C10 macroring.
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Synthesis : The bis(hexafluorophosphate) salts of the requisite
dications 22� ± 52� were prepared by the synthetic protocol
outlined in Scheme 1. Standard reductive amination proce-
dures were employed to synthesize the dications� diamine
precursors, which were then transformed into the desired salts
by treatment with hydrochloric acid followed by counterion
exchange.


Scheme 1. Synthetic method employed to prepare the salts 2 ´ 2PF6 ± 5 ´
2PF6.


Formation and characterization of complexes : The ability of
all four of the bis(hexafluorophosphate) salts 2 ´ 2 PF6 ± 5 ´
2 PF6 to form 1:1 complexes with BPP34C10 was investigated
in solution, gas phase, and solid state by NMR spectroscopy,
mass spectrometry, and X-ray crystallography, respectively.


a,a'-Bis(3,5-di-tert-butylbenzylammonium)-p-xylene bis(hexa-
fluorophosphate) (2 ´ 2 PF6): The solubility of the salt 2 ´ 2 PF6


increases markedly in nonpolar halogenated solvents, such as
CHCl3 or CH2Cl2, in the presence of one or more molar
equivalents of BPP34C10, thus indicating the formation of a
complex. The 1H NMR spectra of 1:1 mixtures of the two
components, in CD2Cl2 at room temperature, display only
time-averaged signals as a result of fast kinetic exchange
between complexed and uncomplexed states on the 1H NMR
timescale (300.1/400.1 MHz). This observation is hardly
surprising, since CPK space-filling molecular models indicate
that the BPP34C10 macroring has no difficulty in traversing
the dication�s 3,5-di-tert-butylbenzyl termini. Furthermore,
the spectrum of this mixture reveals significant chemical shift
differences, supplemented by considerable broadening, of
almost all of its resonances with respect to their uncomplexed
components. To cite an instance, the resonance for the protons
of the dication�s p-xylylene unit is shifted (Table 1) dramat-
ically upfield in the presence of an equimolar quantity of the
receptor BPP34C10. In addition, the resonance associated
with the protons attached to the hydroquinone units of the
macrocyclic polyether experience considerable upfield shifts,
giving further credence to the proposal that the p-xylylene
unit lies inside the cavity of the BPP34C10 macrocycle.


An analysis of the complex by liquid secondary ion (LSI)
mass spectrometry revealed a peak at m/z� 1078, corre-
sponding to the 1:1 complex with the loss of both PFÿ6
counterions. This observation provides clear evidence that a
characterizable 1:1 complex forms in the gas phase.


An analysis of the crystalline[12] 1:1 complex formed
between BPP34C10 and 2 ´ 2 PF6 by X-ray crystallography
shows that the dication 22� is threaded through the cavity of
the BPP34C10 macroring in a Ci-symmetric fashion (Fig-
ure 4); the p-xylylene residue within the thread is sandwiched


Figure 4. X-ray crystal structure of the doubly docked [2]pseudorotaxane
complex formed between BPP34C10 and the dication 22�. The intra-
complex hydrogen-bonding geometries are ([N� ´ ´ ´ O], [H ´´´ O] distances
(�), [N� ± H ´´´ O] angles (8)) a) 2.88, 1.98, 172; b) 3.06, 2.18, 165.


between the hydroquinone rings of the crown ether. The
conformation of the macrocyclic polyether is such that its two
hydroquinone rings are sheared sideways with respect to each
other and the central p-xylylene residue. The interplanar
(3.21 �) and centroid ± centroid distances (3.74 �) between
the p-xylylene and hydroquinone rings are consistent with


Table 1. Selected 1H NMR resonances[a] for 1) uncomplexed BPP34C10/
2 ´ 2PF6, and 2) 1:1 mixtures of these constituents of the [BPP34C10 ´
2](PF6)2 complex.


du
[h, k] dc


[i, l, m] Dd[j]


CH2 ± Xy[b] 4.07 4.08 ± 4.16 � (0.01 ± 0.09)
CH2 ± Tmn[c] 4.26 4.08 ± 4.16 ÿ (0.10 ± 0.18)
CH ± Xy[d] 7.43 6.59 ÿ 0.84
CH ± o-Tmn[e] 7.30 7.37 � 0.07
CH ± p-Tmn[f] 7.54 7.54 0.00
CH ± Hq[g] 6.76 6.59 ÿ 0.17


[a] The 1H NMR spectra were recorded on a Bruker AC 300 (300.1 MHz)
spectrometer in CD2Cl2 at 30 8C. [b] Methylene protons on the p-xylylene
unit of the salt. [c] Methylene protons on the 3,5-di-tert-butylbenzyl termini
of the salt. [d] Aromatic protons of the salt�s p-xylylene unit. [e] Aromatic
protons of the salt�s 3,5-di-tert-butylbenzyl termini that are located ortho
with respect to the benzylic methylene moiety. [f] Aromatic protons of the
salt�s 3,5-di-tert-butylbenzyl termini that are located para as regards to the
benzylic methylene group. [g] Aromatic protons of BPP34C10�s hydro-
quinone units. [h] d values for the resonances of BPP34C10 and 2 ´ 2PF6 in
their uncomplexed states (ca. 5� 10ÿ3m). [i] d values for the resonances of
BPP34C10 and 2 ´ 2PF6 in a 1:1 solution of both components (ca. 5�
10ÿ3m). [j] Dd values were obtained from the relationship Dd� dcÿ du.
[k] The resonances for both sets of benzylic methylene protons were
assigned employing a selective (1H ± 1H) decoupling experiment. [l] The
resonances for both groups of benzylic methylene protons were designated
from a (1H ± 1H) NOE difference experiment. [m] The resonances for both
sets of benzylic methylene protons appear as two broad signals that overlap
partially with one another.
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strong p ± p stabilization.[13] These interactions are supple-
mented by pairs of [N� ± H ´´´ O] hydrogen bonds from
each of the dicationic strand�s NH�


2 centers to the central
oxygen atoms and one of the hydroquinone oxygen atoms, in
both polyether arcs of the BPP34C10 macrocycle. The
intrachain [N� ´ ´ ´ N�] separation is 7.60 �. The
CH2NH�


2 CH2C6H4CH2NH�
2 CH2 portion of the dication�s


backbone is folded, the C ± N� bonds each being oriented
approximately orthogonally to their proximal aromatic rings;
the p-xylylene unit and the terminal 1,3,5-trisubstituted
benzene rings are oriented essentially perpendicular to each
other. There are no noteworthy intercomplex packing inter-
actions.


2,6-Bis(3,5-di-tert-butylbenzylammoniummethylene)naphtha-
lene bis(hexafluorophosphate) (3 ´ 2 PF6): The observation
that, in the [BPP34C10 ´ 2]2� complex, the bisammonium
dication is held within the macroring�s cavity partly as a
consequence of [N� ± H ´´´ O] bonds involving the phenolic
oxygen atoms of the macrocycle�s hydroquinone rings, led us
to conclude that the resultant [2]pseudorotaxane was unable
to maximize its stabilization, at least in a hydrogen-bonding
sense, since the hydroquinone rings� phenolic oxygen atoms
are less basic than their aliphatic counterparts. Accordingly,
we sought a longer aromatic spacer unit, namely, 2,6-
naphthalenebis(methylene), that would allow the dicationic
guest to orient itself inside BPP34C10�s cavity with its NH�


2


centers held further apart from one another so as to prevent
any interactions with the aromatic rings� phenolic oxygen
atoms. In other words, in the ensuing pseudorotaxane, the
NH�


2 centers should interact only with the crown ether�s
aliphatic oxygen atoms, thus producing stronger hydrogen
bonds. Furthermore, we anticipated that the naphthalene
rings of the dication would enter into more efficient p ± p


stacking interactions with the crown ether�s alongside hydro-
quinone residues, thereby stabilizing the pseudorotaxane co-
conformation[14] even more.


Not surprisingly, the 1H NMR spectrum of an equimolar
mixture of BPP34C10 and the salt 3 ´ 2 PF6 (recorded in
CD2Cl2 at ambient temperature) exhibits only time-averaged
signals. Once again, the signal for the hydroquinone ring
protons of the BPP34C10 macrocycle is displaced (Table 2)
toward higher field in the presence of the bisammonium salt.
Interestingly, in contrast with the [BPP34C10 ´ 2]2� complex,
both groups of benzylic methylene protons experience sub-
stantial downfield shifts.


In order to study the complexation process further, a (1H ±
1H) NOESY experiment, performed atÿ30 8C in CD2Cl2, was
carried out on an equimolar mixture of BPP34C10 and 3 ´
2 PF6. A selected row of the two-dimensional (2D) matrix,
intersecting the diagonal through the hydroquinone reso-
nance of the crown ether, shows strong cross-coupling peaks
with the resonances of the naphthalene spacer unit of the
dication, in addition to those of the protons of the dication�s
trisubstituted phenyl termini that are located in the ortho
position with respect to the connected methylene unit. This
result provides a further indication that the naphthalene
spacer unit lies in close spatial proximity to the hydroquinone
rings within the complex and, consequently, supports the


existence of either face-to-face[15] or pseudorotaxane co-
conformation[14] whose lifetime is long enough to bring about
cross-coupling peaks in the 2D matrix.


A 1:1 CD2Cl2 solution of the two components was analyzed
by electrospray (ES) mass spectrometry. The spectrum�s base
peak, appearing at m/z� 1274, corresponds to the mass of the
1:1 complex with the loss of one of its PFÿ6 counterions
(Figure 5).


The solid-state structure of the [BPP34C10 ´ 3]2� complex[12]


reveals (Figure 6) that the dication is, once again, threaded
centrosymmetrically through the center of the BPP34C10
macroring, with its naphthalene moiety sandwiched between
the macrocycle�s two hydroquinone rings in a p ± p stacked[13]


arrangement (the mean interplanar separation is 3.67 �).
The naphthalene spacer unit increases the separation between
the NH�


2 centers ([N� ´ ´ ´ N�]� 9.6 �), but prevents opti-
mal deployment of the four N� ± H bonds for hydrogen
bonding to the polyether oxygen atoms; there are only two
[N� ± H ´´´ O] hydrogen bonds in the [2]pseudorotaxane


Figure 5. ES Mass spectrum of an equimolar solution of BPP34C10 and 3 ´
2PF6. There is no indication of the creation of complexes bearing a
stoichiometry greater than 1:1.


Table 2. Selected 1H NMR resonances[a] for 1) free BPP34C10/3 ´ 2PF6,
and 2) equimolar mixtures of these two components.


du
[d] dc


[e, g] Dd[f]


CH2 ± Npt[b] 4.08 4.40 � 0.32
CH2 ± Tmn[c] 4.19 4.53 � 0.34
CH ± o-Tmn[c] 7.28 7.41 � 0.13
CH ± p-Tmn[c] 7.52 7.53 � 0.01
CH ± Hq[c] 6.76 6.20 ÿ 0.56


[a] The 1H NMR spectra were recorded on a Bruker AC 300 (300.1 MHz)
spectrometer in CD2Cl2 at 30 8C. [b] Methylene protons adjacent to the
naphthalene hub. [c] See Table 1 for an explanation of the descriptor. [d] d


values associated with the resonances of BPP34C10 and 3 ´ 2 PF6 in their
uncomplexed states (ca. 5� 10ÿ3m). [e] d values for the resonances of
BPP34C10 and 3 ´ 2PF6 in an equimolar solution of both components (ca.
5� 10ÿ3m). [f] Dd values were acquired from the equation Dd� dcÿdu.
[g] The assignments of the resonances for both components were confirmed
by a (1H ± 1H) NOESY experiment, recorded on a Bruker AMX 400
(400.1 MHz) spectrometer in CD2Cl2 at ÿ30 8C.
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Figure 6. Solid-state structure of the doubly docked [2]pseudorotaxane
supermolecule [BPP34C10 ´ 3]2�. The intrasupermolecule [N� ± H ´´ ´ O] and
[C ± H ´´´ O] hydrogen-bonding geometries are ([X ´´ ´ O], [H ´´´ O] distan-
ces (�), [X ± H ´´ ´ O] angles (8)) a) 3.11, 2.03, 167; b) 3.31, 2.36, 167.


superarchitecture. Nevertheless, these are supplemented by
two [C ± H ´´´ O] hydrogen bonds, which occur from one of the
hydrogen atoms on each of the carbon atoms adjacent to the
naphthalene spacer to another pair of oxygen atoms. The
BPP34C10 macrocycle has an open boxlike conformation,
wherein its CH2OC6H4OCH2 units have a cisoid geometry,
and the transannular ring-centroid ± ring-centroid separation
between the two hydroquinone rings is 7.4 �. The C ± N�


bonds within the dication are each oriented approximately
orthogonally with respect to their proximal aromatic rings, the
CCH2NH�


2 CH2C segments of the backbone having an all-anti
geometry. Once again, there are no intercomplex interactions
of note.


1,5-Bis(3,5-di-tert-butylbenzylammonium)pentane bis(hexa-
fluorophosphate) (4 ´ 2 PF6): Thus far, in our quest for
bisammonium dications that are both sterically and electroni-
cally complementary to the macrocyclic polyether BPP34C10,
we have only examined species in which the NH�


2 centers are
separated by aromatic spacers of different lengths and
constitutions. The question we then posed ourselves was:
what would be the effect of replacing the cations� rigid
aromatic moieties with flexible aliphatic chains? The in-
creased mobility of the NH�


2 centers that would result should
allow them to achieve more optimal hydrogen bonding with
the polyether arcs of the BPP34C10 macroring.


Although, as expected, the dicationic salt 4 ´ 2 PF6 is
extremely soluble in polar solvents (such as Me2CO, MeCN,
and Me2SO) that are capable of solvating its NH�


2 centers, it is
only sparingly soluble in nonpolar halogenated solvents (such
as CHCl3 and CH2Cl2). However, its solubility in nonpolar
solvents increases significantly in the presence of an equi-
molar quantity of BPP34C10, a result that is diagnostic of
complex formation. The 1H NMR spectrum of an equimolar
BPP34C10 ± 4 ´ 2 PF6 mixture, recorded in CD2Cl2 at ambient
temperature, displays time-averaged sets of resonances, thus
implying fast kinetic exchange between the [BPP34C10 ´ 4]-
(PF6)2 complex and its constituents on the 1H NMR timescale


(300.1/400.1 MHz). Thus, once again, it appears that the
dication 42� experiences no difficulty in threading its way
through the cavity of the BPP34C10 macroring. Noticeably,
the resonances of the dication�s central pentamethylene unit
are displaced toward higher fields in the presence of an
equimolar amount of the crown ether. In particular, the signal
associated with the hydrocarbon chain�s central methylene
unit (i.e. , those in the g position) experiences a large change in
its chemical shift value (Table 3), while those signals associ-
ated with the nearby a and b protons are somewhat less
affected. These observations are in good agreement with the
formation of an inclusion complex in which the pentam-
ethylene spacer unit, linking the dication�s NH�


2 centers, is
located in the center of the BPP34C10 macrocycle�s cavity,
with its median protons experiencing the strongest shielding
effect from the macrocycle�s hydroquinone rings.


Strong evidence for the integrity of this species in the gas
phase was obtained from the LSI mass spectrum of a mixture
of the two components; this showed peaks at m/z� 1189 and
1044 that correspond to the 1:1 complex with the loss of one or
two PFÿ6 counterions, respectively.


Single crystals, suitable for X-ray crystallographic analysis,
were grown by liquid diffusion of nC5H12 into an equimolar
solution of BPP34C10 and 4 ´ 2 PF6 in Me2CO. The X-ray
analysis reveals (Figure 7) the creation of a 1:1:1 complex
between BPP34C10, 4 ´ 2 PF6, and one molecule of Me2CO.
The BPP34C10 macrocycle adopts an open conformation, the
hydroquinone rings� centroids being separated by 6.70 � and
tilted slightly (148 between their mean planes) with respect to
one another. The dication is threaded asymmetrically through
the cavity of the crown ether; one of its NH�


2 centers is
positioned within one of the macrocycle�s polyether loops by
virtue of a pair of [N� ± H ´´´ O] hydrogen bonds to the second
and fourth oxygen atoms of the loop. A similar interaction
involving the thread�s other NH�


2 center is precluded by the
inclusion of the Me2CO molecule that forms an integral part
of the 1:1:1 complex. This included guest molecule is involved
in an [O ´´´ H ± N�] hydrogen bond to the NH�


2 center and a
[C ± H ´´´ p] interaction[16] between one of its methyl hydrogen


Table 3. Selected 1H NMR resonances[a] for 1) uncomplexed BPP34C10/
4 ´ 2PF6, and 2) equimolar mixtures of these constituents of the
[BPP34C10 ´ 4](PF6)2 complex.


du
[d, g] dc


[e, h] Dd[f]


CH2 ± Tmn[b] 4.08 4.09 � 0.01
CH2 ± a[c] 2.94 2.75 ÿ 0.19
CH2 ± b[c] 1.76 1.34 ÿ 0.42
CH2 ± g[c] 1.51 1.04 ÿ 0.47
CH ± Hq[b] 6.76 6.85 � 0.09


[a] The 1H NMR spectra were recorded on a Bruker AC 300 (300.1 MHz)
spectrometer in CD2Cl2 at 30 8C. [b] Descriptor is defined in Table 1.
[c] Methylene protons on the dication�s polymethylene chain that are
located in the a, b, and g positions, respectively, as regards to the NH�


2


centers. [d] d values associated with the resonances of BPP34C10 and 4 ´
2PF6 in their uncomplexed states (ca. 5� 10ÿ3m). [e] d values associated
with the resonances of BPP34C10 and 4 ´ 2PF6 in an equimolar mixture of
both components (ca. 5� 10ÿ3m). [f] Dd values were acquired from the
equation Dd� dcÿ du. [g] The resonances for the protons on the poly-
methylene chain were assigned from a selective (1H ± 1H) decoupling
experiment. [h] The assignments for the resonances associated with the
polymethylene protons were confirmed by a (1H ± 1H) COSY experiment.
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Figure 7. X-ray crystal structure of the [BPP34C10 ´ 4 ´ Me2CO][PF6]2


complex. The intracomplex [N� ± H ´´´ O] and [C ± H ´´´ O] hydrogen
bonding geometries are ([X ´´´ O], [H ´´´ O] distances (�), [X ± H ´´´ O]
angles (8)): a) 2.91, 2.02, 171; b) 2.95, 2.05, 178; c) 2.80, 2.17, 126; d) 3.50,
2.58, 161. The geometries for the intracomplex [C ± H ´´´ p] interactions are
([H ´´´ p] distances (�), [C ± H ´´´ p] angles (8)): e) 2.92, 158; f) 2.84, 161,
while those for the [N� ± H ´´´ F] hydrogen bonds are ([N� ´ ´ ´ F], [H ´´´ F]
distances (�), [N� ± H ´´´ F] angles (8)) g) 3.00, 2.31, 134; h) 3.00, 2.16, 155.


atoms and the 3,5-di-tert-butylbenzyl terminus that is located
nearby. Interestingly, there is a similar [C ± H ´´´ p] interaction
between a hydrogen atom on one of the BPP34C10 macror-
ing�s methylene groups and the other 3,5-di-tert-butylbenzyl
terminus. Additionally, there are secondary [N� ± H ´´´ F]
hydrogen bonds involving one of the two NH�


2 centers (the
one that enters into hydrogen bonding with the Me2CO
molecule) and fluorine atoms of both PFÿ6 counterions (the
[N� ´ ´ ´ F] distances are both 3.00 �). The 1:1:1 [BPP34C10 ´ 4 ´
Me2CO](PF6)2 complexes do not engage in any significant
intercomplex interactions.


A dramatic change is observed in the solid-state super-
structure of the complex (Figure 8) when the single crystals
were obtained after an equimolar CH2Cl2 solution of
BPP34C10 and 4 ´ 2 PF6 had been layered with nC6H14, that
is, in the absence of the strong donor solvent Me2CO. In this


Figure 8. Ball-and-stick representation illustrating the association of a PFÿ6
anion with the supermolecule [BPP34C10 ´ 4]2�, which adopts a hot-dog-
like co-conformation in the solid state. The intracomplex [N� ± H ´´´ O]
hydrogen-bonding geometries are ([N� ´ ´ ´ O], [H ´´´ O] distances (�), [N� ±
H ´´´ O] angles (8)) a) 2.98, 2.08, 172; b) 3.01, 2.16, 159; c) 3.08, 2.18, 175;
d) 2.91, 2.02, 170. The geometry for the intracomplex [C ± H ´´´ p] inter-
action is ([H ´´´ p] distance (�), [C ± H ´´´ p] angle (8)) e) 2.86, 135, while the
geometries for the [C ± H ´´´ F] hydrogen bonds are ([C ´´´ F], [H ´´´ F]
distances (�), [C ± H ´´´ F] angles (8)) f) 3.50, 2.56, 167; g) 3.23, 2.32, 158.


instance, threading does not occur, although the
NH�


2 (CH2)5NH�
2 chain of the dication lies within the convex


face of the cavity of the BPP34C10 macrocycle, producing a
hot-dog-like (i.e., a face-to-face[15]) co-conformation. Com-
plex stabilization is achieved by a combination of both [N� ±
H ´´´ O] and [C ± H ´´´ p] hydrogen-bonding interactions. No-
tably, the dication�s pentamethylene backbone does not adopt
the normal all-anti geometry. The intrachain [N� ´ ´ ´ N�]
separation is 7.0 � in the complex�s dicationic subunit (cf.,
6.78 � in the 1:1:1 complex). Although there is no solvent
included in the 1:1 complex, the folding of the dication
creates, in conjunction with pairs of hydroquinone hydrogen
atoms, a hydrophobic cavity, within which one of the PFÿ6
counterions is bound through a combination of electrostatic
and [C ± H ´´´ F] hydrogen bonds. The two hydroquinone rings
are inclined by approximately 608 and have a centroid ±
centroid separation of 7.9 �. The observation that a PFÿ6
counterion is bound by the [BPP34C10 ´ 4]2� superstructure
provides yet another example[5f±g, 8b, 10] of a novel motif that
may be associated with anion recognition.[17]


1,6-Bis(3,5-di-tert-butylbenzylammonium)hexane bis(hexa-
fluorophosphate) (5 ´ 2 PF6): We have observed that, in the
complex [BPP34C10 ´ 4]2�, the BPP34C10 macrocycle has to
adopt an unusually distorted convex geometry, so that
bisammonium dication 42� can achieve two pairs of [N� ± H ´
´´ O] hydrogen bonds with its separate polyether arcs. More-
over, the guest 42� cannot interpenetrate the BPP34C10
macrocycle in a centrosymmetric fashion to generate a
[2]pseudorotaxane, since its polymethylene chain forsakes
an all-anti conformationÐan outcome which forces the
dication�s 3,5-di-tert-butylbenzyl appendages to protrude out
of the macrocycle�s mean plane. Consequently, we believed
that the bisammonium dication 52�, endowed with a longer
polymethylene chain, should be able to achieve both the
steric and electronic complementarity obligatory for inter-
action, in a threading sense, with the macrocyclic polyether
BPP34C10.


Unsurprisingly, the 1H NMR spectra of equimolar mixtures
of BPP34C10 and 5 ´ 2 PF6 in several different solvents (such
as (CD3)2CO, CD3CN, and CDCl3) show that the system
operates under the fast kinetic exchange regime on the 1H
NMR timescale (300.1/400.1 MHz), presumably as a conse-
quence of the relatively small size of the 52� dication�s termini
compared with the macroring�s internal void. The 1H NMR
spectrum of the mixture, in CD2Cl2 at room temperature,
shows that several of its signals are shifted significantly with
respect to those of its uncomplexed constituents (Table 4). In
particular, the Dd values associated with the resonances of the
polymethylene chain increase in the order a< b< g in a
manner that is reminiscent of the [BPP34C10 ´ 4]2� complex.
The strong shielding effect is presumably a repercussion of the
ring current arising from the p face of the BPP34C10
macrocycle�s hydroquinone rings that sandwich the hexam-
ethylene chain within the [BPP34C10 ´ 5]2� complex. More-
over, the displacement of the hydroquinone resonances
toward lower field, is suggestive of the existence of
[C ± H ´´´ p] interactions[16] between the hydroquinone unit
and the proximal hexamethylene chain. In this instance, the







Doubly Docked Pseudorotaxanes 1523 ± 1534


Chem. Eur. J. 1998, 4, No. 8 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1998 0947-6539/98/0408-1529 $ 17.50+.25/0 1529


chemical shift displacements are larger than those associated
with the related [BPP34C10 ´ 4]2� complex, indicating that, as
anticipated, the guest unit 52� binds more efficiently to the
BPP34C10 receptor.


Variable-temperature 1H NMR spectroscopy was then
employed to probe further the complexation phenomena
associated with the BPP34C10 ± 5 ´ 2 PF6 system in solution. A
gradual broadening of the resonances, obtained from an
equimolar CD2Cl2 solution of both components, was observed
upon cooling the sample. The resonances were assigned with
the aid of a (1H ± 1H) NOESY experiment at ÿ33 8C.
Interestingly, at this temperature, the signals associated with
the crown ether�s four constitutionally heterotopic methylene
groups separate into two sets of multiplets (Figure 9),
indicating that the system operates under the slow kinetic
exchange regime under these conditions. An outcome of this
slow kinetic exchangeÐon the 1H NMR timescale
(400.1 MHz) at ÿ 33 8CÐis that the crown ether�s two faces
express their diastereotopicity in the centrosymmetric
[2]pseudorotaxane superarchitecture. Therefore, the shielding
influence of each of the dication�s 3,5-di-tert-butylbenzyl
termini is experienced by only one (proximal) proton from
each pair of diastereotopic protons on the macrocyclic
polyether. Conversely, the other (remote) protons, from each
pair of diastereotopic protons on the macrocycle, do not
experience the shielding effect of the terminal 3,5-di-tert-
butylbenzyl groups to such a great extent; their chemical shift
values are largely unaffected by complex formation. Another
outcome of the slow kinetic exchange is that signals for
both uncomplexed species, receptor and guest, can be
observed concurrently with those of the 1:1 complex. An
examination of the relative intensities of the peaks associated
with the uncomplexed crown ether/salt and the 1:1 complex
(Figure 9) reveals that a fourfold excess of the complex exists
compared with its uncomplexed constituentsÐin other words,
the [BPP34C10 ´ 5](PF6)2 complex is extremely stable under
the conditions of the experiment. Furthermore, the slow
exchange observed in this system can be employed to estimate
the complex�s stoichiometry; a simple comparison between
the relative intensities of the appropriate probe protons
reveals that the complex�s constituents are present in a 1:1
ratio. All of the aforementioned observations are in good


Figure 9. a) Diagram depicting the probable co-conformation of the
doubly docked [2]pseudorotaxane [BPP34C10 ´ 5]2� and highlighting the
pairs of diastereotopic protons that are located on the BPP34C10
macroring. Diastereotopicity is conferred upon these protons since the
two faces of the crown ether become inequivalent upon complexation.
b) Partial 1H NMR spectrum (400.1 MHz, CD2Cl2, 30 8C) of an equimolar
mixture of BPP34C10 and 5 ´ 2PF6 (both 5� 10ÿ3m). At this temperature,
time-averaged signals are observed for both compounds, since the pairs of
diastereotopic protons on the crown ether, in addition to those of the free
and complexed crown ether/salt, are undergoing rapid site exchange on the
1H NMR timescale. c) Partial 1H NMR spectrum (400.1 MHz, CD2Cl2,
ÿ33 8C) of the aforementioned mixture. At this lower temperature, the site
exchanges between diastereotopic protons and bound ± unbound species
are slow enough that individual species can be observed on the 1H NMR
timescale. Consequently, each of the diastereotopic pairs on the macro-
cycle�s polyether loop resonate as two separate sets of signals, while the
signals for the protons on the hydroquinone ring of the BPP34C10
macrocycle, together with those of the salt�s a, b, and g protons, are divided
into peaks for free and complexed species.


accord with the generation of an inclusion complex in which
the hexamethylene spacer unit resides within the macrocycle�s
cavity with a pseudorotaxane co-conformation.[14] The slow
kinetic exchange observed for the BPP34C10 ± 5 ´ 2 PF6 system
at ÿ33 8C differs markedly from the situation in the related
BPP34C10 ± 4 ´ 2 PF6 system, in which, under otherwise indis-
tinguishable conditions, broad signals are detected for the
proton resonances of the macrocyclic polyether. Presumably,
the less intelligible spectral pattern for the BPP34C10 ± 4 ´
2 PF6 system suggests that several different co-conformations
are accessible to the [BPP34C10 ´ 4]2� complex that are still
interconverting over the energy hypersurface rapidly at this


Table 4. Selected 1H NMR resonances[a] for 1) uncomplexed BPP34C10/
5 ´ 2PF6, and 2) 1:1 mixtures of these two constituents.


du
[d] dc


[e, g] Dd[f]


CH2 ± Tmn[b] 4.16 4.23 � 0.07
CH2 ± a[c] 3.04 2.75 ÿ 0.29
CH2 ± b[c] 1.78 0.98 ÿ 0.80
CH2 ± g[c] 1.52 0.34 ÿ 1.18
CH ± Hq[b] 6.76 6.96 � 0.20


[a] The 1H NMR spectra were recorded on a Bruker AC300 (300.1 MHz)
spectrometer in CD2Cl2 at 30 8C. [b] Descriptor is defined in Table 1.
[c] Descriptor is defined in Table 3. [d] d values for the resonances of
BPP34C10 and 5 ´ 2PF6 in their uncomplexed states (ca. 5� 10ÿ3m). [e] d


values for the resonances of BPP34C10 and 5 ´ 2PF6 in an equimolar
solution of both components (ca. 5� 10ÿ3m). [f] Dd values were obtained
employing the relationship Dd� dcÿ du. [g] The assignments for the
resonances of both species were confirmed by a (1H ± 1H) NOESY
experiment, recorded in CD2Cl2 on a Bruker AMX 400 (400.1 MHz)
spectrometer at ÿ30 8C.
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Figure 10. View of the solid-state structure of the centrosymmetric, doubly
docked [2]pseudorotaxane superarchitecture of [BPP34C10 ´ 5]2�. The
intrasupermolecule [N� ± H ´´´ O] hydrogen-bonding geometries are
([N� ´ ´ ´ O], [H ´´´ O] distances (�), [N� ± H ´´´ O] angles (8)) a) 2.95, 2.05,
176; b) 2.90, 2.04, 161. The geometry for the intracomplex [C ± H ´´´ p]
interaction is ([H ´´´ p] distance (�), [C ± H ´´´ p] angle (8)) c) 3.00, 141.


low temperature. On the other hand, the inclusion geometry
for the [BPP34C10 ´ 5]2� complex dominates over all other
alternative co-conformations, probably as a result of the
better complementarity between the receptor and the guest,
simplifying the spectrum.


The stability of the inclusion complex was confirmed in the
gas phase from the LSI mass spectrum, which displayed
intense peaks at m/z� 1204 and 1059 that correspond to the
[BPP34C10 ´ 5](PF6)2 complex with the loss of either one or
two counterions, respectively.


The X-ray analysis of the [BPP34C10 ´ 5]2� complex[12]


reveals (Figure 10) that the extension of the spacer�s length
by one methylene unit (i.e., from pentamethylene to hexa-
methylene) does indeed allow the formation of a [2]pseudo-
rotaxane in which the dication 52� threads centrosymmetri-
cally through the cavity of the macrocyclic polyether
BPP34C10. The crown ether has an open boxlike conforma-
tion, with the centers of the hydroquinone rings separated by
7.8 �. Host ± guest stabilization is achieved by [N� ± H ´´´ O]
hydrogen bonds between each NH�


2 center and the second
and fourth oxygen atoms of their neighboring polyether loops.
Additionally, the [2]pseudorotaxane complex is stabilized by
weak secondary noncovalent interactions between the g ±
CH2 hydrogen atoms and the p systems of the hydroquinone
rings. Although the [H ´´´ p] distances are fairly long (3.0 �),
the [H ´´´ Ar] vectors are oriented approximately orthogonally
to the planes of the hydroquinone rings in each instance. The
guest�s CH2NH�


2 (CH2)6NH�
2 CH2 backbone adopts an all-anti


conformation; the [N� ´ ´ ´ N�] separation is 8.8 �. Once again,
there is no evidence for any significant interpseudorotaxane
associations.


A chromophoric pH-controlled supramolecular switch : In
order to see if the molecular switch (Figure 2) would be a
practicable one, we examined the competitive complexation
phenomena associated with the salts 5 ´ 2 PF6 and 6 ´ 2 PF6.[9]


Both of these species form stable complexes in solution
(Figure 11) and in the solid state with the macrocyclic poly-
ether BPP34C10 ; the [BPP34C10 ´ 5](PF6)2 complex is color-
less, while the [BPP34C10 ´ 6](PF6)2 complex is red by virtue
of charge-transfer interactions. Accordingly, these species
may be considered as the forerunners of a chromophoric pH-
driven molecular switch.[7]


Gratifyingly, deep red
CD2Cl2 solutions, containing
equimolar quantities of
BPP34C10 and 6 ´ 2 PF6, de-
colorize instantaneously
upon treatment with a molar
equivalent of the salt 5 ´
2 PF6, indicating that the
crown ether complexes pri-
marily with the bisammoni-
um dication under these con-
ditions. Moreover, the deep
red coloration can be rees-
tablished when the NH�


2 cen-
ters are deprotonated quan-
titatively with iPr2NEt, a
non-nucleophilic base that
does not destroy compounds
containing 4,4'-bipyridinium
units.[18] Completion of the
supramolecular switching cy-
cle occurs when the mixture
is treated with CF3CO2H, an
acid that reprotonates the NH groups and decolorizes the
solution once again. The higher selectivity of BPP34C10
toward the bisammonium dication 52� was confirmed by 1H
NMR spectroscopic experiments. An inspection of the
resonances associated with the 4,4'-bipyridinium unit in the
1H NMR spectrum of a 1:1:1 mixture of BPP34C10, 5 ´ 2 PF6,
and 6 ´ 2 PF6, recorded in CD2Cl2 atÿ43 8C, demonstrates that
the macrocyclic polyether complexes preferentially with the
bisammonium dication (Figure 12).[19] However, when ap-


Figure 12. Partial 1H NMR spectra (400.1 MHz, CD2Cl2, ÿ43 8C) illus-
trating the resonances associated with the bipyridinium unit of the dication
62� in a) a 1:1:1 mixture of BPP34C10, 5 ´ 2PF6 and 6 ´ 2 PF6, and b) the same
mixture with added iPr2NEt (ca. 2 mol equiv.). Upon addition of the base,
the resonances ascribable to the protons of the complexed (C) bipyridinium
unit increase in intensity, while those of the uncomplexed (UC) bipyr-
idinium unit decrease in intensity.


Figure 11. Schematic diagram
portraying a chromophoric supra-
molecular switch that functions by
means of pH control.
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proximately one molar equivalent of iPr2NEt was added to
this solution, the binding selectivity of the macrocycle toward
the guests reverted almost completely to the 4,4'-bipyridinium
derivative 6 ´ 2 PF6 since the NH�


2 centers of the dication 52�


had been deprotonated. Employing more polar solvents that
have stronger hydrogen-bond accepting ability, such as MeCN
and Me2CO, altered the competitive complexation phenom-
ena identified with this system. In these instances, the color
only changed from deep red to orange when one molar
equivalent of 5 ´ 2 PF6 was added to an equimolar solution of
BPP34C10 and 6 ´ 2 PF6, suggesting that two equilibrating
complexes (namely, [BPP34C10 ´ 5]2� and [BPP34C10 ´ 6]2�)
were present in the solutions. This observation may be
presumed to be a consequence of the polar solvents interfer-
ing with the hydrogen bonds that stabilize the [BPP34C10 ´
5]2� complex,[1e, 5a, 5c±d] in addition to augmenting the p ± p


stacking interactions that
stabilize the [BPP34C10 ´
6]2� complex.[20] Finally, we
examined the competitive
complexation phenomena
associated with BPP34C10
and the monocation 7� in
order to make a comparison
between cationic units bear-
ing different numbers of


NH�
2 centers. When an equivalent amount of 7 ´ PF6 was


added to a solution of BPP34C10 and 6 ´ 2 PF6 in CD2Cl2, the
only color change observed was merely from deep red to
orange, indicating the formation of a mixture of several
different inclusion complexes, and that the self-assembly of
the pseudorotaxane [BPP34C10 ´ 5]2� is a cooperative proc-
ess.[21]


Conclusions


We have extended the paradigm that states that the crown
ether BPP34C10 can accommodate two dibenzylammonium
centers from distinct cationic units within its macrocyclic
interior,[5b±e, 8] so that we can synthesize singly stranded,
doubly docked [2]pseudorotaxanes noncovalently. In these
two-component superarchitectures, one dicationic threadÐ
bearing a suitable spacer unit between its NH�


2 centers, in
addition to bulky terminiÐinterpenetrates the macrocycle�s
cavity by virtue of [N� ± H ´´´ O] hydrogen bonds with
auxiliary stabilization occurring by either p ± p or [C ± H ´´´ p]
interactions. ªSuitable spacer unitº may be the key phrase for
the systems described here, since we have found that the
supramolecular syntheses of the [2]pseudorotaxanes are
highly dependent on the length of the spacer unit between
the NH�


2 centers. Indeed, [2]pseudorotaxane formation, in
this instance, may be described as a linear recognition
process[6] that utilizes length complementarity in a ditopic
binding mode. Nonetheless, one cannot discount the role of
the bulky 3,5-di-tert-butylbenzyl termini in these self-assem-
bly processes, for they assist undoubtedly in the creation of
the [2]pseudorotaxane supermolecules by 1) preventing the
intrusion of two dicationic strands through one BPP34C10


macrocycle and 2) disfavoring the formation of interwoven[10]


supramolecular arrays that are held together through the
binding of PFÿ6 anions by neighboring pseudorotaxane super-
molecules. In summary, by suitable tailoring of the dicationic
NH�


2 -bearing guests, we can effect 1) the specific binding
geometries, 2) the stoichiometries, and 3) the recognition
properties of the ensuing superarchitectures.


The findings reported in this paper conjure up the prospect
of engineering the physical and chemical properties of
molecular-sized systems in a precise fashion. By way of
illustration, one might consider undertaking the construction
of rotaxanes and pseudorotaxanes incorporating different
recognition sites within their respective molecular and supra-
molecular environments. These entities could possess device-
like properties,[7, 22] as external stimuli could be employed to
drive the macrocyclic beadlike component between distinct
recognition sites either inter- or intramolecularly. To this end,
the [BPP34C10 ´ 5](PF6)2 ± [BPP34C10 ´ 6](PF6)2 system rep-
resents a prototype for molecular/supramolecular devices that
could be controlled by changes in pH.


Experimental Section


General methods : BPP34C10 was prepared by a literature procedure.[23]


Anhydrous THF was obtained by distillation from Na ± Ph2CO. Melting
points were determined on an Electrothermal 9200 apparatus and are
uncorrected. 1H NMR spectra were recorded on either Bruker AC300
(300.1 MHz) or Bruker AMX 400 (400.1 MHz) spectrometers, with either
the solvent as reference or TMS as the internal standard. 13C NMR spectra
were recorded on the Bruker AC 300 (75.5 MHz) spectrometer with the
PENDANT pulse sequence.[24] Low-resolution liquid secondary ion (LSI)
mass spectra were obtained from a VG Zabspec mass spectrometer with a
m-nitrobenzyl alcohol matrix and operating in the positive-ion mode at a
scan speed of 5 s per decade. High-resolution mass measurements, by LSI
mass spectrometry, were obtained from a Zabspec instrument operating at
a resolution of approximately 10000, while employing narrow-range
voltage scanning and a reference of cesium/rubidium iodides mixed in
equimolar proportions. Electrospray (ES) mass spectra were measured on
a VG Auto SpecQ spectrometer. Microanalyses were performed by the
University of North London Microanalytical Service.


General procedureÐa,a''-bis(3,5-di-tert-butylbenzylammonium)-p-xylene
bis(hexafluorophosphate) (2 ´ 2 PF6): A solution of 3,5-di-tert-butylbenzal-
dehyde[25] (4.00 g, 18.5 mmol) and p-xylylenediamine (1.20 g, 8.8 mmol) in
PhMe (80 mL) was stirred and heated under reflux (azeotropic distillation
of H2O employing a Dean ± Stark apparatus) for 10 h. After the reaction
mixture had been allowed to cool down to room temperature, the solvent
was evaporated off under reduced pressure to furnish a,a'-bis(3,5-di-tert-
butylbenzylidene)-p-xylylenediamine as a brown oil [1H NMR (CDCl3):
d� 1.34 (s, 36H), 4.87 (s, 4 H), 7.31 (s, 4H), 7.48 (t, J� 2 Hz, 2H), 7.62 (d,
J� 2 Hz, 4 H), 8.37 (s, 2 H)], which was dissolved in MeOH (50 mL). After
being heated to boiling, NaBH4 (3.80 g, 100.0 mmol) was added portion-
wise to the solution, which was then heated under reflux for a further 8 h.
Upon cooling down to ambient temperature, 12n HCl was added to the
methanolic solution to adjust the pH to less than 2. Following evaporation
of the solvents, the residue was suspended in H2O (30 mL) and washed with
CH2Cl2 (4� 50 mL). The aqueous layer was rendered basic (pH> 9) by
addition of solid KOH, before being extracted with CH2Cl2 (3� 30 mL).
The combined organic extracts were washed with 5 % aqueous NaHCO3


(2� 60 mL), H2O (50 mL), and dried (MgSO4). Removal of the solvent in
vacuo furnished a solid residue that was dissolved in MeOH (30 mL).
HCl(g) was then bubbled through the solution, and the solvents were
evaporated off under reduced pressure. Recrystallization of the residue
from EtOH/Et2O afforded the salt 2 ´ 2Cl as colorless crystals (2.50 g,
46%). 1H NMR (CDCl3): d� 1.35 (s, 36H), 3.66 (s, 4H), 4.29 (s, 4 H), 7.21
(s, 4H), 7.43 (t, J� 2 Hz, 2 H), 7.73 (d, J� 2 Hz, 4H); 13C NMR (CDCl3):
d� 31.4, 35.0, 49.9, 52.5, 123.0, 126.2, 129.1, 131.2, 131.7, 151.3; MS (LSI): m/


N
H2


PF6
–


7·PF6


+
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z : 541 [Mÿ 2 Cl]� ; C38H58Cl2N2 (613.8): calcd C 74.36, H 9.52, N 4.56; found
C 74.29, H 9.37, N 4.63. This solid was dissolved in MeOH (20 mL), then a
saturated aqueous solution of NH4PF6 was added until no further
precipitation occurred. The white crystals of 2 ´ 2PF6 obtained were
collected and air-dried (1.30 g, 39%). 1H NMR (CD2Cl2): d� 1.33 (s,
36H), 3.66 (s, 4H), 4.07 (s, 4 H), 4.26 (s, 4H), 7.30 (s, 4 H), 7.43 ± 7.45 (m,
2H), 7.52 ± 7.54 (m, 4 H).


2,6-Bis(3,5-di-tert-butylbenzylammoniummethyl)naphthalene bis(hexa-
fluorophosphate) (3 ´ 2PF6): 2,6-Naphthalenedicarboxaldehyde[26] (139 mg,
0.76 mmol) was condensed with 3,5-di-tert-butylbenzylamine[27] (332 mg,
1.52 mmol) to provide 2,6-bis(3,5-di-tert-butylbenzylideneaminomethyl)-
naphthalene as a brown solid [1H NMR (CDCl3): d� 1.32 (s, 36 H), 4.87 (s,
4H), 7.21 (d, J� 2 Hz, 4 H), 7.35 (t, J� 2 Hz, 2H), 7.91 (d, J� 9 Hz, 2H),
8.02 (s, 2H), 8.08 (d, J� 9 Hz, 2 H), 8.56 (s, 2 H)], which was reduced with
NaBH4 in MeOH to give 3 ´ 2Cl (400 mg, 81 %), after treatment with
HCl(g) and recrystallization from EtOH/H2O. 1H NMR (CD2Cl2): d� 1.32
(s, 36H), 3.29 (s, 4H), 4.04 (s, 4H), 7.31 (d, J� 2 Hz, 4 H), 7.42 ± 7.55 (m,
6H), 7.68 (d, J� 9 Hz, 2H); 13C NMR (CDCl3): d� 31.4, 35.0, 48.3, 49.9,
123.3, 124.5, 127.9, 128.9, 129.7, 130.0, 132.4, 151.9, 152.0; HRMS (LSI)
C42H59N2: [MÿHClÿCl]� calcd 591.4678, found 591.4668. The salt 3 ´ 2Cl
was transformed into the title compound by use of the general procedure
desribed above (405 mg, 76 %). 1H NMR (CD2Cl2): d� 1.33 (s, 36 H) 4.09
(s, 4H), 4.19 (s, 4H), 7.28 (m, 4H), 7.34 ± 7.37 (m, 2 H), 7.52 (m, 2H), 7.73 ±
7.76 (m, 4 H).


1,5-Bis(3,5-di-tert-butylbenzylammonium)pentane bis(hexafluorophos-
phate) (4 ´ 2 PF6): Condensation of 3,5-di-tert-butylbenzaldehyde[25]


(3.00 g, 13.7 mmol) with 1,5-diaminopentane (0.70 g, 6.8 mmol) furnished
1,5-bis(3,5-di-tert-butylbenzylidene)pentanediamine as a yellow oil [1H
NMR (CDCl3): d� 1.34 (s, 36H), 1.41 ± 1.49 (m, 2H), 1.70 ± 1.78 (m, 4H),
3.62 (t, J� 7 Hz, 4H), 7.49 (t, J� 2 Hz, 2H), 7.56 (d, J� 2 Hz, 4 H), 8.27 (s,
2H)], which was reduced with NaBH4 in MeOH/THF (1:5) to provide a
solid residue. The residue was transformed into 4 ´ 2 Cl, which was obtained
as a white solid (3.46 g, 86 %) after treatment with acid and recrystallization
from EtOAc/nC6H14. M.p. 190 8C (decomp); 1H NMR (CDCl3): d� 1.26 ±


1.38 (br, 38H), 1.85 ± 1.95 (m, 4 H), 2.71 (m, 4 H), 3.96 (s, 4H), 7.42 (m, 6 H);
13C NMR (CDCl3): d� 24.4, 26.5, 31.5, 35.2, 46.2, 51.7, 123.0, 129.1, 129.9,
152.0; HRMS (LSI) C35H59N2: [MÿHClÿCl]� calcd 507.4678, found
507.4664. Thereupon, 4 ´ 2Cl was transformed to the title compound (2.06 g,
70%) by use of the standard anion exchange procedure. 1H NMR
(CD2Cl2): d� 1.32 (s, 36 H) 1.40 ± 1.55 (m, 2H), 1.70 ± 1.85 (m, 4 H), 2.90 ±
3.00 (m, 4H), 4.08 (s, 4H), 7.27 ± 7.29 (m, 4 H), 7.47 ± 7.48 (br, 2H).


1,6-Bis(3,5-di-tert-butylbenzylammonium)hexane bis(hexafluorophos-
phate) (5 ´ 2 PF6): 3,5-Di-tert-butylbenzaldehyde[25] (3.75 g, 17.0 mmol) was
condensed with 1,6-diaminohexane (1.00 g, 8.0 mmol) to give 1,6-bis(3,5-di-
tert-butylbenzylidene)hexanediamine as a yellow oil [1H NMR (CDCl3):
d� 1.34 (s, 36 H), 1.41 ± 1.49 (m, 4H), 1.70 ± 1.78 (m, 4 H), 3.62 (t, J� 7 Hz,
4H), 7.49 (t, J� 2 Hz, 2H), 7.56 (d, J� 2 Hz, 4H), 8.27 (s, 2H)], which was
reduced with NaBH4 in MeOH/THF (1:5). After standard workup, acid
treatment, and recrystallization (EtOAc/nC6H14), 5 ´ 2Cl was retrieved as a
white amorphous solid (3.50 g, 84 %). 1H NMR (CDCl3): d� 1.26 ± 1.38 (br,
36H), 1.42 ± 1.47 (br, 4H), 1.76 ± 1.86 (br, 4 H), 2.76 (t, J� 7 Hz, 4 H), 4.10 (s,
4H), 7.40 (m, 2H), 7.44 (m, 4H); 13C NMR (CDCl3): d� 25.5, 25.8, 31.5,
35.0, 46.1, 51.7, 123.1, 124.9, 129.4, 151.7; MS (LSI): m/z : 522 [Mÿ 2Cl]� ;
C36H62Cl2N2 (593.8): calcd C 72.82, H 10.52, N 4.72; found C 72.87, H 10.54,
N 4.63. This material was transformed into the white solid 5 ´ 2PF6 (3.54 g,
76%) in the usual manner. 1H NMR (CD2Cl2): d� 1.32 (s, 36H), 1.46 ± 1.54
(br, 4 H), 1.76 ± 1.80 (br, 4 H), 3.02 ± 3.06 (m, 4H), 4.16 (s, 4H), 7.28 (d, J�
2 Hz, 4 H), 7.50 (t, J� 2 Hz, 2H).


4,4''-Bis(3,5-di-tert-butylbenzyl)bipyridinium bis(hexafluorophosphate)
(6 ´ 2PF6): An MeCN (30 mL) solution of 4,4'-bipyridine (1.00 g, 6.4 mmol)
was added dropwise with stirring to a hot solution of 3,5-di-tert-butylbenzyl
bromide[28] (7.26 g, 25.6 mmol) in MeCN (30 mL). The reaction mixture was
further stirred and heated under reflux for 36 h. Upon cooling, the resulting
yellow precipitate was collected and air-dried. This solid was dissolved in
Me2CO/H2O (8:2), before being treated with a saturated aqueous solution
of NH4PF6 until no further precipitate was obtained. This precipitate was
collected, washed with H2O, and air-dried to furnish the title compound as a
white solid (4.36 g, 80%). 1H NMR ((CD3)2CO): d� 1.31 (s, 36H), 6.10


Table 5. Crystal data, data collection, and refinement parameters.[a]


[BPP34C10 ´ 2](PF6)2 [BPP34C10 ´ 3](PF6)2 [BPP34C10 ´ 4 ´ Me2CO](PF6)2 [BPP34C10 ´ 4](PF6)2 [BPP34C10 ´ 5](PF6)2


formula C66H98N2O10 ´ 2PF6 C70H100N2O10 ´ 2 PF6 C66H106N2O11 ´ 2PF6 C63H100N2O10 ´ 2PF6 C64H100N2O10 ´ 2PF6


solvent ± ± ± 0.5CH2Cl2 ±
Mr 1369.4 1419.5 1393.5 1377.9 1347.4
color, habit pale yellow plates clear needles clear blocks clear platy needles clear triangular


plates
crystal size [mm] 0.30� 0.10� 0.10 0.67� 0.17� 0.10 0.33� 0.17� 0.10 0.87� 0.23� 0.05 0.30� 0.27� 0.10
lattice type monoclinic monoclinic monoclinic monoclinic triclinic
space group P21/c P21/n Pn P21/c P1Å


a [�] 13.623(4) 11.448(2) 16.645(14) 19.942(1) 11.409(1)
b [�] 16.753(2) 16.652(1) 10.831(6) 18.996(1) 12.822(1)
c [�] 16.440(2) 19.682(2) 20.461(10) 20.165(3) 13.375(1)
a [8] ± ± ± ± 79.55(1)
b [8] 103.60(1) 90.94(1) 94.69(5) 103.67(1) 68.28(1)
g [8] ± ± ± ± 84.88(1)
V [�]3 3647(1) 3751.7(8) 3676(4) 7422(1) 1786.9(3)
Z 2[b] 2[b] 2 4 1[b]


Dc [gcmÿ3] 1.247 1.257 1.259 1.233 1.252
F(000) 1452 1504 1484 2924 716
radiation used CuKa CuKa CuKa


[c] CuKa CuKa


m [mmÿ1] 1.268 1.252 1.275 1.570 1.284
q range [8] 3.3 ± 55.0 3.5 ± 55.0 3.3 ± 62.0 2.3 ± 57.5 3.5 ± 60.0
unique reflections measured 4581 4708 5974 10 163 3698
unique reflections observed,
jFo j> 4s( jFo j )


2557 3385 4731 6644 2790


parameters 464 433 851 938 406
R1


[d] 0.110 0.079 0.067 0.101 0.094
wR2


[e] 0.284 0.219 0.177 0.291 0.262
weighting factors a, b[f] 0.201, 2.355 0.123, 3.904 0.126, 1.809 0.219, 4.955 0.140, 2.967
largest difference peak, hole
[e�ÿ3]


0.55, ÿ0.36 0.49, ÿ0.43 0.45, ÿ0.37 0.97, ÿ0.48 0.72, ÿ0.49


[a] Details in common: graphite monochromated radiation, w scans, Siemens P4 diffractometer, 293 K, refinement based on F 2. [b] The supermolecule has crys-
tallographic Ci symmetry. [c] Rotating anode source. [d] R1�S j jFo jÿjFc j j /S jFo j . [e] wR2�


�������������������������������������������������������p
{S[w(F2


oÿF2
c)2]/S[w(F2


o)2]}. [f] wÿ1�s2(F2
o)� (aP)2� bP.
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(s, 4H), 7.63 (m, 6H), 8.78 (d, J� 9 Hz, 4H), 9.54 (d, J� 9 Hz, 4H); 13C
NMR ((CD3)2CO): d� 30.1, 35.6, 66.5, 124.7, 124.9, 128.4, 133.3, 146.5,
151.2, 153.2.


Bis(3,5-di-tert-butylbenzyl)ammonium hexafluorophosphate (7 ´ PF6): By
means of the standard protocol, 3,5-di-tert-butylbenzylamine[27] (0.41 g,
1.8 mmol) was condensed with 3,5-di-tert-butylbenzaldehyde[25] (0.40 g,
1.8 mmol) in PhMe (70 mL) to generate 3,5-di-tert-butylbenzylidene-3,5-di-
tert-butylbenzylamine as a yellowish oil [1H NMR (CDCl3): d� 1.35 (s,
18H), 1.38 (s, 18 H), 4.82 (s, 2 H), 7.21 (d, J� 2 Hz, 2H), 7.33 (t, J� 2 Hz,
1H), 7.51 (t, J� 2 Hz, 1H), 7.65 (d, J� 2 Hz, 2H), 8.43 (s, 1H)], which was
reduced with NaBH4. The salt 7 ´ Cl was isolated as a white solid (0.45 g,
55%) after regular workup, acid treatment, and recrystallization from
EtOH/H2O. 1H NMR (CDCl3): d� 1.29 (s, 36 H), 3.86 (s, 4H), 7.36 (br,
6H); 13C NMR (CDCl3): d� 31.5, 35.0, 48.8, 123.0, 124.2, 129.8, 151.7; MS
(LSI): m/z : 422 [MÿCl]� ; C30H48Cl N (458.2): calcd C 78.64, H 10.56, N
3.06; found C 78.75, H 10.45, N 3.17. Counterion exchange, in the usual
fashion, provided 7 ´ PF6 as a white solid (0.30 g, 66 %). 1H NMR (CDCl3):
d� 1.33 (s, 36H), 4.12 (s, 4 H), 7.18 (s, 4H), 7.47 (s, 2H).


X-ray crystallography : Table 5 provides a summary of the crystal data, data
collection, and refinement parameters for the five crystal structures
reported in this paper. All of the superstructures were solved by direct
methods (SIR92[29] for [BPP34C10 ´ 4](PF6)2 and SHELXS[30] for the rest)
and were refined by full matrix least-squares based on F 2. In the
[BPP34C10 ´ 4 ´ Me2CO](PF6)2 complex, one of the tert-butyl groups of
the thread was found to be disordered; this disorder was resolved into two
alternate 60 and 40% occupancy orientations, the former of which was
refined anisotropically. Similar disorder was found for two of these groups
in both the complexes [BPP34C10 ´ 4](PF6)2 (all four 50% occupancy
orientations refined anisotropically) and [BPP34C10 ´ 2](PF6)2 (all four
50% occupancy orientations refined isotropically). A single PFÿ6 anion was
found to be disordered in the structures of both [BPP34C10 ´ 4](PF6)2 and
[BPP34C10 ´ 2](PF6)2; in each case this disorder was resolved into two
alternate 50 % occupancy orientations (refined anisotropically). Structure
[BPP34C10 ´ 4](PF6)2 was found to contain a 50% occupancy CH2Cl2


molecule that was refined anisotropically. All the remaining non-hydrogen
atoms in all five structures were of full occupancy and were refined
anisotropically. In each structure, the N ± H hydrogen atoms were located
from DF maps and subsequently idealized. The C ± H hydrogen atoms were
placed in calculated positions, assigned isotropic thermal parameters,
U(H)� 1.2Ueq(C/N) [U(H)� 1.5Ueq(C ± Me)], and allowed to ride on their
parent atoms. The polarity of [BPP34C10 ´ 4 ´ Me2CO](PF6)2 was deter-
mined unambiguously by use of the Flack parameter, which refined to a
value of ÿ0.01(8). Refinements were carried out with the SHELXTL PC
program system.[30] Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-101113. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Lifetimes of Gaseous Ion ± Neutral Complexes:
The Rate of Isotopic Scrambling within Ethyl Ions as an Internal Clock


Massimiliano Aschi, Marina AttinaÁ , and Fulvio Cacace*


Abstract: The lifetimes of typical ion ±
neutral complexes (INCs), the charged
intermediates of electrophilic aromatic
alkylation, were investigated by a kinet-
ic approach that utilizes as an internal
clock the rate of H/D scrambling within
labeled carbenium ions bound to a
nucleophile as an INC. The specific
process investigated was the aromatic
ethylation promoted by addition of a
CF3C6X�6 (X�D or H) arenium ion to
ethylene, C2Y4 (Y�H or D). This proc-
ess belongs to a class of reactions, the so-
called Crafts ± Friedel alkylation, that
was previously demonstrated to occur


within gaseous INCs and represents an
alternative to electrophilic aromatic
substitution. Following preliminary
study by Fourier-transform ion cyclotron
resonance (FT-ICR) and triple-quadru-
pole (TQ) mass spectrometry, the reac-
tion was investigated by the radiolytic
technique in CF4 at 720 Torr in the
temperature range from 298 to 393 K,


by measuring the D(H) incorporation
into the a position of the side chain of
the ethylated products CF3C6X4C2Y4X.
Kinetic analysis of the results led to
lifetimes of 2.0� 10ÿ10 s (298 K), 1.2�
10ÿ10 s (315 K), 4.4� 10ÿ11 s (353 K)
and 1.9� 10ÿ11 s (393 K) based on the
H/D scrambling within C2H4D�, whereas
the lifetime deduced from H/D scram-
bling within C2D4H� is 9.0� 10ÿ12 s at
393 K. The results are discussed and
compared with those of an independent
approach based on a chemical activation
technique.


Keywords: automerizations ´
Crafts ± Friedel reactions ´ ion ±
neutral complexes ´ ion ± molecule
reactions ´ kinetics


Introduction


The interest in gaseous ion ± neutral complexes (INCs) is
currently increasing due to the growing recognition of their
value as simplified and generalized models in many areas of
ionic chemistry, in addition to their long-established role in
bimolecular ion ± molecule reactions and in the unimolecular
fragmentation of excited ions.[1±16]


The wide interest and applications of the concept of INCs
has stimulated the study of their properties, in particular of
their lifetime, by a variety of theoretical and experimental
techniques, including trajectory calculations, fast photoelec-
tron spectroscopy (FPS), flowing afterglow (FA), selected-ion
flow tube (SIFT), ion mobility spectroscopy (IMS), resonant
two-photon ionization mass spectrometry (R2PIMS), and
high-pressure mass spectrometry (HPMS).[17±25] Despite such


sustained interest the data currently available on the most
interesting INCs, those which undergo intracluster reactions,
are few in number and subject to unusually large uncertain-
ties, a situation that justifies the search for new approaches.


In a preceding paper we reported a high-pressure chemical
activation study[26] which allowed us to estimate the lifetime of
INCs that are key intermediates in a recently discovered,
typically intracluster reaction that represents an alternative to
conventional aromatic alkylation.[27±30]


Here we report a different approach to the evaluation of the
lifetime of INCs involved in the same reaction, where the
extent of H/D scrambling within a C2H4D� or C2D4H� ethyl
ion, confined together with an aromatic molecule within the
gaseous complex, is utilized as an internal clock.


Methodology


We utilized one of the so-called Crafts ± Friedel reactions, an
alternative to conventional alkylation which is known to occur
within gaseous INCs according to the Equation (1), where
ArH�


2 denotes an arenium ion and P a proelectrophile, that is
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a species capable of producing the electrophile E� upon
protonation.


In principle, the lifetime of INC2, which is the time interval
between its formation from INC1 and its conversion into the s


complex, can be evaluated if E�, before alkylating the arene,
undergoes some structural change whose extent can be
deduced from the composition of the products. Several
conditions must be met in order to implement the above
strategy: firstly, the rate of change of E� should be known with
reasonable accuracy and be commensurate to the lifetime of
INC2. Secondly, since the rate of change of E� depends on
temperature, the conversion INC1!INC2 should be nearly
thermoneutral, allowing one to consider the temperature of
INC2 to be equal to that of INC1, and hence to the
experimentally measurable temperature of the bath gas.


The above considerations suggested the choice of CF3C6X5


(X�D or H) and C2Y4 (Y�H or D) as a suitable reagent pair
since, in this case, the proton affinity (PA) of the arene exceeds
that of the olefin (vide infra), ensuring that INC2 formed
upon intracomplex H� (D�) transfer from INC1 does not
contain excess internal energy. Moreover, the ethyl cation,
which is reagent E� in INC2, is known to undergo the low-
barrier process shown in Equation (2).


According to extensive theoretical and experimental stud-
ies,[31±41] the nonclassical ion 1 is the most stable structure, the
classical ion 2 being identified as the transition state for
process (2). Reasonably accurate computation of the height of
the barrier for this reaction is well within the capabilities of
modern ab initio methods, allowing the rate constant for


process (2) to be evaluated within the framework of current
theories of unimolecular reaction kinetics. The occurrence of
isotope-scrambling reaction (2) affects the composition of the
products, in that alkylation of the arene by 1 a is expected to
yield products containing X only in the b position of the side
chain, whereas the product from 1 b should contain X in both
the a and the b positions. It follows that the experimental
determination of the distribution of Y in the side chain of the
products allows one, in principle, to evaluate the extent of
reaction (2) and hence, utilizing its theoretically computed
rate constant, the lifetime of the ethyl ion within INC2, which
corresponds to the lifetime of the complex. The specific
experimental requirements suggested recourse to the radio-
lytic technique, characterized by two features essential to this
study, namely the high operating pressure required to ensure
efficient thermalization of the INC, and the positive charac-
terization of the products, especially with respect to their
isomeric and isotopic composition.[42] Supporting evidence
was obtained from Fourier transform ion cyclotron resonance
(FT-ICR) and triple quadrupole (TQ) mass spectrometry.


Experimental Section


Materials : The gases were research-grade products from Matheson Gas
Products or Aldrich Chemical Company with a stated purity of 99.95 mol %
(O2, CF4, SF6, C2H4), with the exception of C2D4, which was obtained from
Cambridge Isotope Laboratories and had a stated isotopic purity of greater
than 99 atom %. All chemicals used in the radiolysis or as mass-
spectrometric standards were prepared and purified according to estab-
lished procedures utilizing research-grade products from commercial
sources. C6D6 with a stated isotopic purity of 99.96 atom % was obtained
from Aldrich.


Instruments : The FT-ICR mass spectra were recorded with a Bruker
Spectrospin APEX TM 47e spectrometer equipped with an external ion
source, a cylindrical infinity cell, and an X Mass data system. The triple-
quadrupole instrument was a VG Micromass model Quattro spectrometer
in which the C6D6CF�3 ions, generated in the ion source by CF4/C6D6 CI
(10ÿ4 Torr) and selected with the first quadrupole (Q1), were driven
(nominal center-of-mass kinetic energy from 0.15 to 1.0 eV) into the RF-
only hexapolar cell containing C2H4 at nominal pressures up to 10ÿ4 Torr;
the products were analyzed in the third quadrupole (Q3) at a scan
frequency of 150 amu sÿ1. The radiolytic products were analyzed with a
Hewlett ± Packard 5890 GC equipped with an FI detector and a VG
Micromass TRIO benchtop GC/MS, utilizing a 50-m long, 0.2-mm i.d.
fused-silica capillary column, coated with a 0.5-mm layer of cross-linked
methylsilicone phase (PONA column from Hewlett ± Packard), operating
in the temperature range from 70 to 180 8C.


Radiolytic experiments : The gaseous samples were prepared by standard
techniques in a greaseless vacuum line in sealed 135 mL Pyrex ampoules.
The irradiations were performed in a 220 Gammacell (Nuclear Canada
Ltd.) equipped with a thermostatic device designed to maintain the sample
temperature within � 1 8C in the range from 298 to 393 K.


In addition to the bulk gas (CF4 or CH4) at a pressure of 720 Torr, all
systems contained a radical scavenger (O2, 10 Torr), a thermal-electron
scavenger (SF6, 5 Torr), and a base (Et3N, 0.2 Torr). The irradiation time
was 2 h to a total dose of about 104 Gy. After the irradiation, the vessels
were cooled to 77 K, outgassed and allowed to warm up following addition
of methanol. After careful rinsing of the inner walls of the vessels, the
solution obtained was utilized for the analysis of the products. The D
content in the a and b positions of the side chain of o-, m-, and p-
CF3C6D4C2H4D was measured by GC/MS, by comparing the intensity of
the molecular ion with that of the fragment formed by loss of the methyl
group (CH3 or CH2D); corrections were applied for the 13C contribution
and the incomplete labeling of C6D6. The occurrence of H(D) scrambling
within the alkyl chain and between the alkyl chain and the ring in the


Abstract in Italian: Un metodo cinetico nel quale la velocitaÁ
del mescolamento isotopico H/D in ioni carbenio funge da
orologio interno eÁ stato applicato alla valutazione della vita
media di tipici complessi ione-molecola in fase gassosa. Si eÁ
utilizzata l'etilazione promossa dall'addizione di ioni arenio
CF3C6X6


� (X�H, D) a C2Y4 (Y�D, H), una reazione
cosiddetta di 'Crafts ± Friedel' che comporta la formazione di
complessi ione-arenio/olefine, la loro conversione in complessi
arene/ione carbenio e la conversione di questi ultimi in addotti
s. La reazione investigata preliminarmente mediante spettro-
metria di massa (FT-ICR, triplo quadrupolo) eÁ stata studiata
con la tecnica radiolitica in CF4 a 720 Torr a temperature da
293 a 393 K, misurando l'incorporazione di D(H) nella
posizione a della catena laterale degli etil(trifluorometil)ben-
zeni formati. L'analisi cinetica ha portato a vite medie del
complesso ione/molecola di 2,0� 10ÿ10 s (298 K), 1,2� 10ÿ10 s
(315 K), 4,4� 10ÿ11 s (353 K) e 1,9� 10ÿ11 s (393 K), basate
sulla velocitaÁ di mescolamento H/D nello ione C2H4D�.
L'unica misura basata sulla velocitaÁ di mescolamento nello
ione C2D4H� eÁ stata effettuata a 393 K e fornisce una vita media
di 9,0� 10ÿ12 s. I risultati sono discussi e paragonati con quelli
in precedenza ottenuti con un tecnica di attivazione chimica.
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molecular ion obtained by 70 eV EI was excluded by control experiments
with authentic samples of the CF3ÿC6H4ÿCH2CD3 and CF3ÿC6D4ÿC2H5


isomers. The same analytical procedure was employed for the determi-
nation of H-content in the a and b positions of the side chain of the
CF3C6H4C2D4H isomers. The results were corrected in this case for the
incomplete labeling of C2D4.


Computational details : The theoretical studies of the C2H�
5 ions cited


above demonstrate the existence of two structures, the bridged (non-
classical) ion 1 and the classical ion 2, whose calculated relative stabilities
depended on the level of theory employed.[35±41] Ab initio calculations at the
MP4SDTQ/6-311 G (d,p)//MP2/6-31G (d) level of theory identified 1 (C2v


symmetry) as the global minimum, whereas 2 (Cs symmetry) is the
transition state for H scrambling, and is less stable by 7 kcal molÿ1.
However, such a small difference in stability called for a higher level
theoretical treatment. To this end, ab initio calculations at the G2 level of
theory[43] were performed by employing an IBM RISC/6000 version of
Gaussian 94.[44] The C2H4D� and C2D4H� total energies were calculated at
0 K and corrected to the temperatures of 298, 315, 353, and 393 K by adding
translational, rotational, and vibrational contributions, calculated by
standard statistical equations,[45] and treating the system as a canonical
ensemble. The absolute entropies of 1 and 2 were computed according to
standard statistical-mechanics procedures by employing the scaled HF/6-
31G (d) harmonic frequencies and the moments of inertia calculated from
the optimized geometries.


Results and Discussion


Mass spectrometric experiments: A preliminary investigation
of reaction sequence (1) was performed with experimental
techniques, such as FT-ICR and TQ mass spectrometry,
capable of establishing parent ± daughter relationships in
ion ± molecule reaction sequences. The FT-ICR experiments
involved formation of CF3C6D�


6 ions in the external source,
their introduction into the resonance cell, collisional cooling
by argon admitted for a short period through a pulsed valve,
isolation by selective-ejection techniques, and reaction with
C2H4, present at stationary pressures from 10ÿ8 to 10ÿ7 Torr in
the cell. Under these conditions, characterized by very
inefficient collisional stabilization of excited adducts such as


INC1, no reactions were observed except a slow loss of DF
from CF3C6D�


6 . Significantly, no C2H4D� ions were detected.
Analogous experiments were performed by utilizing a TQ
mass spectrometer, where CF3C6D6


� ions, formed in the
source and mass-selected with the first quadrupole, were
allowed to react with C2H4 at a pressure of about 10ÿ4 Torr in
the hexapolar (RF-only) cell. Under such conditions, a readily
detectable peak at m/z� 181 was observed, suggestive of
formation of some [CF3C6D5C2H4D]� , again without detect-
able formation of C2H4D� ions. The evidence from the
preliminary mass spectrometric experiments, albeit qualita-
tive, is mechanistically informative. The lack of reactivity of
CF3C6D�


6 toward C2H4 and the failure to detect C2H4D� ions
from the FT-ICR experiments suggest that in the low-pressure
range back-dissociation of INC1 is faster than its conversion
into INC2 through intracomplex D� transfer. Formation of
ions of m/z 181, but not of C2H4D� ions, in the TQ experi-
ments can be interpreted either by assuming that collisionally
stabilized INC1 does not evolve into INC2, or, more likely,
that it is rapidly converted into INC2 and into the s complex,
without dissociating to form C2H4D�.


Radiolytic experiments: Ionization of gaseous systems con-
taining CF4 as the bulk component, in the presence of C6X6


(X�D or H) and C2Y4 (Y�H or D), promotes intracomplex
alkylation, according to Scheme 1. Note that this scheme
neglects the conceivable reversion of the s complex to INC2,
which appears most unlikely. In fact, proto-de-ethylation does
not occur to any significant extent in the pressure range
typical of the radiolytic experiments, as opposed to proto-de-
tert-butylation,[46] for instance, and the proton (deuteron)
initially bound to the ipso carbon of the arenium ion is
expected to migrate to other ring positions, by a low-barrier,
fast intramolecular shift.[42] The major product is CF3C6X5,
accompanied by smaller, but readily detectable amounts of
CF3C6X4C2XY4 isomers (Table 1). The unusual orientation,


Scheme 1.
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characterized by predominantly ortho/meta substitution, is
not peculiar to intracomplex alkylation. Rather, the same
isomeric composition characterizes the products from the
direct, conventional ethylation promoted by C2H�


5 , a
major ion from the irradiation of CH4,[42] according to
Equation (3).


Independent evidence for the higher nucleophilicity of the
ortho and the meta positions of CF3C6H5 is provided by a
recent study of its local PA.[47] The lack of thermochemical
data for ethyltrifluoromethylbenzenes prevents accurate
evaluation of DHo


3. However, from the heat of formation of
m-CF3C6H4C2H5 derived by the group additivity approach,
taking the PA of the ring position bearing the C2H5 group
equal to that of the meta positions of CF3C6H5,[47] and utilizing
available thermochemical data,[48] one can roughly estimate
that ethylation (3) of the meta position of CF3C6H5 is
exothermic by about 30 kcal molÿ1.


The efficiency of intracomplex ethylation is measured by
the product ratio [CF3C6X4C2XY4]/[CF3C6X5], which is re-
ported in the third column of Table 1 and increases, as
expected, with increasing C2Y4 concentration. The CF3C6X�6
arenium ions, formed by attack of CF�3 on C6X6, can undergo
two competing processes, namely deprotonation (dedeutero-
nation) by a gaseous base, B, yielding CF3C6X5, or addition to
C2Y4, resulting in intracomplex ethylation, as depicted in
Equations (4) and (5). Here B denotes any component of the
gaseous system, including C6X6, whose basicity exceeds that
of CF3C6X5, kb is a composite rate constant for the deproto-
nation (dedeuteronation) by the various gaseous bases (C6X6,
Et3N, etc.) and kR is a phenomenological, overall rate constant
for the intracomplex alkylation.


The product ratio from the competitive processes (4) and
(5) is given by Equation (6), which accounts for the increase of


the ethylation efficiency at higher [C2Y4]/[B], and hence
[C2Y4]/[C6X6], ratios.


As shown in Table 1, the product ratio [CF3C6X4C2XY4]/
[CF3C6X5] is independent of temperature in the range 298 ±
393 K. Since the rate of process (4), proton (deuteron)
transfer to gaseous bases of considerably higher PA, is
expected to show only a weak temperature dependence,[49]


the constancy of the ethylation efficiency over the wide
temperature range investigated requires that the rate-deter-
mining step of sequence (5) also be nearly temperature-
independent. The mass spectrometric evidence examined in
the preceding section points to the conversion INC1!INC2
as rate-determining in the case of interest, consistent with the
higher PA of CF3C6H5 than of C2H4, 167.7 vs
162.6 kcal molÿ1.[47, 50] Such a DPA would make the proton
(deuteron) transfer required for INC1!INC2 conversion
endothermic by some 5 kcal molÿ1, ignoring differential sol-
vation effects in the two complexes. If the conversion
INC1!INC2 is indeed rate-determining in Equation (5), its
temperature independence suggests that the barriers for the
two competing processes undergone by INC1, namely back-
dissociation and conversion into INC2, are nearly equal in CF4


at 720 Torr.


Isotopic scrambling in ethyl ions : As discussed above, the
extent of the H/D scrambling reaction (2) undergone by
C2XY�4 ions within INC2 can be deduced from the fraction of
the isotope X found in the a position of the side chain of the
products, reported in the last four columns of Table 1. In the
case of C2H4D�, some
scrambling is observed,
which increases slightly
with temperature, as il-
lustrated for the m-sub-
stituted isomer in Fig-
ure 1. Such a limited
temperature effect sug-
gests that the activation
barriers for the com-
peting processes, that
is isotope scrambling
within C2XY�4 and aro-
matic ethylation within


Figure 1. Temperature dependence of
the ks/k2 ratio for intracomplex meta-
substitution of CF3C6D5 by C2H4D� in
CF4 at 720 Torr.


Table 1. Gas-phase radiolytic ethylation of trifluoromethylbenzene.[a]


T(K) Reagents (Torr) [CF3C6X4C2XY4]/ Orientation Extent of isotopic scrambling (%)[b]


[CF3C6X5] (o : m : p) ortho meta para average


intracomplex ethylation of CF3C6D5 by C2H4D� in CF4 (720 Torr)
298 C6D6(10), C2H4(18) 0.03� 0.01[c] 44:46:10 5.0� 0.8 9.0� 0.5 9.0� 1.0 7.2� 1.1
315 C6D6(10), C2H4(18) 0.04� 0.02[c] 44:46:10 5.5� 0.8 9.8� 0.4 9.6� 0.7 7.9� 1.1
353 C6D6(10), C2H4(18) 0.03� 0.01[c] 44:46:10 6.0� 1.0 11.1� 1.0 10.0� 1.0 8.5� 1.4
393 C6D6(10), C2H4(18) 0.03� 0.01[c] 46:46:8 6.2� 0.5 12.0� 0.5 14.4� 0.7 9.4� 1.0


intracomplex ethylation of CF3C6H5 by C2D4H� in CF4 (720 Torr)
315 C6H6(10), C2D4(35) 0.18� 0.04[d] 51:45:4 [e] [e] [e] [e]


393 C6H6(10), C2D4(25) 0.07� 0.01[d] 50:45:5 1.3ÿ 0.1 2.4� 0.1 2.6� 0.7 2.0� 0.2


conventional ethylation of CF3C6H5 by C2H�
5 in CH4 (720 Torr)


315 CF3C6H5(5) ± 46:45:9


[a] All systems contained a base (Et3N, 0.2), a radical scavenger (O2, 10 Torr), and a thermal-electron scavenger (SF6, 5 Torr). [b] Fraction of the
CF3C6X4C2XY4 molecule containing the X atom in the a position of the side chain. [c] X�D, Y�H. [d] X�H, Y�D. [e] Below detection limit.
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INC2, are quite close. Another interesting feature is that the
extent of H/D scrambling is appreciably larger in the m- and
p- than in the o-substituted product. In the case of C2D4H�


ions, the scrambling is about five times smaller than in
C2H4D� ions at 393 K, and falls below detection limits at
lower temperatures. The ratio between unscrambled and
scrambled products depends on the competition between
process (2) and intracomplex alkylation, and obeys Equa-
tion (7), where ks and k2 are the rate constants for the H/D
scrambling process (2) and for the alkylation within INC2,
respectively.


Strictly, one should write three independent equations for
ortho, meta, and para substitution, since it is apparent from
Table 1 that their alkylation rates must be different, given the
nonstatistical isomeric composition of the products; the
extent of H/D scrambling is appreciably higher in the m-
and p- than in o-substituted products. However, consideration
of the weighted averages of k2 and ks instead simplifies the
analysis substantially without introducing intolerably large
errors, especially in view of the other approximations made in
this study. Adopting this simplification, one obtains the
following k2/ks ratios from the data in Table 1: 5.90� 0.15
(298 K), 5.33� 0.15 (315 K), 4.88� 0.20 (353 K), 4.32� 0.12
(393 K). All these values refer to the C2H4D� ion, whereas for
the C2D4H� ion the only ratio available is 24� 4 (393 K).


Evaluation of the lifetime of INC2: The ks values were
calculated within the framework of transition state theory
from the canonical expression of the unimolecular rate
constant.


Table 2 reports DG=, obtained from the energies of ions 1
and 2 at 0 K computed at the G2 level, corrected to the four
temperatures of interest by including the thermal contribu-
tions. The absolute entropies were derived from the molecular
partition functions, calculated in turn from the scaled HF 6-31
G(d) harmonic frequencies and the moments of inertia of the
species involved. By combining the computed ks values with
the k2/ks ratios reported in the preceding section, one can
derive k2 and hence the mean lifetime, t� 1/k2 , of the ethyl ion


within INC2, which corresponds to the mean lifetime of the
complex. The lifetimes estimated at the temperatures of
interest are 2.0� 10ÿ10 s (298 K), 1.2� 10ÿ10 s (315 K), 4.4�
10ÿ11 s (353 K), and 1.9� 10ÿ11 s (393 K). These values refer to
alkylation by C2H4D�, the only value available for alkylation
by C2D4H� being 9.0� 10ÿ12 s (393 K). The scatter between
the C2H4D� and C2D4H� results amounts to about 50 %
and provides an (approximate) estimate of the internal
consistency of the results from the approach followed in this
study.


Reliability of the approach and comparison with related
results : The major source of uncertainty concerns the rate
constant ks for process (2), in that the approach followed for
its computation applies to isolated ethyl ions, whereas one
deals instead with ions bound to CF3C6X5 as INC2. The
presence of the arene can conceivably affect the rate of
process (2), for example by stabilizing ions 1 and 2 to a
different extent by a differential solvation effect. Indeed, a
hint of this effect can be found in the observation of less
extensive H/D scrambling in the side chain of the products
from o-substitution, a process where the ethyl ion can
experience a closer interaction with the CF3 group containing
n-type centers. However, the relative stabilities of 1 and 2 are
believed to be significantly affected only by close interaction
with highly nucleophilic centers, such as O, Br, or I,[51] a
situation quite different from that prevailing in INC2, which is
characterized by a large, variable separation and a rapidly
changing mutual orientation of its components, and by the
presence of a neutral molecule whose principal nucleophilic
system is highly delocalized. Thus, whereas the effects of such
a peculiar microsolvation within INC2 cannot be excluded,
their influence on the estimated lifetime of the complex is
probably not unduly large, and the error introduced is further
reduced by taking into account the averaged k2/ks ratio,
according to the procedure outlined above.


Another source of uncertainty worthy of mention is the
possibility that the rate of process (2) is affected by tunnelling.
In this connection, we note that the observed kinetic isotope
effect (KIE) is relatively small, in contrast to the large KIE
typical of processes where tunnelling plays a significant
kinetic role.[52, 53] Furthermore, calculations performed with
the Wigner equation[54] of the tunnelling correction to KIE,
based on the scaled imaginary harmonic frequencies com-
puted for the TS of process (2), namely 278.5i cmÿ1 for
C2H4D� and 278.8i cmÿ1 for C2D4H�, lead to correction


Table 2. Free energies of activation [kcal molÿ1] and rate constants [sÿ1] for X scrambling in C2X�5 ions (X�H,D).[a]


Reaction 298 K 315 K 353 K 393 K


DG= 5.70 5.70 5.68 5.67
ks 8.6� 108 1.6� 109 4.6� 109 1.2� 1010


DG= 6.46 6.44 6.43 6.41
ks 2.4� 108 5.0� 109 1.6� 109 4.6� 109


[a] From the energies computed atr the G2 level, including the thermal energy contributions, and the absolute entropies of the species involved,
see text.
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factors close to unity at all temperatures investigated,
suggesting that indeed tunnelling is not significant in this case.


As a preliminary test of the reliability of the results it is of
interest to verify whether the INC2 lifetimes from this study
fall within the range defined by independent constraints. A
lower limit, approximately 10ÿ12 s, is set by the very definition
of INCs as adducts whose components must undergo mutual
rotation, and hence whose lifetimes must exceed the rota-
tional period of the components. An upper limit to the INC2
lifetime is set by the occurrence of bimolecular reactions, in
particular with benzene, the base/nucleophile present at the
highest concentration in the system. Owing to the high
reactivity of benzene toward ethyl ion, processes such as (9)
and (10) are expected to be fast, and at least (9) is likely to
occur at a collision efficiency approaching unity. Utilizing the
number density of C6X6 molecules and the collision rate
constant from ADO theory or the trajectory algorithm,[55, 56]


one obtains an upper limit of about 3� 10ÿ9 s for the INC2
lifetime. It is encouraging, albeit certainly not conclusive, that
the estimated values of the lifetimes fall within the (admit-
tedly broad) range defined by the above limits.


Finally, it is of interest to compare the present results with
those from an independent approach, based on a high-
pressure chemical activation technique.[26] The lifetime of the
gaseous INC consisting of t-C4H9XH� (X�OH, Cl) and
deuterated toluene was found to range from 5� 10ÿ11 to 1�
10ÿ10 s at temperatures from 273 to 315 K. These values are of
the same order of magnitude as the lifetimes of INC2 from
this study, which range from 2� 10ÿ10 s at 298 K to 1.9� 10ÿ11 s
at 393 K (C2H4D� ion) and to 9� 10ÿ12 s at 393 K (C2D4H�


ion). At first sight, the close similarity of the lifetimes of two
INCs consisting of widely different arene/electrophile pairs
may appear surprising. However, it can be rationalized by
taking into account the balance between the nucleophilic and
the electrophilic reactivity of the arene/cation pairs making up
the two INCs. Whereas CH3C6H5 is a much better nucleophile
than CF3C6H5, t-C4H9XH� (X�OH, Cl) ions are much
weaker electrophiles than C2H�


5 ions, and such opposite
reactivity trends tend to cancel, which provides a reasonable
explanation for the comparable lifetimes of the two gaseous
INCs.[26]


Conclusions


The approach outlined in this paper has allowed approximate
evaluation of the lifetimes of genuine INCs, previously
characterized as the charged intermediates in the gas-phase
Crafts ± Friedel aromatic alkylation. The lifetimes obtained
fall within the range defined by independent constraints and
are comparable with those of gaseous INCs consisting of
different arene/electrophile pairs, evaluated by an entirely
different approach.[26]
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Efficient Synthesis of the Pharmacophore of the Highly Potent Antitumor
Antibiotic CC-1065


Lutz F. Tietze,* Wilm Buhr, Jan Looft, and Thomas Grote


Abstract: The pharmacophore CPI (3) of the potent antitumor antibiotic CC-1065
(1) was synthesized in a very short reaction sequence of 11 steps with an overall yield
of 23 %. The key steps are two consecutive cyclizations mediated by organotransition
metal complexes, which form first the pyrroline and then the pyrrole ring in 3. Thus,
halogen metal exchange of the N,N'-bisallylbromobenzene with tBuLi and subsequent
reaction with Cp2ZrMeCl gave 11 as a single product in 60 % yield after quenching
with two equivalents of iodine. Transformation of the iodomethyl group in 11 into an
acetoxymethyl group, followed by Heck reaction, isomerization, and reductive
cleavage, provided the pyrroloindoline system 4, which was converted into 3.


Keywords: antibiotics ´ antitumor
agents ´ cyclizations ´ Heck reaction
´ zirconium


Introduction


The antibiotic CC-1065 (1), first isolated from Streptomyces
zelensis in 1978 at the Upjohn Company, is one of the most
potent antitumor agents known.[1] It consists of three pyrro-
lo[3,2-e]dihydroindole moieties, of which the A unit 2, called
CPI, is the pharmacophore. It contains an unusual spirocy-
clopropyl group, which is able to alkylate DNA. The B and C


units are identical and have a strong influence on the binding
specification[2] and the biological potency,[3] but are less toxic
themselves. However, the selectivity of CC-1065 and its
analogues in the differentiation between normal and malig-
nant cells is low, and furthermore, CC-1065 itself has a
delayed lethal liver toxicity. An approach to improve the
selectivity of CC-1065 and its analogues is the exploitation of
genetic and phenotypic differences of cancer and normal cells.
Thus, recently we developed nontoxic prodrugs of CC-1065[4]


that can be activated using conjugates of enzymes and
antibodies[5] which bind to tumor-associated antigens.


Cell investigations have shown that CC-1065 alkylates
DNA reversibly with a high sequence selectivity at AT-rich
regions of the minor groove sites [5'd(A/GNTTA)-3' and
5'd(AAAAA)-3'].[6] Because it is such a highly potent
pharmacophore, there is a great interest in the preparation
of the CPI unit. Thus, several syntheses of CPI have been
published so far.[7]


Here we describe an efficient and short synthesis of the
seco-CPI derivative 4, which is used for the preparation of
prodrugs of CC-1065,[4] and the N-(benzenesulfonyl)-CPI (3)
from commercially available 2-methoxy-4-nitroaniline (8)
based on two successive organotransition metal complex-
controlled cyclizations.[8] This allows the consecutive forma-
tion of the pyrroline and the pyrrole ring of the CPI and the
seco-CPI systems in 4 steps with 51 % yield based on 6.


Results and Discussion


The retrosynthetic analysis of 3 (Scheme 1) first leads to 4 by
breaking the spirocyclopropane moiety. The transformation
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of 4 into 3 had already been known and can easily be
performed using azodicarboxylate.[7e] Cleavage of the pyrrole
ring in 4 gives compound 5, which is clearly a good substrate
for a Heck reaction.[7d, 7f, 9] Cleavage of the second hetero-
cyclic ring would yield the benzene derivative 6 calling for a
reaction which not only forms the pyrroline moiety by C ± C-
bond formation but also introduces a functionalized side chain
and an iodo atom at the benzene ring necessary for the Heck
reaction. Such a reaction can be performed using Cp2ZrMeCl
and quenching with iodine.[10] The substrate 6 is easily
accessible from the diamine 7 by formation of the disulfon-
amide, bromination, and bis-allylation, and 7 can be obtained
from 8 by reduction.


Scheme 1. Retrosynthetic analysis of CPI.


Hydrogenation of 8 in dioxane with Pt at 3 bar afforded 7,
which was not purified due to its high sensitivity to oxidation,
but immediately converted with benzenesulfonyl chloride in
degassed pyridine to give the stable sulfonamide 9.[11]


Subsequently, bromination of 9 with N-bromosuccinimide in
tetrahydrofuran afforded 10 as the sole product (Scheme 2).
Regioisomeric brominated compounds were not detected
under these conditions. The following double allylation of 10
with allyl bromide in tetrahydrofuran in the presence of
tetrabutylammonium iodide gave the bis-allylphenylenedi-
amide 6 in an overall yield of 66 % over the four steps. A great
advantage of this sequence is that all compounds except 7
could be purified by a simple crystallization.


The diamide 6 was then transformed into the indoline 11
with a iodomethyl group at C-3 and a iodo atom at C-4 by a
zirconocene-mediated cyclization followed by workup with


Scheme 2. Synthesis of compound 6. Reaction conditions: a) PtO2/H2,
dioxane, 18 h, 3 bar, quant.; b) PhSO2Cl, pyridine, 3 h, 80 8C, 77%; c) NBS,
THF, ÿ78!20 8C, 95%; d) NaH, THF, 1 h, 20 8C; allyl bromide, nBu4NI,
5 h, 50 8C, 95%.


iodine.[12] Thus, addition of 2 equiv of tBuLi to a suspension of
6 and zirconocenemethylchloride[13] in tetrahydrofuran at
ÿ78 8C afforded at first the phenyllithium derivative 13 by
halogen ± metal exchange; transmetallation then led to the
zirconium complex 14, which loses methane to give (presum-
ably) the higly unstable 16-electron zirconacyclopropene
complex 15 (Scheme 3). Stabilization by a regioselective
insertion into the N2-allyl moiety yielded the zirconacyclo-
pentene complex 16, which reacted with two equivalents of
iodine to yield the desired indoline derivative 11. It should be
pointed out that the iodine used must be anhydrous otherwise
small amounts of 12 will be formed. If only one equivalent of
iodine is added, followed by workup with aqueous hydro-
chloric acid, 12 is the final product. This clearly shows that the
iodine inserts into the zirconium ± aryl bond first. This
observed selectivity prompted us to investigate the possibility
of further differentiating between the zirconium ± aryl and
zirconium ± alkyl bonds.[14] However, all attempts to introduce
an iodine atom at the aryl moiety and a different halogen
atom at the side chain in compound 16 using two different
halogen-donating agents like iodine and interhalogens, N-
halogenoimides, bromo-Meldrum�s acid, or bromotrichloro-
methane failed.


An unexpected result in the formation of 11 was the high
regioselectivity of the insertion of the zirconacarbene moiety
into the allyl group at N2. For the explanation of this
selectivity and to extend the application to other substrates,
the diamide 20 was prepared with a bromo substituent meta to
the methoxy group. Diamide 20 was obtained from 8 in four
steps with an overall yield of 61 % (Scheme 4). Bromination
of 8 with N-bromosuccinimide in tetrahydrofuran gave 17 in a
highly regioselective manner; 17 was then reduced with
hydrazine hydrate to afford 18. Without further purification
18 was immediately converted with benzenesulfonylchloride
to give the stable bis-sulfonamide 19. Double allylation of 19
with allyl bromide in tetrahydrofuran in the presence of
tetrabutylammonium iodide yielded the N,N'-bis-allylphenyl-
enediamine 20. Cyclization of 20 as described for 6 again
furnished exclusively the indoline 11.


Two conclusions can be drawn from this experiment: firstly,
the reaction has to proceed through 15 or the corresponding
benzyne complex. Secondly, the regioselectivity of the reac-
tion is exclusively controlled by the methoxy group and not by
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Scheme 4. Synthesis of compound 11 from compound 20. Reaction
conditions: a) NBS, THF, ÿ78!20 8C, 96%; b)N2H4 ´ H2O, FeCl3, acti-
vated carbon, EtOH, reflux, 98 %; c)PhSO2Cl, pyridine, 3 h, 80 8C, 81%;
d) NaH, THF, 1 h, 20 8C; allyl bromide, nBu4NI, 5 h, 50 8C, 80%; e) tBuLi,
Cp2ZrMeCl, 19 h, ÿ78!20C; 3 equiv I2, CH2Cl2, 37 %.


the position of the bromine atom in the starting
material. We assume that the regioselectivity is ruled
by both steric hindrance and stereoelectronics. Thus,
a proper orientation of the allyl moiety at N1 is
disturbed by the methoxy group in the ortho position;
this causes an increase in activation energy of the
insertion step. On the other hand, calculations for 21
carried out by means of
SPARTAN[15] have provided
a structure of an extended
C ± Zr bond para to the me-
thoxy group. However,
Buchwald[10] has shown that
the reaction of p-bromome-
thoxybenzene with acetoni-
trile in the presence of
Cp2ZrMeCl provides the
two possible regioisomeric products as a 1:1 mixture.
This result calls for a steric explanation of the
regioselective formation of 11 from 6 and 20.


According to our retrosynthetic analysis the pyr-
role moiety in 4 should be formed by a Heck
reaction.[9] It was our hope that 11 could be used
directly in this transformation since iodoarenes are
more reactive than iodoalkanes; however, treatment
of 11 with Pd0 led to the formation of a methylpyrro-
loindole derivative. Therefore the iodomethyl group
in 11 was first transformed into an acetoxymethyl
group. In earlier work on the synthesis of CC-1065
analogues[8] we had shown that, by means of 1,8-
diazabicyclo[5.4.0]undec-7-ene, the iodomethyl
group can easily be transformed into an exocyclic
double bond, which on hydroboration becomes a
hydroxymethyl group. Since the yields for this two-
step transformation are not very high and a hydro-
boration is not possible due to the second double
bond in 11, we tried to replace the iodo atom by a
simple substitution with sodium acetate, cesium


acetate, tetrabutylammonium acetate and several other
nucleophiles. However, in all cases no substitution was
observed but rather elimination followed by partial isomer-
ization of the double bond to give the methylindole moiety. In
contrast, treatment of 11 with silver oxide on silica gel in
acetone and water at 20 8C for 24 h led to the hydroxymethyl
compound 22, which was acetylated with sodium acetate in
acetic anhydride to give the desired product 5 (Scheme 5).
Though the Heck reaction could also be performed with 22,
for the later cleavage of the aryl methyl ether with boron
tribromide the hydroxymethyl group had to be protected as
an acetate.


The Heck reaction of 5 gave the cyclized products 23 and 24
in a clean transformation (Scheme 5), in which the ratio of 23
and 24 could be controlled by means of different reaction
conditions (Table 1). With tetrakis(triphenylphosphane)pal-
ladium as catalyst and triethylamine as base in acetonitrile for
18 hours a 17:1 mixture of 23 to 24 was formed in 90 % yield,
whereas treatment of 5 with catalytic amounts of palladium
acetate in the presence of silver carbonate[16] for three hours
gave 23 exclusively in 90 % yield. It should be noted that the


Scheme 3. Mechanism of the zirconocene-induced cyclization. Reaction conditions:
a) tBuLi, Cp2ZrMeCl, THF, 19 h, ÿ78!20 8C; b) 2 equiv I2, CH2Cl2, 60 %!11, or I2,
HCl, CH2Cl2, H2O!12.
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concentration of 5 also has a great influence on the product
ratio. Palladium acetate at a low concentration (0.03 molLÿ1)
of 5 provided a 1.3:1 ratio of 23 and 24 and at higher
concentration (0.3 mol Lÿ1) only 23 was formed.


However, the selectivity of the Heck reaction is of little
importance since 23 had to be isomerized, which was achieved
with camphorsulfonic acid in dichloromethane at 20 8C to give
the protected seco-CPI unit 24 quantitatively.


Subsequently the protecting groups in 24 were removed.
First the methyl ether in 24 was cleaved to give the free phenol
25 by treatment with boron tribromide in dichloromethane at
ÿ10 8C for 3 h, and then the acetyl and the benzenesulfonyl
group at the indole nitrogen were removed with sodium bis(2-
methoxyethoxy)dihydroaluminate (Red-Al) kept at 0 8C for
3 h to provide the N-benzenesulfonyl-seco-CPI 4 in an overall
yield of 83 % based on 24 (Scheme 6). It is also possible to
remove the acetate moiety first by solvolysis with potassium
carbonate in methanol to give 26, which is then treated with
Red-Al at 20 8C for 3 h. The two-step procedure has the
advantage that it avoids the formation of small amounts of the
completely unprotected seco-CPI, which is difficult to remove


from 4. As already mentioned, the transforma-
tion of the seco-CPI 4 to the CPI derivative 3 is
known, and was performed by Mitsunobu�s
method[17] with diethyl azodicarboxylate
(DEAD).


Conclusion


The synthesis of the pharmacologically active
CPI unit 3 described here was carried out in
11 steps with an overall yield of 23 % starting
from commercially available 2-methoxy-4-nitro-
aniline 8. It is the shortest synthesis so far of CPI.


Experimental Section


General aspects : All reactions were performed in oven-dried glassware
under an atmosphere of argon unless otherwise stated. Melting points were
determined on a Mettler FP 61 and are uncorrected. IR spectra were
recorded on a Bruker IFS 25 FT-IR, and 1H NMR and 13C NMR spectra
with a Bruker AM-300 and a Varian VXR-200. Chemical shifts were
reported on the d scale relative to CDCl3 as internal standard. Mass spectra
were measured at 70 eV with a Varian MAT311A and the high-resolution
mass spectra with a Varian MAT731. TLC chromatography was performed
on precoated silica gel SIL G/UV254 plates (Machery Nagel). All products
were isolated by column chromatography on silica gel 32 ± 63 (0.063 ±
0.200 mm) (Machery Nagel) and silica gel 60 (0.040 ± 0.063 mm) (Merck).
The chiral compounds were obtained as racemic mixtures. The micro-
analyses were carried out by the Mikroanalytisches Labor of the Institute
of Organic Chemistry of the University of Göttingen.


N,N''-Dibenzenesulfonyl-2-methoxy-1,4-phenylenediamine (9): A solution
of 5-nitro-2-aminoanisole (8, 22.1 g, 0.13 mmol) in dioxane (170 mL) was
hydrogenated with PtO2 (0.20 g, 0.80 mmol) for 16 h at 3 atm of H2. The
mixture was filtered under argon and the solution evaporated in vacuo to
obtain the diamine 7 as a pink solid, which was immediately used for the
preparation of 9. Benzenesulfonyl chloride (34.0 mL, 0.26 mol) was added
slowly to a solution of 7 in dry degassed pyridine (300 mL) and the solution
stirred for 3 h at 80 8C. After concentration in vacuo to give a volume of
about 200 mL, ice-cold aqueous hydrochloric acid (500 mL, 5 % HCl) was
added, the resulting black oil separated and crystallized from glacial acetic
acid to yield 9 (42.0 g, 0.10 mol, 77%) as colorless crystals. M.p. 207.6 8C; IR
(KBr): nÄ � 3236, 3098, 1610, 1342, 1166 cmÿ1; 1H NMR (200 MHz,
[D6]DMSO): d� 3.29 (s, 3 H, O ± CH3), 6.54 ± 6.60 (m, 2H, 3-H, 5-H), 7.20
(d, J� 9.0 Hz, 1H, 6-H), 7.40 ± 7.66 (m, 6H, Ph ± H), 7.67 ± 7.76 (m, 4H, Ph ±
H), 9.20 (s, 1H, N ± H), 10.14 (s, 1H, N ± H); 13C NMR (50 MHz,
[D6]DMSO): d� 55.13 (O ± CH3), 104.0 (C-3), 112.0 (C-5), 121.3 (C-1),


126.5 (C-2'', C-6''), 126.7 (C-2', C-6'), 126.9 (C-
6), 128.5 (C-3'', C-5''), 129.1 (C-3', C-5'), 132.3
(C-4''), 132.8 (C-4'), 136.6 (C-4), 139.3 (C-1''),
140.4 (C-1'), 153.2 (C-2); MS (70 eV): m/z
(%)� 418 (13) [M�], 277 (100) [Mÿ SO2Ph�],
141 (27) [SO2Ph�], 77 (91) [C6H�


5 ], 43 (48)
[C2H3O�]; C19H18N2O5S2 (418.5): calcd C
54.53, H 4.33; found C 54.60, H 4.33.


N,N''-Dibenzenesulfonyl-5-bromo-2-methoxy-
1,4-phenylenediamine (10): N-bromosuccin-
imide (1.27 g, 7.17 mmol) was slowly added
with stirring to a solution of 9 (3.00 g,
7.17 mmol) in THF (200 mL) at ÿ78 8C. Stir-
ring was continued for 3 h, and the mixture
was allowed to warm to 20 8C. The solvent was
evaporated in vacuo, the residue washed with
water and recrystallized from acetic acid to
give 10 (3.50 g, 7.03 mmol, 95%) as colorless
crystals. M.p. 224.4 8C; IR (KBr): nÄ � 3248,


Scheme 5. Synthesis of the compounds 23 and 24 by Heck reaction of 5. Reaction
conditions: a) Ag2O, SiO2, acetone/H2O, 95%; b) Ac2O, NaOAc, 99%; c) Heck reaction,
90%.


Table 1. Heck reactions of 5.


Catalyst Base Solvent Conc
[mol Lÿ1]


T [8C] t [h] 23 [%] 24 [%]


Pd(PPh3)4 Et3N CH3CN 0.02 60 ± 70 18 85 5
Pd(OAc)2 Ag2CO3 DMF 0.3 20 3 90 ±
Pd(OAc)2 Ag2CO3 DMF 0.03 20 3 50 40


Scheme 6. Synthesis of compound 3 (CPI ± SO2Ph). Reaction conditions: a) CSA, CH2Cl2, 2 h, 20 8C,
99%; b) BBr3, CH2Cl2, 93%; c) K2CO3, MeOH, 99%; d) Red-Al, toluene, 90 %; e) Red-Al, toluene,
90%; f) DEAD, PPh3, THF, 49%.
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3068, 1602, 1344, 1160, 1042 cmÿ1; 1H NMR (200 MHz, [D6]DMSO): d�
3.31 (s, 3H, O ± CH3), 6.59 (s, 1H, 3-H), 7.30 (s, 1 H, 6-H), 7.48 ± 7.70 (m,
10H, Ph ± H); 13C NMR (50 MHz, [D6]DMSO): d� 55.56 (O ± CH3), 109.9
(C-5), 111.2 (C-3), 125.0 (C-1), 126.5 (C-2'', C-6''), 126.8 (C-2', C-6'), 128.3
(C-4), 128.8 (C-3'', C-5''), 129.1 (C-3', C-5'), 132.7 (C-4'', C-4'), 132.8 (C-6),
140.4 (C-1', C-1''), 151.6 (C-2); MS (70 eV): m/z (%)� 497 (26) [M�], 356
(100) [Mÿ SO2Ph�], 141 (38) [SO2Ph�], 77 (72) [C6H�


5 ]; C19H17N2O5S2Br
(497.3): calcd C 45.88, H 3.44; found C 45.94, H 3.48.


N,N''-Diallyl-N,N''-dibenzenesulfonyl-5-bromo-2-methoxy-1,4-phenylene-
diamine (6): A solution of 10 (2.00 g, 4.02 mmol) in THF (50 mL) was
added at 20 8C with stirring to a suspension of NaH (203 mg, 8.44 mmol) in
THF (10 mL), and after stirring for 1 h at 50 8C allylbromide (0.70 mL,
8.04 mmol) and nBu4NI (20 mg) were added at 20 8C. The mixture was
stirred under reflux for 5 h, then treated with saturated aqueous NH4Cl
(10 mL) and concentrated in vacuo. The residue was dissolved in CH2Cl2


(50 mL), washed with brine, dried over MgSO4, and concentrated in vacuo.
Recrystallization from EtOH yielded 6 (2.20 g, 3.82 mmol, 95%) as
colorless crystals. M.p. 139.5 8C; IR (KBr): nÄ � 3070 (Ar ± H), 1642
(C�C), 1354 (S�O), 1168 (C ± O ± C), 1036 cmÿ1 (Ar ± Br); 1H NMR
(200 MHz, [D6]DMSO): d� 3.08 (s, 3H, O ± CH3), 4.12 (br d, J� 6.0 Hz,
4H, 2�CH2) 4.96 ± 5.16 (m, 4H, 2�CH�CH2), 5.58 ± 5.83 (m, 2 H, 2�
CH�CH2), 6.30 (s, 1H, 3-H), 7.42 (s, 1 H, 6-H), 7.52 ± 7.78 (m, 10H, Ph ± H);
13C NMR (50 MHz, [D6]DMSO): d� 51.82, 53.52 (2�CH2), 55.19 (O ±
CH3), 114.5 (C-3), 114.8 (C-5), 118.2, 119.6 (2�CH�CH2), 126.9 (C-2'', C-
6''), 127.1 (C-1), 127.5 (C-2', C-6'), 128.8 (C-3'', C-5''), 129.2 (C-3', C-5'),
132.0 (CH�CH2), 132.8 (C-4''), 133.0 (CH�CH2), 133.3 (C-4'), 136.0 (C-3),
138.0 (C-1''), 138.2 (C-1'), 138.9 (C-4), 155.4 (C-2); MS (70 eV): m/z (%)�
578 (15) [M�], 437 (100) [MÿSO2Ph�], 141 (48) [SO2Ph�], 77 (18) [C6H�


5 ];
C25H25N2O5S2Br (578.3): calcd C 51.99, H 4.36; found C 52.14, H 4.46.


3-Bromo-5-nitro-2-aminoanisole (17): N-bromosuccinimide (22.2 g,
125 mmol) was slowly added to a solution of 5-nitro-2-aminoanisole 8
(20.0 g, 119 mmol) in THF (150 mL) at ÿ78 8C and the mixture stirred for
3 h at the same temperature. Stirring was continued at 20 8C for 20 h.
Evaporation of the solvent in vacuo and washing of the residue with water
gave 17 (28.2 g, 114 mmol, 96 %) after recrystallization (ethanol, 100 mL)
as red crystals. M.p. 104.2 8C; IR (KBr): nÄ � 3502 (N ± H), 3394 (N ± H),
1602 (Ar), 1502 (NO2), 1320 (NO2), 1284, 1234 cmÿ1 (C ± O ± C); 1H NMR
(200 MHz, CDCl3): d� 3.98 (s, 3H, O ± CH3), 4.95 (br s, 2 H, NH2), 7.63 (d,
J� 2.5 Hz, 1H, 6-H), 8.10 (d, J� 2.5 Hz, 1 H, 4-H); 13C NMR (50 MHz,
[D6]DMSO): d� 56.29 (O ± CH3), 103.2 (C ± 3), 104.5 (C-6), 121.7 (C-4),
135.8 (C-2), 143.0 (C-5), 145.0 (C-1); MS (70 eV): m/z (%)� 264 (100)
[M�], 226 (34) [MÿNH�


2 ], 216 (34), 200 (19) [MÿNO�
2 ], 93 (37), 78 (80)


[Br�], 51 (24) [C4H�
3 ]; C7H7BrN2O3 (247.0): calcd: C 34.03, H 2.86; found C


33.98, H 2.89.


N,N''-Dibenzenesulfonyl-6-bromo-2-methoxy-1,4-phenylenediamine (19):
Hydrazine hydrate (80 %, 12.5 mL, 201 mmol) was added to a mixture of
17 (10.0 g, 40.5 mmol), activated carbon (4.60 g, 383 mmol), and FeCl3 ´
H2O (4.33 g, 1.60 mmol) in methanol (150 mL) over a period of 7 days
under reflux with stirring. Then ethyl acetate (200 mL) was added and the
solids were filtered off. The organic layer was washed with H2O (4�
100 mL) and brine (50 mL) and dried over Na2SO4. Evaporation of the
solvent gave crude 1,4-diamine 18 (8.61 g, 39.7 mmol, 98%) as a purple
solid. Owing to its sensitivity, the product was used without further
purification for the preparation of 19. Benzenesulfonyl chloride (14.0 g,
79.4 mmol) was added to a solution of 18 (8.61 g, 39.7 mmol) in dry
degassed pyridine (300 mL) and the mixture stirred for 3 h at 80 8C. After
concentration to a volume of about 100 mL, ice-cold aqueous hydrochloric
acid (500 mL, 5 % HCl) was added, the resulting black oil separated and
crystallized from glacial acetic acid to give 19 (16.0 g, 32,2 mmol, 81%) as
colorless crystals. M.p. 208.5 8C (decomposition); IR (KBr): nÄ � 3252 (N ±
H), 1596 (Ar), 1384 (S�O), 1322 (C ± N), 1166 (C ± O ± C), 1044 cmÿ1 (Ar ±
Br); 1H NMR (200 MHz, CDCl3): 3.41 (s, 3H, O ± CH3), 6.13 (br s, 1H, N ±
H), 6.53 (br s, 1H, N ± H), 6.66 (d, J� 2.5 Hz, 1 H, 3-H), 6.77 (d, J� 2.5 Hz,
1H, 5-H), 7.40 ± 7.66 (m, 8H, Ph ± H), 7.70 ± 7.83 (m, 2 H, Ph ± H); 13C NMR
(50 MHz, [D6]DMSO): d� 55.07 (O ± CH3), 102.0 (C-3), 114.4 (C-5), 119.6
(C-6), 126.1 (C-1), 126.4 (C-2'', C-6''), 126.7 (C-2', C-6'), 128.4 (C-3'', C-5''),
129.4 (C-3', C-5'), 132.0 (C-4''), 133.3 (C-4'), 138.7 (C-4), 139.0 (C-1''), 142.2
(C-1'), 157.3 (C-2); MS (70 eV): m/z (%)� 496 (8.0) [M�], 355 (100) [Mÿ
SO2Ph�], 215 (25) [Mÿ 2� SO2Ph�], 141 (21) [SO2Ph�], 77 (33) [C6H�


5 ];
C19H17N2O5S2Br (497.3): calcd C 45.88, H 3.44; found C 46.19, H 3.62.


N,N''-Diallyl-N,N''-dibenzenesulfonyl-6-bromo-2-methoxy-1,4-phenylene-
diamine (20): As in the preparation of 6, compound 20 was synthesized by
the reaction of 19 (1.50 g, 3.02 mmol), NaH (152 mg, 6.33 mmol), allyl-
bromide (0.53 mL, 6.03 mmol), and nBu4NI (20 mg) in THF (30 mL).
Recrystallization from ethanol gave 19 (1.40 g, 2.42 mmol, 80%) as
colorless crystals. M.p. 104.2 8C; IR (KBr): nÄ � 3086 (Ar ± H), 1644
(C�C), 1448 (C ± H), 1350 (S�O), 1168 (C ± O ± C), 1046 cmÿ1 (Ar ± Br);
1H NMR (200 MHz, CDCl3): d� 3.27 (s, 3 H, O ± CH3), 3.83 ± 4.30 (m, 4H,
2�CH2), 4.82 ± 5.14 (m, 4 H, 2�CH�CH2), 5.57 ± 5.89 (m, 2H, 2�
CH�CH2), 6.57 (d, J� 2.4 Hz, 1 H, 3-H), 6.62 (d, J� 2.4 Hz, 1H, 5-H),
7.36 ± 7.62 (m, 8H, Ph ± H), 7.69 ± 7.78 (m, 2H, Ph ± H); 13C NMR (50 MHz,
CDCl3): d� 52.71, 53.39 (2�CH2), 55.42 (O ± CH3), 112.1 (C ± 3), 118.2,
119.4 (2�CH�CH2), 123.7 (C-5), 126.2 (C-6), 127.6 (C-2'', C-6''), 127.7
(C-2', C-6'), 128.1 (C-1), 128.5 (C-3'', C-5''), 128.9 (C-3', C-5'), 132.2, 132.4
(2�CH�CH2), 132.7 (C-4''), 133.1 (C-4'), 137.5 (C-1''), 140.7 (C-1', C-4),
158.1 (C-2); MS (70 eV): m/z (%)� 437 (12) [M�], 437 (100) [Mÿ
SO2Ph�], 295 (6.3) [Mÿ 2� SO2Ph�], 77 (6) [C6H�


5 ]; C25H25N2O5S2Br
(578.3): calcd C 51.99 H 4.36; found C 52.26 H 4.20.


(3-RS)-5-(Allylbenzenesulfonylamino)-1-benzenesulfonyl-6-methoxy-4-
iodo-3-iodomethyl-2,3-dihydro-1H-indole (11):
a) Starting from compound 6 : A solution of tert-butyllithium in hexane
(0.41 mL, 0.70 mmol, 1.7m) was slowly added to a solution of 6 (200 mg,
0.34 mmol) and Cp2ZrMeCl (106 mg, 0.35 mmol) in dry degassed THF
(10 mL) at ÿ78 8C under stirring, and stirring was continued for 1 h at
ÿ78 8C and then for 18 h at 20 8C. The solvent was evaporated in vacuo and
the residue dissolved in CH2Cl2 (20 mL). To this solution a suspension of
sublimed iodine (178 mg, 0.72 mmol) in CH2Cl2 (20 mL) was added slowly
at 0 8C and the mixture stirred for 1 h at 0 8C and for 36 h at 20 8C. The
mixture was filtered through Celite, the filtrate washed with saturated
aqueous Na2SO3 solution and brine, dried over MgSO4, and concentrated
in vacuo. The residue was chromatographed on silica gel (petroleum ether/
ethyl acetate� 3:1) to afford 11 (153 mg, 0.20 mmol, 60%) as a brown
amorphous solid. Recrystallization from ethyl acetate afforded 11 as
colorless crystals.


b) Starting from compound 20 : According to the above described
procedure, reaction of 20 (200 mg, 0.34 mmol), Cp2ZrMeCl (106 mg,
0.35 mmol) and a solution of tert-butyllithium in hexane (0.41 mL,
0.70 mmol, 1.7m) and followed by quenching with iodine (267 mg,
1.08 mmol) gave 11 (94.3 mg, 0.13 mmol, 37 %) as colorless crystals.


M.p. 206.9 8C (decomposition); IR (KBr): nÄ � 3070 (Ar ± H), 1590 (C�C),
1354 (S�O), 1166 (C ± O ± C), 1072 cmÿ1 (Ar ± I); 1H NMR (300 MHz,
CDCl3): d� 2.34 (dd, J� 10.0, 9.0 Hz, 1 H, 3-CHa), 3.32 (s, 3 H, O ± CH3),
3.34 ± 3.46 (m, 2H, 3-H, 3-CHb), 3.85 ± 4.00 (m, 2H, 2-Ha, 1'-Ha), 4.10 (d,
J� 12.0 Hz, 1 H, 2-Hb), 4.49 (dd, J� 13.5, 6.0 Hz, 1H, 1'-Hb), 4.93 (d, J�
6.0 Hz, 1H, trans-CH�CH2), 4.98 (s, 1 H, cis-CH�CH2), 5.83 ± 5.97 (mc, 1H,
-CH�CH2), 7.14 (s, 1H, 7-H), 7.48 ± 7.69 (m, 6H, Ph-H), 7.72 ± 7.79 (m, 2H,
Ph ± H), 7.82 (d, J� 8.0 Hz, 2 H, Ph ± H); 13C NMR (50 MHz, CDCl3): d�
7.643 (CH2 ± I), 47.54 (C-3), 53.08 (N ± CH2), 55.34 (O-CH3), 55.37 (C-2),
98.63 (C-7), 105.6 (C-4), 119.1 (CH�CH2), 125.6 (C-5), 127.2 (C-2'', C-6''),
127.8 (C-2', C-6'), 128.5 (C-3'', C-5''), 129.4 (C-3', C-5'), 129.6 (C-3a), 132.3
(C-4''), 132.8 (CH�CH2), 134.0 (C-4'), 136.7 (C-7a), 140.9 (C-1'), 142.1 (C-
1''), 157.9 (C-6); MS (70 eV): m/z (%)� 750 (12) [M�], 623 (5) [Mÿ I�], 609
(100) [MÿSO2Ph�], 483 (13) [MÿSO2Phÿ I�], 77 (12) [C6H�


5 ];
C25H24N2O5S2I2 (750.0): calcd C 40.02, H 3.22; found C 39.65, H 3.46.


(3-RS)-5-(Allylbenzenesulfonylamino)-1-benzenesulfonyl-6-methoxy-4-
iodo-3-hydroxymethyl-2,3-dihydro-1H-indole (22): A suspension of com-
pound 11 (20.0 mg, 0.03 mmol) and Ag2O (6.30 mg, 0.03 mmol) on silica gel
in acetone and water (100:1) was stirred for 48 h at 20 8C. The solvent was
removed in vacuo and the residue dissolved in dichloromethane, washed
with water and brine, dried over MgSO4, and concentrated in vacuo.
Chromatography (petroleum ether/ethyl acetate� 2:1) afforded 22
(18.2 mg, 28.5 mmol, 95%) as a colorless amorphous solid. IR (KBr): nÄ �
3480, 3090, 2926, 1594, 1352, 1166 cmÿ1; 1H NMR (300 MHz, CDCl3): d�
1.50 (t, J� 5.4 Hz, 1 H, OH), 3.04 ± 3.16 (m, 1 H, 3-CHa), 3.18 ± 3.27 (m, 1H,
3-CHb), 3.29 (s, 3H, O ± CH3), 3.77 ± 3.85 (m, 2H, 2-Ha, 3-H), 3.96 (dd, J�
14.4, 8.4 Hz, 1 H, 2'-Ha), 4.27 (dd, J� 10.5, 1.5 Hz, 1H, 2-Hb), 4.37 (dd, J�
14.4, 8.4 Hz, 1 H, 2'-Hb), 4.96 (dd, J� 13.5, 1.8 Hz, 2H, CH�CH2), 5.84 ±
5.99 (m, 1H, CH�CH2), 7.13 (s, 1H, 7-H), 7.47 ± 7.69 (m, 6H, Ph ± H), 7.70 ±
7.77 (m, 2H, Ph ± H), 7.81 ± 7.86 (m, 2H, Ph ± H); 13C NMR (50 MHz,
CDCl3): d� 46.98 (C-3), 52.77 (N ± CH2), 53.22 (C-2), 55.26 (O ± CH3),
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62.48 (O ± CH2), 98.08 (C-7), 105.4 (C-4), 118.9 (CH�CH2), 125.0 (C-5),
127.3 (C-2'', C-6''), 127.8 (C-2', C-6'), 127.9 (C-3a), 128.5 (C-3'', C-5''), 129.3
(C-3', C-5'), 132.3 (C-4''), 133.0 (CH�CH2), 133.8 (C-4'), 136.8 (C-7a), 141.0
(C-1'), 142.8 (C-1''), 157.6 (C-6); MS (70 eV): m/z (%)� 640 (8) [M�], 499
(100) [Mÿ SO2Ph�], 144 (8) [SO2Ph�], 77 (75) [C6H�


5 ]; C25H25N2O6S2I
(640.5): calcd C 46.88, H 3.93; found C 47.02, H 3.96.


(3-RS)-5-(Allylbenzenesulfonylamino)-1-benzenesulfonyl-6-methoxy-4-
iodo-3-acetoxymethyl-2,3-dihydro-1H-indole (5): A mixture of 22 (200 mg,
0.31 mmol) and NaOAc (31.0 mg, 0.38 mmol) in acetic anhydride (2 mL)
was stirred for 1 h at 60 8C. The suspension was diluted with dichloro-
methane (10 mL), and the organic layer was washed with saturated
aqueous NaHCO3 solution and brine, dried over MgSO4, and concentrated
in vacuo. Flash chromatography of the residue (petroleum ether/ethyl
acetate� 2:1) provided 5 (211 mg, 0.31 mmol, 99%) as a colorless solid. IR
(KBr): nÄ � 3068, 2942, 1742, 1594, 1354), 1168 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 2.05 (s, 3H, OAc), 3.32 (s, 3H, OCH3), 3.34 ± 3.47 (m, 2H, 3-
CHa, 3-H), 3.80 (dd, J� 10.5, 7.8 Hz, 1H, 3-CHb), 3.97 (dd, J� 13.5, 8.0 Hz,
1H, 2-Ha), 4.11 (d, J� 10.5 Hz, 1 H, 2'-Ha), 4.24 ± 4.40 (m, 2H, 2'-Hb, 2-Hb),
4.94 (d, J� 8.0 Hz, 1 H, CH�CHH), 4.98 (s, 1 H, CH�CHH), 5.81 ± 5.96 (m,
1H, CH�CH2), 7.14 (s, 1 H, 7-H), 7.46 ± 7.70 (m, 6 H, Ph ± H), 7.74 (d, J�
7.5 Hz, 2H, Ph ± H), 7.82 (d, J� 7.5 Hz, Ph ± H); 13C NMR (75 MHz,
CDCl3): d� 20.79 (CH3), 43.83 (C-3), 53.00 (C-2), 53.15 (N ± CH2), 55.30
(O ± CH3), 63.62 (O ± CH2), 98.11 (C-7), 105.6 (C-4), 119.1 (CH�CH2),
125.3 (C-5), 127.0 (C-3a), 127.2 (C-2'', C-6''), 127.9 (C-2', C-6'), 128.5
(C-3'', C-5''), 129.4 (C-3', C-5'), 132.3 (C-4''), 132.7 (CH�CH2), 134.0 (C-4'),
136.7 (C-7a), 141.0 (C-1'), 142.8 (C-1''), 157.9 (C-6), 170.5 (C�O); MS
(70 eV): m/z (%)� 682 (7) [M�], 541 (100) [Mÿ SO2Ph�], 400 (2) [Mÿ 2�
SO2Ph�]; C27H27N2O7S2I (682.6): calcd C 47.51, H 3.99; found C 47.97, H
4.11.


(1-RS)-6-Benzenesulfonyl-3-benzenesulfonyl-1-acetoxymethyl-8-methyli-
dene-1,2,7,8-tetrahydro-6H-pyrrolo[3,2-e]indole (23): A mixture of 5
(100 mg, 0.15 mmol), Ag2CO3 (81.6 mg, 0.29 mmol), Pd(OAc)2 (7.00 mg,
0.03 mmol), PPh3 (16.0 mg, 0.06 mmol), and DMF (2 mL) was stirred at
20 8C for 3 h. After dilution with Et2O, the reaction mixture was filtered,
washed with water and brine, dried over MgSO4, and concentrated in
vacuo. The residue was purified by chromatography on silica gel
(petroleum ether/ethyl acetate� 2:1) to give 23 (79.0 mg, 0.14 mmol,
90%) as an amorphous solid. IR (KBr): nÄ � 3066, 2928, 1738, 1608, 1358,
1168 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 2.03 (s, 3 H, OAc), 2.85 (t, J�
10.1 Hz, 1H, 1-H), 3.40 ± 3.66 (m, 1H, 1-CHb), 3.70 ± 3.80 (m, 1 H, 1-CHa),
3.76 (s, 3H, OCH3), 3.96 (dd, J� 11.2, 3.6 Hz, 1 H, 2-Ha), 4.12 (d, J�
11.2 Hz, 1H, 2-Hb), 4.69 (s, 2H, 7-Ha, 7-Hb), 5.04 (s, 1H, 8-CHH), 5.28 (s,
1H, 8-CHH), 7.28 ± 7.36 (m, 2H, Ph ± H), 7.38 (s, 1H, 4-H), 7.45 ± 7.57 (m,
3H, Ph ± H), 7.58 ± 7.67 (m, 3H, Ph ± H), 7.80 (d, J� 6.7 Hz, 2 H, Ph ± H); 13C
NMR (125 MHz, CDCl3): d� 20.83 (CH3), 37.81 (C-1), 53.59 (C-2), 56.25
(O ± CH3), 57.47 (C-7), 63.41 (O ± CH2), 101.4 (C-4), 107.2 (8-CH2), 116.6
(C-1a), 127.3, 127.4 (C-2'', C-6'', C-2', C-6'), 128.5, 129.3 (C-3'', C-5'', C-3', C-
5'), 130.6 (C-5a), 131.3 (C-8), 132.7, 133.7 (C-4'', C-4'), 136.5 (C-3a),
139.0 (C-1'), 140.8 (C-8a), 141.4 (C-1''), 151.7 (C-5), 170.7 (C�O);
MS (70 eV): m/z (%)� 554 (30) [M�], 413 (100) [MÿSO2Ph�],
353 (7) [MÿSO2PhÿC2H4O�


2 ], 212 (40) [Mÿ 2�SO2PhÿC2H4O�
2 ], 77


(27) [C6H�
5 ]; C27H26N2O7S2 (554.6): calcd C 58.47, H 4.72; found C 58.55,


H 4.86.


(1-RS)-6-Benzenesulfonyl-3-benzenesulfonyl-5-methoxy-1-acetoxymeth-
yl-1,2-dihydro-3H-pyrrolo[3,2-e]indole (24): A solution of 23 (33.0 mg,
0.06 mmol) and camphorsulfonic acid (27.0 mg, 0.12 mmol) in dichloro-
methane (5 mL) was stirred for 2 h at 20 8C. The mixture was washed with
water and brine, dried over MgSO4, and concentrated in vacuo. Flash
chromatography (petroleum ether/ethyl acetate� 2:1) afforded 24
(33.3 mg, 0.06 mmol, 99 %) as an amorphous solid. IR (KBr): nÄ � 3066,
2956, 1740, 1604, 1358, 1170 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 2.06 (s,
3H, OAc), 2.32 (s, 3H, 8-CH3), 2.94 (t, J� 10.5 Hz, 1 H, 1-H), 3.68 (s, 3H,
OCH3), 3.61 ± 3.71 (m, 1H, 1-CHa), 3.78 (dd, J� 10.5, 8.0 Hz, 1H, 1-CHb),
4.10 ± 4.18 (m, 2H, 2-Ha, 2-Hb), 7.21 (s, 1 H, 7-H), 7.27 (s, 1 H, 4-H), 7.40 ±
7.62 (m, 6 H, Ph ± H), 7.76 (d, J� 7.5 Hz, 2 H, Ph ± H), 7.72 (d, J� 7.5 Hz, 2H,
Ph ± H); 13C NMR (125 MHz, CDCl3): d� 11.08 (8-CH3), 20.82 (OAc),
38.45 (C-1), 53.67 (C-2), 55.62 (O ± CH3), 65.75 (O ± CH2), 95.83 (C-4),
113.4 (C-8), 114.9 (C-8a), 122.5 (C-1a), 126.9, 127.2 (C-2'', C-6'', C-2', C-6'),
127.7 (C-7), 128.8, 129.1 (C-3'', C-5'', C-3', C-5'), 130.6 (C-5a), 133.1, 133.4
(C-4'', C-4'), 136.4 (C-3a), 139.0, 140.4 (C-1'', C-1'), 148.0 (C-5), 170.5
(C�O); MS (70 eV): m/z (%)� 554 (85) [M�], 481 (32) [MÿC3H5O�


2 ], 413


(70) [Mÿ SO2Ph�], 353 (100) [Mÿ SO2PhÿC2H4O�
2 ], 212 (82) [Mÿ 2� -


SO2PhÿC2H4O�
2 ], 77 (88) [C6H�


5 ]; C27H26N2O7S2 (554.6): calcd C 58.47, H
4.72; found C 58.55, H 4.86.


(1-RS)-6-Benzenesulfonyl-3-benzenesulfonyl-5-hydroxy-1-acetoxymethyl-
8-methyl-1,2-dihydro-3H-pyrrolo[3,2-e]indole (25): Boron tribromide
(1.00 mL, 1.00 mmol, 1m in dichloromethane) was added dropwise with
stirring to a solution of 24 (100 mg, 0.18 mmol) in dichloromethane (2 mL)
at ÿ10 8C, and stirring was continued for 4 h. The reaction mixture was
diluted with water (5 mL) and dichloromethane (15 mL), the organic layer
was separated, washed with brine, dried over MgSO4, and concentrated in
vacuo. Flash chromatography of the residue (petroleum ether/ethyl
acetate� 2:1) provided 25 (90.0 mg, 0.17 mmol, 93 %) as an amorphous
solid. IR (KBr): nÄ � 3342, 3070, 2960, 1738, 1614, 1360, 1168 cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 2.01 (s, 3H, OAc), 2.21 (s, 3 H, 8-CH3), 3.10 (dd, J�
10.0, 9.0 Hz, 1 H, 1-CHa), 3.52 ± 3.78 (m, 2 H, 1-H, 1-CHb), 4.06 (dd, J� 11.5,
3.5 Hz, 1 H, 2-Ha) 4.16 (d, J� 11.5 Hz, 2-Hb), 7.15 (s, 1H, 7-H), 7.37 (s, 1H,
4-H), 7.38 ± 7.63 (m, 6H, Ph ± H), 7.76 (d, J� 8.0 Hz, 2 H, Ph ± H), 7.85 (d,
J� 8.0 Hz, 2H, Ph ± H), 8.85 (s, 1H, Ph ± OH); 13C NMR (125 MHz,
CDCl3): d� 11.23 (8-CH3), 20.75 (OAc), 38.17 (C-1), 53.67 (C-2), 65.48
(O ± CH2), 101.3 (C-4), 112.8 (C-8), 120.3 (C-8a), 120.5 (C-1a), 126.9, 127.3
(C-2'', C-6'', C-2', C-6'), 127.0 (C-7), 129.1, 129.5 (C-3'', C-5'', C-3', C-5'),
131.6 (C-5a), 133.4, 134.2 (C-4'', C-4'), 136.4 (C-3a), 136.6, 140.5 (C-1'', C-
1'), 145.8 (C-5), 170.6 (C�O); MS (70 eV): m/z (%)� 540 (62) [M�], 467
(50) [MÿC3H5O�


2 ], 339 (100) [Mÿ SO2PhÿC2H4O�
2 ], 198 (42) [Mÿ 2�


SO2PhÿC2H4O�
2 ]; C26H24N2O7S2 (540.6): calcd C 57.77, H 4.47; found C


57.83, H 4.46.


(1-RS)-6-Benzenesulfonyl-3-benzenesulfonyl-5-hydroxy-1-hydroxymeth-
yl-8-methyl-1,2-dihydro-3H-pyrrolo[3,2-e]indole (26): A suspension of 25
(25.0 mg, 0.05 mmol) and potassium carbonate (19.0 mg, 0.13 mmol) in
methanol (2 mL) was stirred for 2 h at room temperature. The solvent was
evaporated in vacuo and the residue purified by column chromatography
(petroleum ether/ethyl acetate� 1:1) to yield 26 (24.9 mg, 0.05 mmol,
quant.) as an amorphous colorless solid. IR (KBr): nÄ � 3354, 3066, 2926,
1612, 1356 cmÿ1; 1H NMR (300 MHz, CDCl3): d� 1.52 (br s, 1H, CH2 ±
OH), 2.19 (d, J� 2.2 Hz, 1 H, 8-CH3), 2.89 ± 3.08 (m, 1H, 1-H), 3.39 ± 3.55
(m, 2 H, CH2 ± OH), 3.73 (dd, J� 11.2, 8.9 Hz, 1 H, 2-Ha), 4.20 (d, J�
11.2 Hz, 1 H, 2-Hb), 7.16 (d, J� 2.2 Hz, 1H, 7-H), 7.39 (s, 1H, 4-H), 7.40 ±
7.62 (m, 6 H, Ph ± H), 7.76 (dd, J� 6.7, 1.8 Hz, 2H, Ph ± H), 7.87 (dd, J� 6.7,
1.8 Hz, 2H, Ph ± H), 8.84 (s, 1 H, Ph ± OH); 13C NMR (125 MHz, CDCl3):
d� 11.51 (8-CH3), 41.24 (C-1), 53.71 (C-2), 65.19 (O ± CH2), 101.3 (C-4),
114.0 (C-8), 120.3 (C-8a), 120.5 (C-1a), 127.0, 127.4 (C-2'', C-6'', C-2', C-6'),
129.0 (C-7), 129.1, 129.5 (C-3'', C-5'', C-3', C-5'), 131.9 (C-5a), 133.3, 134.1
(C-4'', C-4'), 136.7 (C-3a), 136.6, 140.6 (C-1'', C-1'), 145.5 (C-5); MS (70 eV):
m/z (%)� 498 (17) [M�], 467 (37) [MÿCH3O�], 327 (29) [Mÿ SO2Phÿ
CH3O�], 218 (100) [Mÿ 2� SO2PhÿCH3O�]; C24H22N2O6S2 (498.6): calcd
498.0919; found 498.0919 (MS).


(1-RS)-3-Benzenesulfonyl-5-hydroxy-1-hydroxymethyl-8-methyl-1,2-dihy-
dro-3H-pyrrolo[3,2-e]indole (4):
a) Starting from compound 26 : Sodium bis(2-methoxyethoxy)dihydroalu-
minate (Red-Al) (0.05 mL, 0.20 mmol, 70% in toluene) was added
dropwise at 20 8C to a stirred solution of 26 (11.0 mg, 0.02 mmol) in
toluene (3 mL). After 3 h the reaction mixture was diluted with phosphate
buffer (5 mL, pH 7.0) and ethyl acetate (10 mL). The organic layer was
separated, dried over MgSO4, and concentrated in vacuo. Flash chroma-
tography (petroleum ether/ethyl acetate� 1:1) of the residue provided 4
(6.50 mg, 18.1 mmol, 91%) as a colorless solid.


b) Starting from compound 25 : Similarly, 25 (11.0 mg, 0.02 mmol) was
treated with Red-Al (0.05 mL, 0.20 mmol, 70 % in toluene) in toluene
(3 mL) at 20 8C for 18 h to give 4 (6.49 mg, 18.0 mm) in 90% yield.


IR (KBr): nÄ � 3340, 3060, 2926, 1614, 1348 cmÿ1; 1H NMR (300 MHz,
CDCl3): d� 1.38 (br s, 1 H, CH2 ± OH), 2.29 (s, 3H, 8-CH3), 2.81 (t, J�
9.0 Hz, 1H, 1-H), 3.53 ± 3.65 (m, 2 H, 1-CH2), 3.85 (dd, J� 12.0, 9.0 Hz, 1H,
2-Ha), 4.21 (d, J� 9.0 Hz, 1 H, 2-Hb), 5.66 (br s, 1 H, Ph ± OH), 6.93 (s, 1H, 7-
H), 7.23 (s, 1 H, 4-H), 7.37 ± 7.45 (m, 2H, Ph ± H), 7.49 ± 7.55 (m, 1H, Ph ± H),
7.83 (d, J� 7.5 Hz, 2 H, Ph ± H), 8.15 (br s, 1 H, N ± H); MS (70 eV): m/z
(%)� 358 (85) [M�], 327 (100) [MÿCH2OH�], 217 (92) [Mÿ SO2Ph�],
187 (86) [Mÿ SO2PhÿCH3O�], 142 (14) [SO2Ph�]; C18H18O4NS (358.5):
calcd 358.09837; found 358.09837 (MS).
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Syntheses of 2H-1,3,2-Diazaphosphole, 2H-1,4,2-Diazaphosphole, and
D3-1,3,2-Oxazaphospholene Complexes; First Examples of
2H-Azaphosphirene Complex Formation by [2�1] Cycloaddition**


Hendrik Wilkens, Frank Ruthe, Peter G. Jones, and Rainer Streubel*


Dedicated to Professor Bernt Krebs on the occasion of his 60th birthday


Abstract: Thermal ring-opening of {[2-
bis(trimethylsilyl)methyl-3-phenyl-2H-
azaphosphirene-kP]pentacarbonyltung-
sten(0)} (1) in the presence of various
nitriles is investigated, in which toluene
and/or the nitriles are used as solvents.
In toluene, for example, the 3-(1-piper-
idino)-substituted 2H-azaphosphirene
complex 5 b, 4-(1-piperidino)-5-phenyl-
and 4,5-bis(1-piperidino)-substituted
2H-1,3,2-diazaphosphole complexes 6b,d
are obtained if 1-piperidino nitrile (2 b)
is employed as trapping reagent. Fur-
thermore, a new three-component reac-
tion is presented, using the 2H-azaphos-
phirene complex 1 and a mixture of two
different nitriles, thus giving access to
4,5-mixed-substituted 2H-1,3,2-diaza-
phosphole complexes 6 a,b and 6 e ± h.


The chemo- and regioselectivity of such
reactions is rationalized by [3�2] cyclo-
additions of transiently formed C-dia-
lkylamino-substituted nitrilium phos-
phane ylide complexes 3 b,c to nitriles.
Use of two equivalents of dialkyl cyan-
amides and four equivalents of either
ethyl cyanoformate or phenyl glyoxoni-
trile resulted in dual trapping reactions
of complexes 3 b,c, forming 2H-1,3,2-
diazaphosphole complexes 6 i ± k and D3-
1,3,2-oxazaphospholene complexes 8 a ±
g. Reaction of the 2H-azaphosphirene
complex 1 with ethyl cyanoformate in


toluene gave exclusively the 4,5-bis-
(ethoxycarbonyl)-2H-1,3,2-diazaphos-
phole complex 6 l ; even in benzonitrile,
the mixed-substituted 2H-1,3,2-diaza-
phosphole complex 6 m is formed only
as a by-product. The first 2H-1,4,2-
diazaphosphole complex 9 was synthe-
sized along with the regioisomeric 2H-
1,3,2-diazaphosphole complex 6 n (ratio
of 9 :6 n : 6:1) through thermal ring-open-
ing of 2H-azaphosphirene complex 1 in
neat benzonitrile. The structures of 2H-
1,3,2-diazaphosphole complex 6c, 2R,5S-
D3-1,3,2-oxazaphospholene complex 8 a
and 2H-1,4,2-diazaphosphole complex 9
were determined by single-crystal X-ray
diffraction.


Keywords: cycloadditions ´ 2H-aza-
phosphirene complexes ´ phospho-
rus heterocycles ´ tungsten


Introduction


The chemistry of three-membered unsaturated nitrogen
heterocycles of type I, such as 2H-azirenes[2] (E�CR2) or
1H-diazirenes[3] (E�NR), and their isomeric nitrilium be-
taines (II), nitrile ylides[4] and nitrile imines,[5] is the subject of
current interest, because of their broad versatility as building
blocks in heterocycle syntheses (Scheme 1). In contrast to
such thoroughly investigated classes of compounds, almost
nothing is known about related three-membered heterocycles


Scheme 1. Heteroazirenes (I), nitrilium betaines (II), 2H-azaphosphirene
complexes (III) and nitrilium phosphane ylide tungsten complexes (IV)
(I ± IV: R, R'� alkyl, aryl; [M]�metal complex fragment).


and nitrilium betaines containing a third-row element, such as
silicon and phosphorus (I, II : E� SiR2, PR).


In the synthesis of 2H-azirenes and so-called heteroazirenes
(ring systems with two heteroatoms and a C ± N double bond),
it is noteworthy that, apart from recently reported examples
of [2�1] cycloadditions of carbenes to benzonitrile to give 2H-
azirines,[6] no such reactions of either nitrenes or phosphini-
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denes (phosphanediyls)[7] with nitriles have been reported so
far. Although only briefly reported, the reaction of a silylene
derivative with benzonitrile affording the first stable[8] 2H-
azasilirene was a real landmark (I : E� SiR2).[9]


With respect to ring opening of three-membered hetero-
cycles of type I (E�CR2, NR), the generation of nitrilium
betaines is exclusively established for 2H-azirenes. In con-
trast, transiently formed 1H-diazirenes[10] show other rear-
rangements (instead of ring-opening to yield nitrile imines)
giving 3H-diazirenes,[10,11] ring-enlarged heterocycles[11] or
carbodiimides.[12] Nonetheless, nitrile imines are accessible
by other routes, that is, through thermolysis of heterocycles
such as oxadiazolinones or sydnones.[5]


Recently, we reported the first syntheses of 2H-azaphos-
phirene complexes III using a metal-assisted cyclization,[13]


which, at the same time, represented the first access to
heteroazirene complexes. Even more recently, we trapped
nitrilium phosphane ylide complexes IV, generated through
thermal ring-opening of {[2-bis(trimethylsilyl)methyl-3-phe-
nyl-2H-azaphosphirene-kP]pentacarbonyltungsten(0)} (1),


with dimethyl acetylenedicarboxylate [14] (DMAD) or di-
methyl cyanamide.[15] These investigations became particu-
larly interesting to us in view of our initial investigations on
thermolysis of 2H-azaphosphirene complexes in which we
established that they decompose to aryl nitriles and a short-
lived electrophilic terminal phosphanediyl complex.[16] More-
over, reports on the chemistry of 1H-thiazirenes and nitrile
sulfides (I, II : E� S) revealed that the latter decompose to
nitriles and sulfur in the absence of trapping reagents.[17]


Here we report on thermal ring-opening of {[2-bis(trime-
thylsilyl)methyl-3-phenyl-2H-azaphosphirene-kP]pentacar-
bonyltungsten(0)} (1) in the presence of various nitriles, which
yield five-membered heterocycle complexes, among them the
first 2H-1,4,2-diazaphosphole complex. Nitrile concentration
and the electronic influence of the nitrile substituent were
examined with respect to reaction courses and product ratios.
The quest for the generation of nitrilium phosphane ylide
complexes will be discussed and examples of unprecedented
[2�1] cycloadditions of a terminal phosphanediyl complex to
a nitrile will be given.


Results


Syntheses of 2H-1,3,2-diazaphosphole complexes:


A: Investigations on thermolysis of 2H-azaphosphirene com-
plex 1 in toluene in the presence of dialkyl cyanamides, R2NCN
(R2�Me2, (CH2)5, iPr2)


Dialkylamino-substituted 2H-azaphosphirene complexes are
not accessible by the metal-assisted cyclization route. Fur-
thermore, we had previously obtained [2�1] cycloaddition
products if alkynes[18] or phosphaalkynes[19] were used as
trapping reagents. We were interested in investigating the
thermolysis of the 2H-azaphosphirene complex 1 in the
presence of dialkyl cyanamides. Thermolysis of 1 in toluene
with two equivalents of the dialkyl cyanamides 2 a,b yielded
the 2H-azaphosphirene complexes 5 a,b and the 2H-1,3,2-
diazaphosphole complexes 6 a,[14] b ± d ; selected NMR data
are collected in Table 2 (see below) and will be discussed
below. In these reactions [(OC)5W{P(H)(OSiMe3)(CH-
(SiMe3)2)}] (7) was formed as a by-product, by an unknown
reaction pathway. Depending on the dryness of all the
reaction partners, the toluene and the apparatus, the amounts
of 7 varied (1 ± 10 %) and only traces of 7 were formed if
moisture was kept low.[20]


The formation of the 2H-azaphosphirene complexes 5a,b in
toluene is explained as [2�1] cycloaddition of the transiently
formed electrophilic terminal phosphanediyl complex 4 (pa-
th a in Scheme 2) to the carbon ± nitrogen triple bond of 2 a,b
(path b). The formation of the five-membered heterocycles
can be rationalized by two different [3�2] cycloadditions (3 a
and/or 3 b,c � 2 a, b/PhCN! 6) (paths d and f). In order to
examine the hypothetical pathways (enclosed with dotted
lines in Scheme 2 and thereafter), we thermolysed pure
complex 5 b under the same reaction conditions in benzoni-
trile and obtained 6 b, but in a significantly slower reaction
(6 h and 1.5 h, respectively); this indicates preferred forma-
tion of complexes 6 a,b by paths d and f. Furthermore, the


Abstract in German: Die thermische Ringöffnung von {[2-
Bis(trimethylsilyl)methyl-3-phenyl-2H-azaphosphirene-kP]-
pentacarbonylwolfram(0)} (1) in Gegenwart verschiedener
Nitrile wird untersucht, wobei Toluol und/oder die Nitrile als
Lösungsmittel dienen. So erhält man beispielsweise in Toluol
den 3-(1-Piperidino)-substituierten 2H-Azaphosphirenkom-
plex 5b sowie die 4-(1-Piperidino)-5-phenyl- und 4,5-Bis(1-
piperidino)-substituierten 2H-1,3,2-Diazaphospholkomplexe
6b,d, wenn 1-Piperidinonitril (2b) als Abfangreagenz einge-
setzt wird. Weiterhin wird eine neue Dreikomponentenreaktion
vorgestellt, bei der der 2H-Azaphosphirenkomplex 1 und eine
Mischung aus zwei verschiedenen Nitrilen eingesetzt wird.
Man erhält so einen Zugang zu 4,5-gemischt-substituierten 2H-
1,3,2-Diazaphospholkomplexen 6a,b und 6e ± h. Die Chemo-
und Regioselektivität solcher Reaktionen wird durch [3�2]-
Cycloadditions-Reaktionen von kurzlebigen C-Dialkylamino-
substituierten Nitriliumphosphan-Ylid-Komplexen 3b,c mit
Nitrilen erklärt. Verwendet man zwei ¾quivalente der Dial-
kylcyanamide und vier ¾quivalente von entweder Ethylcya-
noformiat oder Phenylglyoxonitril, so erhält man durch duale
Abfangreaktionen der Komplexe 3b,c die 2H-1,3,2-Diaza-
phospholkomplexe 6i ± k und D3-1,3,2-oxazaphospholenkom-
plexe 8a ± g. Reaktion von 2H-Azaphosphirenkomplex 1 mit
Ethylcyanoformiat in Toluol ergibt exklusiv den 4,5-Bis(etho-
xycarbonyl)-2H-1,3,2-diazaphospholkomplex 6l, und selbst in
Benzonitril ist der gemischt-substituierte 2H-1,3,2-Diazaphos-
pholkomplex 6m nur ein Nebenprodukt. Nimmt man Ben-
zonitril als Lösungsmittel, so entsteht durch thermische Ring-
öffnung von 2H-Azaphosphirenkomplex 1 der erste 2H-1,4,2-
Diazaphospholkomplex 9 zusammen mit dem regioisomeren
2H-1,3,2-Diazaphospholkomplex 6n (Verhältnis von 9 :6n�
6:1). Die Strukturen von 2H-1,3,2-Diazaphospholkomplex 6c,
2R,5S-D3-1,3,2-Oxazaphospholenkomplex 8a und 2H-1,4,2-
Diazaphospholkomplex 9 wurden durch Röntgendiffraktome-
trie bestimmt.
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Scheme 2. Thermal ring-opening of 2H-azaphosphirene tungsten com-
plex 1 in toluene in the presence of dialkyl cyanamides 2a, b. [W]�
W(CO)5; R1�CH(SiMe3)2; 2a, 3 b, 6 a, 6c : R2�Me; 2 b, 3c, 5 b, 6 b, 6d :
R2


2�CH2(CH2)3CH2.


reaction of 1 with 2 b was studied with respect to different
concentrations of 2 b. The product distribution depended
strongly on the cyanamide concentration, and an increasing
amount of the dialkylamino-substituted 2H-azaphosphirene
complex 5 b was determined on reducing the cyanamide
concentration to two equivalents. Using cyanamide 2 b
stoichiometrically, the predominant formation of 6 b was
observed (Table 1; amounts of phosphorus-containing prod-
ucts were determined by 31P NMR spectroscopy). Interpreting


these findings in terms of reaction mechanisms, a transient
formation of the terminal phosphanediyl complex 4 seems
reasonable in dilute toluene solutions. This assumption is not
convincing for the case of neat cyanamide 2 b, in which a
substitution-like reaction of the benzonitrile moiety of 3 a by
cyanamide 2 b seems to occur (path e). A related observation
was reported earlier on reactions of arylnitrile sulfides with
arylnitriles, the latter having differently substituted aryl
groups.[21]


Because of the similar reaction behavior of the nitrile
derivatives 2 a,b, we wanted to shed more light on the reaction


course; we therefore investigated the more sterically demand-
ing di(isopropyl) cyanamide (2 c) as trapping reagent. How-
ever, we observed only a very low reaction selectivity when 2 c
was employed under the same reaction conditions. Unfortu-
nately, no further information could be obtained, because
subsequent work-up by column chromatography failed.


B: Syntheses of 2H-1,3,2-diazaphosphole complexes by three-
component reactions


From these results, we concluded that a transient generation
of nitrilium phosphane ylide complexes should be possible
using a three-component methodology. Therefore, we exam-
ined the thermolysis of the 2H-azaphosphirene complex 1 in
the presence of two equivalents of either cyanamide 2 a or 2 b
in benzo- or acetonitrile, using the latter as solvents and
trapping reagents. The experiments were carried out under
the same reaction conditions as those in toluene and yielded
4,5-mixed-substituted 2H-1,3,2-diazaphosphole complexes
6 a,b,e, f ; in each case the amount of the two main products
was more than 65 % of the phosphorus-containing reaction
products. Besides these products, complexes 6 c,d were
formed also, but in significantly lower amounts. The com-
plexes 6 a,b,e, f were isolated in moderate to good yields by
low-temperature chromatography; selected NMR data of
these complexes are shown in Table 2. The reaction of 1 and
2b in tert-butylnitrile furnished complex 6g along with equal
amounts of the phenyl-substituted 2H-1,3,2-diazaphosphole
complex 6 b (together 80 % of the phosphorus-containing
products) and 6 d in minor amounts. Furthermore, lowering
the tert-butylnitrile concentration by using toluene as cosol-
vent led to a decrease of 6 g, whereas 6 b was increased.
Employing 2 b and nine equivalents of 1-adamantylnitrile
yielded the 5-(1-adamantyl)-substituted complex 6 h along
with equal amounts of 6 b and, in minor amounts, complex 6 d.
If the cyanamides 2 a,b were employed as solvents and
trapping reagents, then 4,5-bis(dimethylamino)- and 4,5-bis(1-
piperidino)-substituted 2H-1,3,2-diazaphosphole complexes
6 c,d were formed as main products along with low amounts
of 5 a,b and 6 a,b.


Taking into account that 4,5-diphenyl-, 4,5-dimethyl- and
other 4,5-dialkyl-substituted 2H-1,3,2-diazaphosphole com-
plexes were not formed (or were unstable under these
conditions), then the product formation can be explained by
a three-step reaction course (Scheme 3). Thermally induced
ring opening of the 2H-azaphosphirene complex 1 generates
the phenyl-substituted nitrilium phosphane ylide complex 3 a,
which reacts predominantly with the cyanamides 2 a,b to
yield, somehow, the nitrilium phosphane ylide complexes
3 b,c. Most probably, the 2H-1,3,2-diazaphosphole complexes
6 a ± h are then formed by regioselective 1,3-dipolar cyclo-
additions of 3 b and/or 3 c to the different nitriles. Interest-
ingly, only two equivalents of the cyanamides 2 a,b are needed
to achieve selective formation of 4,5- mixed-substituted 2H-
1,3,2-diazaphosphole complexes.


To exploit this three-component methodology synthetically,
we decided to use toluene as solvent, cyanamides 2 a,b
(twofold excess) and a-ketonitriles as trapping reagents
(fourfold excess). To check this, we performed first a reaction
with 1, 2 a and ethyl cyanoformate (2 d) at 75 8C and obtained


Table 1. 31P NMR spectroscopically estimated amounts of 5b and 6b,d
formed, depending on the 1-piperidino nitrile concentration.


5b [%] 6b [%] 6d [%]


1 equiv pipCN 4 58 10
2 equiv pipCN 15 56 17
4 equiv pipCN 9 41 29
neat pipCN 3 8 66
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Scheme 3. Syntheses of 2H-1,3,2-diazaphosphole complexes 6a ± n by
three-component reactions. [W]�W(CO)5; R1�CH(SiMe3)2; 1-ad� 1-
adamantyl; 2a, 3 b, 6 a, 6c, 6e : R2�Me; 2b, 3 c, 6 b, 6d, 6 f, 6g : R2


2�
CH2(CH2)3CH2.


a surprising result, because the CÿO and the CÿN p system of
ethyl cyanoformate had reacted with the transiently formed
nitrilium phosphane ylide complex 3 b to give the 2H-1,3,2-
diazaphosphole complex 6 i and two diastereoisomeric D3-
1,3,2-oxazaphospholene complexes 8 a,b (product ratio of
7:1:1). An analogous reaction behavior was observed if
cyanamide 2 b and ethyl cyanoformate were employed, giving
the complexes 6 j and 8 c,d, although 8 d could not be isolated.
Thermolysis of 1 in the presence of cyanamide 2 a and phenyl
glyoxonitrile (2 e) gave the complex 6 k and D3-1,3,2-oxaza-
phospholene complexes 8 e ± g with a product ratio of 2:4:2:1
(Scheme 4); it is probable that another isomeric D3-1,3,2-
oxazaphospholene complex was formed in an estimated yield
of 3 ± 5 %, but could not be isolated (d� 197.9; 1J(W,P) could not
be determined). We suggest that complexes 8 e ± g have rigidly
folded five-membered rings (two conformeric forms) due to
steric repulsions between ring substituents. This would gen-
erate a chiral plane aside with the two chiral centers, P and C5,
and therefore explain the existence of a third (and/or even a
fourth) D3-1,3,2-oxazaphospholene complex isomer. Apart
from this, it is noteworthy that in this reaction the formation
of D3-1,3,2-oxazaphospholene complexes was preferred.


Whereas the D3-1,3,2-oxazaphospholene complexes 8 a and
8 e were isolated in pure form, 8 b and 8 f,g were characterized
only as mixtures, because complex 8 b was slightly contami-
nated with 8 a and complexes 8 f,g could not be separated


Scheme 4. Dual trapping reactions of transiently formed nitrilium phos-
phane ylide complexes 3b,c by ethyl cyanoformate (2c) and phenyl
glyoxonitrile (2d). [W]�W(CO)5; R1�CH(SiMe3)2; 2 a, 3b, 6 i, 6k, 6 e, 8a,
8b, 8e ± g : R2�Me; 2 b, 3 c, 6j, 8c, 8 d : R2


2�CH2(CH2)3CH2.


from each other. Selected spectroscopic data of 6 i ± k and
8 a ± g are given in Table 3 and Table 4, respectively. Related
ambident [3�2] cycloaddition behavior of a-ketonitriles
towards nitrilium betaines, such as nitrile ylides,[22] is well
known.


We decided to study more thoroughly the electronic
influence on the reaction course of the substituent bonded
at the 1,3-dipole carbon atom of the transiently formed
nitrilium phosphane ylide complex. Therefore, 2H-azaphos-
phirene complex 1 was thermolysed in the presence of ethyl
cyanoformate (2 d), but in the absence of cyanamides 2 a,b. We
carried out two different experiments, using toluene or
benzonitrile as solvents, and monitored the reactions by 31P
NMR spectroscopy. In the first case, the exclusive formation
of the symmetrically substituted 2H-1,3,2-diazaphosphole
complex 6 l was observed, whereas in benzonitrile complex 6 l
was merely the major product (67 %) along with three other
products (together 29 %) that could not be identified
(Scheme 5). The fact that the reaction course depended on
the solvent led us to the following assumptions. In toluene a
short-lived 2H-azaphosphirene complex 5 c seems plausible
(path a), forming nitrilium phosphane ylide complex 3 d
through ring-opening (path b) and furnishing 2H-1,3,2-diaza-
phosphole complex 6 l as final product (path c). In contrast,
after 3 a is generated in benzonitrile, complex 3 a itself should
be the reaction partner for ethyl cyanoformate. Although this
takes place too (path f), a substitution of the benzonitrile
moiety of 3 a seems more likely, thus forming mesomerically
stabilized intermediate 3 d (path d). After this transylidation
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Scheme 5. Thermal ring-opening of of 2H-azaphosphirene tungsten com-
plex 1 in toluene or benzonitrile in the presence of ethyl cyanoformate
(2d). [W]�W(CO)5; R1�CH(SiMe3)2.


process, complexes 6 l,m are formed (path e); complex 6 m
could not be isolated, but the phosphorus NMR data (d�
175.6, 1J(W,P)� 251.8 Hz; cf. Table 2) provide good evidence.
Noteworthy is the fact that no D3-1,3,2-oxazaphospholene
complexes were observed under these conditions.


We also studied the thermal ring-opening of complex 1 in
benzonitrile, because an intriguing question remained; why
had we never observed characteristic by-products resulting
from a reaction of nitrilium phosphane ylide complex 3 a with
benzonitrile. We carried out the experiment under the same
conditions as in the previous reactions and succeeded in
synthesising the 2H-1,4,2-diazaphosphole tungsten complex 9
(Scheme 6). One of the by-products formed displayed a


Scheme 6. Synthesis of 2H-1,4,2-diazaphosphole complex 9. [W]�
W(CO)5; R1�CH(SiMe3)2


phosphorus NMR resonance (d� 165.9, 1J(W,P)� 251.1 Hz; cf.
Table 2) that provides good evidence for the 2H-1,3,2-
diazaphosphole tungsten complex 6 n (ratio of 9 :6 n approx-
imately 6:1). Complex 9 was obtained by low-temperature
chromatography and crystallisation in a yield of 12 %, where-
as the isolation of complex 6 n failed.


Discussion


Discussion of selected spectroscopic data: Comparison of the
NMR spectroscopic data of 2H-azaphosphirene complex 5 b
to those of aryl-[1] and heteroaryl-substituted[23] 2H-azaphos-
phirene complexes reveals some noteworthy details. Apart
from the low-field shifted phosphorus NMR resonances of
5 a, b (5 a (toluene) d�ÿ 70.4, 1J(W,P)� 290.7 Hz; 5 b (toluene)
d�ÿ 75.0, 1J(W,P)� 290.7 Hz; Dd� 30 ± 40 ppm), the magni-
tude of the phosphorus ± carbon coupling to the ring carbon
atom of 5 b is markedly increased ((1�2)J(P,C)� 12.5 Hz; cf. 1 ±
3 Hz[1] and 4.0 ± 8.2 Hz[23]). Together with the existence of five
NMR resonances for the carbon atoms of the piperidino
substituent, the two methylene groups directly bonded to
nitrogen have distinctly different chemical shift values (d�
46.8 and 50.8), this finding points to a strong p-electron
interaction between the lone pair at nitrogen of the piperidino
substituent and the p electrons of the CÿN double bond of the
three-membered ring of 5 b (cf. ref. [23]). This
is also manifested in the upfield shifted resonance of the
carbon of the three-membered ring (d� 175.4; cf. d� 180 ±
185).[1,23]


The 2H-1,3,2-diazaphosphole complexes are mainly char-
acterized by the chemical shifts of the atoms of the five-
membered ring. 31P NMR resonances are found over a wide
range, d� 130 ± 185, with phosphorus-tungsten coupling con-
stants of about 250 ± 265 Hz. These chemical shifts correlate
with the electronic influence of the substituents at C-4 and C-5
(the atom numbering refers to the used nomenclature and to
the formulae in Tables 2 ± 4), that is, dialkylamino groups
induce a high-field, and ethyl carboxylate a low-field shift. 13C
NMR resonances observed in the range of d� 155 ± 180 were
assigned to C-4 and C-5, both having phosphorus ± carbon
couplings of about 1 ± 11 Hz, which seem to be typical values
for such ring systems. Furthermore, we assume that C-4, which
in most cases has an amino group directly bonded, has the
most constant chemical shift values and the larger magnitude
of the phosphorus ± carbon coupling. This interpretation is
supported by the observed values for C-4 in the D3-1,3,2-
oxazaphospholene complexes 8 a ± g (see below). Complexes
6 i ± k are different, because C-4 and C-5 are more shielded
and the phosphorus ± carbon coupling is decreased.


The D3-1,3,2-oxazaphospholene complexes 8 a ± g have
markedly low-field shifted 31P NMR resonances (d� 198 ±
205) and increased phosphorus ± tungsten couplings (304 ±
311 Hz) (Table 3) . This reflects the higher electronegativity
of oxygen compared to nitrogen, which is a widely docu-
mented phenomenon for triorganophosphane complexes.[24]


The 13C NMR resonances at d� 155 ± 158 can be attributed to
C-5 and that at d� 80 ± 85 to C-4; both types of ring atoms
have phosphorus ± carbon couplings of about 2 ± 10 Hz. These
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chemical shift values fit with those of related D3-1,3-oxazo-
lenes.[25] Unfortunately, further comparisons with D3-1,3,2-
oxaza -phospholenes or their complexes are impossible,
because 13C NMR data of such compounds are not available,
although a report on the synthesis of D3-1,3,2-oxazaphospho-
lenes has appeared.[26] Furthermore, to the best of our


knowledge complexes of such compounds were previously
unknown.


Interestingly, the 13C NMR resonances of complex 9 display
some common features with compounds 6 a and 10, which
possess the same structural PNC(Ph) unit in the ring
(Table 4). The C-3 atom of 9 has a resonance at d� 198.5,


Table 2. Selected NMR data[a,b] of 2H-1,3,2-diazaphosphole complexes 6a ± n.


Comp. R1 R2 d(31P) 1J(W,P) d(13C(C4) (2� 3)J(P,C4) d(13C(C5)) (2�3)J(P,C5)


6a NMe2 Ph 145.2 256.4 162.1 10.9 164.1 4.3
6b 1-pip Ph 149.9 259.1 162.3 8.8 165.3 #
6c NMe2 NMe2 133.2 264.7 160.7 6.4 160.7 6.4
6d 1-pip 1-pip 133.2 264.3 160.6 6.6 160.6 6.6
6e NMe2 Me 145.2 256.4 162.1 10.9 164.1 4.3
6 f 1-pip Me 145.1 257.4 161.9 10.3 165.1 3.9
6g 1-pip tBu 139.2 258.2 164.7 10.1 176.7 6.4
6h 1-pip 1-ad 140.7 256.9 166.1 10.7 177.3 6.7
6 i NMe2 CO2Et 158.3 262.1 157.8 2.5 154.8 2.1
6j 1-pip CO2Et 157.3 261.7 157.0 7.0 155.3 2.1
6k NMe2 C(O)Ph 158.2 259.2 158.6 7.0 161.5 4.9
6 l CO2Et CO2Et 184.4 252.9 157.1 1.5 157.1 1.5
6m CO2Et Ph 175.6 251.8 [c] [c] [c] [c]


6n Ph Ph 165.9 251.1 [c] [c] [c] [c]


[a] CDCl3, d [ppm], J [Hz]; #: not resolved. [b] Atom numbering as denoted in the formula. [c] 13C NMR spectrum not recorded; 1-pip� 1-piperidino;
1-ad� 1-adamantyl.


Table 3. Selected NMR data[a,b] of D3-1,3,2-oxazaphospholene complexes 8 a ± g.


Comp. R1 R2 R3 d(31P) 1J(W,P) d(13C(C4)) (2�3)J(P,C4) d(13C(C5)) (2�3)J(P,C5)


8a NMe2 CN OEt 205.4 304.8 155.9 2.0 96.3 7.7
8b 1-pip CN OEt 198.2 309.0 155.6 # 96.5 4.8
8c 1-pip CN OEt 205.5 304.8 154.6 2.0 96.2 8.0
8d 1-pip CN OEt 196.6 305.4 [c] [c] [c] [c]


8e NMe2 CN Ph 203.5 310.6 152.7 2.4 82.0 #
8 f, g NMe2 CN Ph 202.4 305.1 156.9 # 80.7 #


203.0 305.5 157.0 # 82.1 #


[a] CDCl3, d [ppm], J [Hz]; #: not resolved. [b] Atom numbering as denoted in the formula. [c] 13C NMR spectrum not recorded; 1-pip� 1-piperidino.


Table 4. Selected NMR data[a,b] of 2H-1,2-azaphosphole complex 10,[14] 2H-1,4,2-diazaphosphole complex 9 and 2H-1,3,2-diazaphosphole complex 6a.


Comp. d(31P) 1J(W,P) d(13C(C3)) (1�4)J(P,C3) d(13C(C4)) (2�3)J(P,C4) d(13C(C5)) (2�3)J(P,C5)


10 102.8 237.9 162.7 13.1 162.0 1.4 162.0 1.4
9 110.6 227.8 198.5 22.3 - - 169.5 5.1
6a 145.2 256.4 - - 162.1 10.9 164.1 4.3


[a] CDCl3, d [ppm], J [Hz]. [b] Atom numbering as denoted in the formulae.
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which is even more deshielded than those of carbon atoms of
the 2H-azaphosphirene[1,23] or of the 4H-1,2,4-diazaphosphole
ring system[27] . Probably even more surprising is the finding
that the resonance of C-5 of 9, 6 a and 10 is rather low, affected
by the directly bonded X�Y ring moieties. In all of these cases,
the magnitudes of the carbon ± phosphorus coupling are small
(J(C,P)� 1 ± 5 Hz), indicating that at least two scalar cou-
plings contribute to these values.


EI mass spectrometric experiments revealed that 2H-1,3,2-
diazaphosphole and D3-1,3,2-oxazaphospholene complexes
lose carbon monoxide and show preferential fragmention of
exocyclic bonds of the heterocycles subsequent to the ionisa-
tion process. This is in strong contrast with the fragmentations
of 2H-1,4,2-diazaphosphole complex 9, which displays addi-
tionally heterocycle fragmentations, after loss of the metal
complex fragment. The latter behavior is in accord with
observations made for 2H-1,3-diazoles[28] and 2H-1,4-diazo-
les.[29] With respect to this problem, further investigations of
noncoordinated 2H-1,3,2-diazaphospholes and D3-1,3,2-oxa-
zaphospholenes should be undertaken, to test this indication
of their higher thermodynamic stability.


Discussion of selected X-ray structural data: The molecular
structures of 2H-1,3,2-diazaphosphole complex 6c, 2R,5S-D3-
1,3,2-oxazaphospholene complex 8a and 2H-1,4,2-diaza-
phosphole complex 9 were confirmed for the solid state by
X-ray crystallography (Figures 1, 2 and 3).[30] Comparison of
the most interesting structural features of the complexes 6 c
and 9 reveals that they both have almost planar five-
membered ring systems with mean deviations of 0.028 �.
For 9 the phenyl groups subtend interplanar angles to the five-
membered ring of 4.08 (phenyl group at C1) and 7.68 (phenyl
group at C7). Furthermore, both five-membered rings have
localized endocyclic nitrogen ± carbon double bonds of about
1.29 �, with slightly different values for the nitrogen ± carbon
bonds of the unequal substituted CÿN moieties of 9. The
exocyclic nitrogen ± carbon distances (C6ÿN3 of 1.374(3) and


Figure 1. Molecular structure of 6c in the crystal (ellipsoids represent 50%
probability levels, hydrogen atoms are omitted for clarity). Selected bond
lengths [�] and angles [8]: W ± C1 2.008(3), W ± P 2.4968(8), P ± N1 1.707(7),
P ± N2 1.702(2), N1 ± C7 1.296(3), N2 ± C6 1.292(3), C6 ± C7 1.524(2), N3 ±
C6 137.4(3), N4 ± C7 136.4(3); W-P-C8 117.3(6), N2-P-N1 97.20(11), P-N2-
C6 107.8(2), N2-C6-C7 113.6(2), C6-C7-N1 113.3(2), C7-N1-P 107.5(2).


Figure 2. Molecular structure of 8a in the crystal (ellipsoids represent
50% probability levels, hydrogen atoms are omitted for clarity). Selected
bond lengths [�] and angles [8]: W ± C1 2.016(7), W ± P 2.463(2), P ± N1
1.679(5), N1 ± C13 1.293(8), C13 ± C16 1.554(9), C16 ± O6 1.402(7), O6 ± P
1.680(4); W-P-C6 118.9(2), N1-P-O6 94.9(2), C16-O6-P 111.8(4), O6-C16-
C13 105.5(5), N1-C13-C16 114.5(5).


Figure 3. Molecular structure of 9 in the crystal (ellipsoids represent 50%
probability levels, hydrogen atoms are omitted for clarity). Selected bond
lengths [�] and angles [8]: W ± C1 1.978(8), W ± P 2.532(2), P ± N1 1.691(6),
P ± C6 1.867(8), N1 ± C7 1.280(7), N2 ± C7 1.421(9), N2 ± C6 1.302(9); W-P-
C8 119.6(3), N1-P-C6 90.2(3), N2-C6-P 109.4(6), C6-N2-C7 109.3(7), N1-
C7-N2 121.5(7).


C7ÿN4) of 1.364(3) �) are significantly longer and indicate
only partial double-bond character, associated with electronic
interactions of the lone pairs of the nitrogen of the dimethy-
lamino group with the p electrons of the imino bonds.
Furthermore, it should be noted that the endocyclic bond
angles at phosphorus of complex 6 c and 9 are significantly
different (6c: N2-P-N1 97.20(11)8 ; 9 : C6-P-N1 90.2(3)8).
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The molecular structure of the D3-1,3,2-oxazaphospholene
complex 8 a[30] is characterized by a slightly folded five-
membered ring system; the best plane is given by P-N1-C13-
C16 (deviation 0.013 �) and the oxygen atom lies 0.21 � out
of this plane. Compared to trans-5-methoxy-2-methyl-4-
phenyl-5-trifluoromethyl-D3-1,3-oxazolene C-N-C-C (devia-
tion 0.036 �; O is 0.047 � out of this plane),[5c] 8 a is more
flattened. The N2 ± C13 distance (1.325(7) �) of complex 8 a is
in the typical range of Csp2ÿNsp2 double bonds,[31] thus
indicating a stronger electronic interaction than in 6 c and 9.
Also noteworthy is that, apart from oxygen, all distances of
the atoms bonded to phosphorus are significantly shortened in
the structure of 8 a, that is, the tungsten ± phosphorus dis-
tances are 2.463(2) (8 a), 2.4968(8) (6 c) and 2.532(2) � (9);
this phenomenon is already documented for triorganophos-
phane complexes.[32] Moreover, the weakest trans effect on the
tungsten ± carbon distances of the trans-carbonyl ligands,
among the heterocycle ligands involved in this study, is
displayed by 8 a (8 a : 2.016(7); 6c : 2.008(3); 9 : 1.978(8) �).


Conclusion


In all cases the thermolyses of the 2H-azaphosphirene
tungsten complex 1, in the presence of nitriles, using toluene
and/or various nitriles as solvents, led to the formation of five-
membered heterocycle complexes. These heterocycle com-
plexes could be mostly separated by low-temperature chro-
matography and were fully characterized.


The formation of these heterocycles is rationalized by [3�2]
cycloadditions of transiently generated nitrilium phosphane
ylide complexes, acyclic isomers of 2H-azaphosphirene com-
plexes, to nitriles and or ketones.


The reactions are regioselective, if nitriles with electron
donor or acceptor groups, such as NMe2 or CO2Et, respec-
tively, are employed. Compared to results and theoretical
calculations for nitrile ylides,[33] this result is a strong argument
for the assumption of transiently formed nitrilium phosphane
ylide complexes as the reactive intermediates. This regiose-
lectivity is as expected for [3�2] cycloadditions of 1,3-dipoles
that are directed by a HOMO ± dipole LUMO ± dipolarophile
interaction.[34] The favored cycloaddition product is therefore
the one formed by union of the atoms with the largest
coefficient of the dipole HOMO and the dipolarophile
LUMO, as established for nitrile ylides.[4,33] Interestingly, the
regioselectivity of nitrilium phosphane ylide complexes
towards nitriles decreases and qualitatively changes if a
phenyl group is bonded at the carbon atom of the 1,3-dipole
skeleton. This observation is once more in accord with
theoretical predictions, as made for C-phenyl-substituted
nitrile ylides.[4,33] Nevertheless, there is also some evidence
for carbene-like behavior of some nitrile ylide derivatives, as
expressed through formation of [2�1] cycloaddition prod-
ucts.[35] Moreover, our results here could also be explained in
terms of an initial [2�1] cycloaddition giving 2H-azirene[6] or
oxirane derivatives, respectively, with subsequent ring en-
largement.[6] This alternative has to be taken into account,
particularly for the case of C-dialkylamino-substituted nitri-
lium phosphane ylide complexes, which are, at least formally,


related to bis(dialkylamino)carbenes,[36] and will be the
subject of further investigations.


One special feature of transiently formed nitrilium phos-
phane ylide complexes seems to be the ease of NÿP bond
making and breaking, thus facilitating transylidation pro-
cesses. This depends strongly on the electron donor/acceptor
ability of the substituent at the carbon atom of the 1,3-dipole
skeleton and this finding is best expressed by the selectivity of
the three-component reactions.


Another special feature of transiently formed nitrilium
phosphane ylide complexes seems to be the lower reactivity
towards sterically demanding trapping reagents. This can
easily be understood in terms of the sterical demand of the
two bulky groups attached to phosphorus and of the trapping
reagent, which together should disfavor cycloadditions, be-
cause of increased steric repulsions in the transition state.


Experimental Section


General Procedures : All reactions and manipulations were carried out
under an atmosphere of deoxygenated dry nitrogen, using standard
Schlenk techniques with conventional glassware, and solvents were dried
according to standard procedures. NMR spectra were recorded on a Bruker
AC-200 spectrometer (200 MHz for 1H; 50.3 MHz for 13C; 81.0 MHz for
31P) using [D]chloroform and [D6]benzene as solvent and internal standard;
shifts are given relative to external tetramethylsilane (1H, 13C) and 85%
H3PO4 (31P). Mass spectra were recorded on a Finigan Mat 8430 (70 eV);
apart from m/z values of the molecule ions, only m/z values are given that
have intensities of more than 20%. Infrared spectra were recorded on a
Biorad FT-IR 165 (selected data given). Melting points were obtained on a
Büchi 535 capillary apparatus. Elemental analyses were performed using a
Carlo Erba analytical gaschromatograph. The kP notation in the used
nomenclature shall serve for differentiation between P and N coordination
of the appropriate heterocycle to the metal.


{Pentacarbonyl[bis(trimethylsilyl)methyl-3-(1-piperidino)-2H-1,2-aza-
phosphirene-kP]tungsten(0)} (5b): 2H-azaphosphirene tungsten com-
plex 1 (1.2 g, 2 mmol) was dissolved in toluene (6 mL) and 1-piperidino
nitrile ((CH2)5NCN) (2b) (0.4 mL, 4 mmol) and heated at 75 8C for 1.5 h
with slow stirring. Afterwards, the solvent was removed in vacuo and the
product separated by low-temperature chromatography (ÿ 20 8C, 15�
2 cm, hexane/diethyl ether 95/5). Evaporation of the solvents of the second
fraction yielded 5b as a pale yellow oil (160 mg, 13 %). 1H NMR (CDCl3)
d� 0.17 (s, 9H; SiMe3), 0.28 (s, 9H; SiMe3), 0.70 (d, 2J(P,H)� 2.8 Hz, 1H;
CH), 1.50 ± 187 (m, 6H; NCH2CH2CH2), 3.28 ± 3.63 (m, 2H; NCH2CH2CH2),
3.65 ± 3.85 (m, 2 H; NCH2CH2CH2). 13C{1H} NMR (C6D6) d� 1.2 (d,
3J(P,C)� 2.9 Hz; SiMe3), 2.2 (d, 3J(P,C)� 3.6 Hz; SiMe3), 24.0 (s,
NCH2CH2CH2), 25.1 (s, NCH2CH2CH2), 25.9 (s, NCH2CH2CH2), 30.4 (d,
1J(P,C)� 26.9 Hz; CH), 46.8 (s, NCH2CH2CH2), 50.8 (s, NCH2CH2CH2),
175.4 (d, (1�2)J(P,C)� 12.5 Hz; PCN), 197.0 (d, 2J(P,C)� 9.1 Hz, 1J(C,W)�
126.1 Hz; cis-CO), 198.9 (d, 2J(P,C)� 34.0 Hz; trans-CO). 31P{1H} NMR
(CDCl3) d�ÿ 70.3 (s, 1J(P,W)� 292.9 Hz); (C6D6) d�ÿ 74.7 (d, 1J(P,W)�
291.8 Hz). IR (neat)nÄ� 2072 (s), 1984 (s), 1923 (br s) cmÿ1 (CO); 1653 (m),
1650 (w), 1608 (w) cmÿ1 (C�N). MS (70 eV, EI), (184W); m/z (%) 624 (20)
[M� .], 486 (100) [(OC)4WPCH(SiMe3)2


� .], 458 (40) [((OC)3WPCH-
(SiMe3)2


� .], 430 (30) [(OC)2WPCH(SiMe3)2
� .], 384 (30)


[(OC)3WPCSiMe3)�
.], 73 (50) [(SiMe3)�]. HR EI MS: calcd. for


C18H29NO5PSi2W 624.0861; found 624.0861� 2.


General procedure for the synthesis of 2H-1,3,2-diazaphosphole complexes
(6a ± g): 2H-azaphosphirene tungsten complex 1 (0.6 g, 1 mmol) was
dissolved in nitrile (3 mL of MeCN, PhCN, tBuCN, Me2NCN or
(CH2)5NCN) and dialkyl cyanamide (0.2 mL, 2 mmol of Me2NCN or
(CH2)5NCN)). After heating the solution at 75 8C for 1.5 h with slow
stirring, the solution was evaporated to dryness. Low-temperature chro-
matography of the residues (SiO2, 15� 2 cm, hexane/diethyl ether 97.5/2.5)
afforded the complexes 6a ± g, which were crystallized from pentane at
ÿ 20 8C.
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{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-phenyl-5-dimethylamino-2-
H-1,3,2-diazaphosphole-kP]tungsten(0)} (6a): Yield: 447 mg, 67%.
M.p. 90 8C (decomp). 1H NMR (CDCl3) d� 0.18 (s, 9H; SiMe3), 0.24 (s,
9H; SiMe3), 1.40 (d, 2J(P,H)� 7.0 Hz, 1H; CH), 2.90 (s, 6 H; NMe2), 7.46
(mc, 3 H; CHaromatic), 7.64 (mc, 2H; CHaromatic). 13C{1H} NMR (CDCl3) d� 2.6
(d, 3J(P,C)� 1.9 Hz; SiMe3), 2.7 (d, 3J(P,C)� 2.4 Hz; SiMe3), 24.0 (d,
1J(P,C)� 1.6 Hz; CH), 41.4 (s, NMe2), 128.0 (s, CHaromatic), 128.8 (s,
CHaromatic), 130.4 (s, CHaromatic), 136.1 (d, 3J(P,C)� 22.1 Hz, Caromatic), 162.4
(d, (2�3)J(P,C)� 9.4 Hz; C4), 165.0 (d, (2�3)J(P,C)� 2.5 Hz; C5), 197.3 (d,
2J(P,C)� 8.5 Hz, 1J(C,W)� 126.6 Hz; cis-CO), 200.6 (d, 2J(P,C)� 24.1 Hz;
trans-CO). 31P{1H} NMR (CDCl3): d� 149.8 (s, 1J(P,W)� 257.1 Hz). IR
(KBr): nÄ� 2071 (s), 1983 (s), 1946 (vs), 1923 (vs), 1912 (vs) cmÿ1 (CO); 1585
(w), 1571 (w), 1562 (w), 1535 (m) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z
(%): 687 (16) [M� .], 631 (50) [(Mÿ 2CO)� .], 547 (100) [(Mÿ 5CO)� .], 73
(25) [(SiMe3)�]. C22H30N3O5PSi2W (687.5) calcd. C 38.42, H 4.40, N 6.11;
found C 38.35, H 4.45, N 5.95.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-phenyl-5-(1-piperidino)-2H-
1,3,2-diazaphosphole-kP]tungsten(0)} (6b): Yield 445 mg, 63%.
M.p. 124 8C (decomp). 1H NMR (CDCl3) d� 0.16 (s, 9 H; SiMe3), 0.24 (s,
9H; SiMe3), 1.40 (d, 2J(P,H)� 6.9 Hz, 1H; CH), 1.58 (br s, 6H;
NCH2CH2CH2), 3.33 (mc, 4 H; NCH2CH2CH2), 7.47 (mc, 3 H; CHaromatic),
7.72 (mc, 2 H; CHaromatic). 13C{1H} NMR (CDCl3): d� 2.5 (d, 3J(P,C)�
2.6 Hz; SiMe3), 2.7 (d, 3J(P,C)� 2.7 Hz; SiMe3), 24.0 (d, 1J(P,C)� 5.6 Hz;
CH), 24.1 (s, NCH2CH2CH2), 25.3 (s, NCH2CH2CH2), 50.2 (s,
NCH2CH2CH2), 127.9 (s, CHaromatic), 128.7 (s, CHaromatic), 130.6 (s, CHaromatic),
135.9 (d, 3J(P,C)� 22.4 Hz, Caromatic), 162.3 (d, (2�3)J(P,C)� 8.8 Hz; C4),
165.3 (s, C5), 197.3 (d, 2J(P,C)� 7.5 Hz; cis-CO), 200.5 (d, 2J(P,C)� 23.6 Hz;
trans-CO). 31P{1H} NMR (CDCl3): d� 149.9 (s, 1J(P,W)� 259.1 Hz). IR
(KBr): nÄ� 2069 (s), 1985 (s), 1951 (vs), 1910 (vs) cmÿ1 (CO); 1561 (vw),
1541 (w), 1534 (w), 1530 (w) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z (%):
727 (20) [M� .], 671 (45) [(Mÿ 2CO)� .], 587 (100) [(Mÿ 5CO)� .], 73 (25)
[(SiMe3)�]. HR EI MS: calcd. for C25H34N3O5PSi2W 727.1285; found
727.1285� 2.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4,5-bis(dimethylamino)-2H-
1,3,2-diazaphosphole-kP]tungsten(0)} (6c): Yield 197 mg, 31%. M.p. 96 8C
(decomp). 1H NMR (CDCl3): d� 0.18 (s, 18H; SiMe3), 1.27 (d, 2J(P,H)�
6.2 Hz, 1H; CH), 3.02 (s, 12H; NMe2). 13C{1H} NMR (CDCl3): d� 2.6 (s,
SiMe3), 25.6 (d, 1J(P,C)� 2.2 Hz; CH), 40.5 (s, NMe2), 160.7 (d,
(2�3)J(P,C)� 6.4 Hz; C4,5), 197.9 (d, 2J(P,C)� 8.5 Hz; cis-CO), 201.5 (d,
2J(P,C)� 24.1 Hz; trans-CO). 31P{1H} NMR (CDCl3): d� 133.2 (s,
1J(P,W)� 264.7 Hz). IR (KBr): nÄ� 2067 (vs), 1977 (vs), 1928 (vs, sh),
1911 (vs) cmÿ1 (CO); 1581 (s), 1562 (vs) cmÿ1 (C�N). MS (70 eV, EI),
(184W): m/z (%): 654 (30) [M� .], 626 (30) [(MÿCO)� .], 570 (35) [(Mÿ
3CO)� .], 542 (50) [(Mÿ 4CO)� .], 514 (100) [(Mÿ 5CO)� .], 499 (35)
[(Mÿ 5COÿCH3)�]. C18H31N4O5PSi2W (645.1) calcd. C 33.03, H 4.77, N
8.56; found C 33.06, H 4.71, N 8.52.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4,5-bis(1-piperidino))-2H-
1,3,2-diazaphosphole-kP]tungsten(0)} (6 d): Yield 393 mg, 55 %. M.p.
124 8C (decomp). 1H NMR (CDCl3) d� 0.19 (s, 18H; SiMe3), 1.27 (d,
2J(P,H)� 6.3 Hz, 1H; CH), 1.65 (br s, 12H; NCH2CH2CH2), 3.44 (br s, 8H;
NCH2CH2CH2). 13C{1H} NMR (CDCl3): d� 2.6 (s, SiMe3), 2.7 (s, SiMe3),
24.2 (s, NCH2CH2CH2), 25.4 (s, NCH2CH2CH2), 25.5 (d, 1J(P,C)� 3.2 Hz;
CH), 49.7 (s, NCH2CH2CH2), 160.6 (d, (2�3)J(P,C)� 6.0 Hz; C4,5), 197.8 (d,
2J(P,C)� 8.0 Hz; cis-CO), 201.4 (d, 2J(P,C)� 23.4 Hz; trans-CO). 31P{1H}
NMR (CDCl3): d� 133.2 (s, 1J(P,W)� 264.3 Hz). IR (KBr): nÄ� 2069 (s),
1982 (s), 1944 (vs), 1909 (vs, sh) cmÿ1 (CO); 1570 (w), 1561 (w), 1542 (s)
cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z (%): 734 (20) [M� .], 706 (20)
[(MÿCO)� .], 650 (20) [(Mÿ 2CO)� .], 622 (75) [(Mÿ 4CO)� .], 594 (100)
[(Mÿ 5CO)� .]. C24H39N4O5PSi2W (734.6) calcd. C 39.24, H 5.31, N 7.63;
found C 39.75, H 5.33, N 7.33.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-methyl-5-dimethylamino-
2H-1,3,2-diazaphosphole-kP]tungsten(0)} (6 e): Yield 200 mg, 33%.
M.p. 88 8C (decomp). 1H NMR (CDCl3): d� 0.17 (s, 9 H; SiMe3), 0.19 (s,
9H; SiMe3), 1.26 (d, 2J(P,H)� 7.2 Hz, 1H; CH), 2.65 (d, 4J(P,H)� 0.6 Hz,
3H; CH3), 3.23 (s, 6 H; NMe2). 13C{1H} NMR (CDCl3): d� 2.5 (d, 3J(P,C)�
2.1 Hz; SiMe3), 2.6 (d, 3J(P,C)� 2.0 Hz; SiMe3), 23.5 (d, 3J(P,C)� 22.2 Hz;
CH3), 24.1 (d, 1J(P,C)� 2.7 Hz; CH), 40.9 (s, NMe2), 162.1 (d, (2�3)J(P,C)�
10.9 Hz; C4), 164.1 (d, (2�3)J(P,C)� 4.3 Hz; C5), 197.4 (d, 2J(P,C)� 7.9 Hz;
cis-CO), 200.8 (d, 2J(P,C)� 23.4 Hz; trans-CO). 31P{1H} NMR (CDCl3): d�
145.2 (s, 1J(P,W)� 256.4 Hz). IR (KBr): nÄ� 2067 (s), 1973 (s), 1940 (vs, sh),
1913 (vs) cmÿ1 (CO); 1601 (vw), 1561 (br m) cmÿ1 (C�N). MS (70 eV, EI),


(184W): m/z (%): 625 (40) [M� .], 569 (60) [(Mÿ 2CO)� .], 513 (40) [(Mÿ
4CO)� .], 485 (100) [(Mÿ 5CO)� .]. C17H28N3O5PSi2W (625.1) calcd. C
32.64, H 4.48, N 6.72; found C 32.71, H 4.62, N 6.65. HR EI MS: calcd. for
C17H28N3O5PSi2W 625.0814, found 625.0814� 3.


{Pentacarbonyl-[2-bis(trimethylsilyl)methyl-4-methyl-5-(1-piperidino)-
2H-1,3,2-diazaphosphole-kP]tungsten(0)} (6 f): Yield 517 mg, 80 %.
M.p. 97 8C (decomp). 1H NMR (CDCl3): d� 0.18 (s, 9 H; SiMe3), 0.19 (s,
9H; SiMe3), 1.27 (d, 2J(P,H)� 7.2 Hz, 1H; CH), 1.68 (br s, 6 H;
NCH2CH2CH2), 2.60 (d, 4J(P,H)� 0.8 Hz, 3 H; CH3), 2.66 (mc, 4 H;
NCH2CH2CH2). 13C{1H} NMR (CDCl3): d� 2.5 (d, 3J(P,C)� 3.4 Hz;
SiMe3), 2.6 (d, 3J(P,C)� 2.9 Hz; SiMe3), 22.9 (d, 3J(P,C)� 22.4 Hz; CH3),
23.8 (d, 1J(P,C)� 2.3 Hz; CH), 24.4 (s, NCH2CH2CH2), 25.8 (s,
NCH2CH2CH2), 49.4 (s, NCH2CH2CH2), 161.9 (d, (2�3)J(P,C)� 10.3 Hz;
C4), 165.1 (d, (2�3)J(P,C)� 3.9 Hz; C5), 198.6 (d, 2J(P,C)� 7.5 Hz, 1J(P,W)�
126.6 Hz; cis-CO), 200.7 (d, 2J(P,C)� 23.5 Hz; trans-CO). 31P{1H} NMR
(CDCl3): d� 145.1 (s, 1J(P,W)� 257.4 Hz). IR (KBr): nÄ� 2066 (s), 1987 (s),
1947 (vs), 1937 (vs), 1926 (vs), 1914 (vs) cmÿ1 (CO); 1578 (w), 1545 (m)
cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z (%): 665 (25) [M� .], 609 (60)
[(Mÿ 2CO)� .], 579 (45) [(Mÿ 2COÿC2H4)�], 553 (35) [(Mÿ 4CO)� . or
(MÿCOÿC5H10N)�], 525 (100) [(Mÿ 2COÿC5H10N)� or (Mÿ 5CO)� .],
499 (25) [(Mÿ 2COÿC6H10N2)�


.], 73 (35) [(SiMe3)�]. C20H22N3O5PSi2W
(665.4) calcd. C 36.09, H 4.81, N 6.31; found C 36.25, H 4.95, N 6.25.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-tert-butyl-5-(1-piperidino)-
2H-1,3,2-diazaphosphole-kP]tungsten(0)} (6 g): Yield 247 mg, 36%.
M.p. 91 8C (decomp). 1H NMR (CDCl3): d� 0.17 (s, 9 H; SiMe3), 0.23 (s,
9H; SiMe3), 1.30 (d, 2J(P,H)� 7.8 Hz, 1H; CH), 1.44 (s, 9H; tert-Bu), 1.67
(br s, 6 H; NCH2CH2CH2), 3.44 (br s, 4H; NCH2CH2CH2). 13C{1H} NMR
(CDCl3): d� 2.6 (d, 3J(P,C)� 2.1 Hz; SiMe3), 2.7 (d, 3J(P,C)� 1.8 Hz;
SiMe3), 23.2 (d, 1J(P,C)� 3.6 Hz; CH), 24.1 (s, NCH2CH2CH2), 25.4 (s,
NCH2CH2CH2), 29.9 (s, CHtert-Bu), 38.6 (d, 3J(P,C)� 19.2 Hz; CMe3), 51.6 (s,
NCH2CH2CH2), 164.7 (d, (2�3)J(P,C)� 10.1 Hz; C5), 176.7 (d, (2�3)J(P,C)�
6.4 Hz; C4), 197.3 (d, 2J(P,C)� 7.7 Hz, 1J(P,W)� 126.4 Hz; cis-CO), 200.5
(d, 2J(P,C)� 23.2 Hz; trans-CO). 31P{1H} NMR (CDCl3): d� 139.2 (s,
1J(P,W)� 258.2 Hz). IR (KBr): nÄ� 2068 (s), 1977 (s), 1948 (vs, sh), 1927
(vs), 1912 (vs) cmÿ1 (CO); 1560 (vw), 1542 (vw), 1520 (s) cmÿ1 (C�N). MS
(70 eV, EI), (184W): m/z (%): 707 (25) [M� .], 567 (35) [(Mÿ 5CO)� .], 541
(100) [(Mÿ 2COÿC6H10N2)�


.], 457 (25) [(Mÿ 5COÿC6H10N2)�
.], 73 (35)


[(SiMe3)�]. HR EI MS: calcd. for C23H38N3O5PSi2W 707.1597, found
707.1597� 3.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-(1-adamantyl)-5-(1-piperidi-
no)-2H-1,3,2-diazaphosphole-kP]tungsten(0)} (6h): 2H-azaphosphirene
tungsten complex 1 (0.6 g, 1 mmol) and 1-adamantyl nitrile (1.5 g,
9.3 mmol) were dissolved in toluene (3 mL) and (CH2)5NCN (2b)
(0.2 mL, 2 mmol) and heated at 75 8C for 1.5 h with slow stirring.
Afterwards, the product was separated by low temperature chromatog-
raphy (ÿ 50 8C, 10� 2 cm, hexane). Evaporation of the solvents of the
second fraction and crystallisation from pentane at ÿ 20 8C yielded 6 h as
pale yellow crystals (91 mg, 12 %). M.p. 162 8C (decomp). 1H NMR
(CDCl3): d� 0.18 (s, 9H; SiMe3), 0.23 (s, 9 H; SiMe3), 1.29 (d, 2J(P,H)�
7.9 Hz, 1H; CH), 1.67 (mc, 6H; NCH2CH2CH2), 1.76 (br s, 9 H;
CCH2CHCH2), 2.05 ± 2.20 (m, 9 H; CCH2CHCH2), 3.30 ± 3.50 (m, 4H;
NCH2CH2CH2). 13C{1H} NMR (CDCl3): d� 2.6 (d, 3J(P,C)� 2.0 Hz;
SiMe3), 2.7 (d, 3J(P,C)� 2.0 Hz; SiMe3), 23.0 (d, 1J(P,C)� 3.3 Hz; CH),
24.1 (s, NCH2CH2CH2), 25.3 (s, NCH2CH2CH2), 28.5 (s, CCH2CHCH2),
36.6 (s, CCH2CHCH2), 40.6 (s, CCH2CHCH2), 41.6 (d, 3J(P,C)� 18.7 Hz;
CCH2CHCH2)), 52.1 (s, NCH2CH2CH2), 166.1 (d, (2�3)J(P,C)� 10.7 Hz; C5),
177.3 (d, (2�3)J(P,C)� 6.7 Hz; C4), 197.3 (d, 2J(P,C)� 7.4 Hz; cis-CO), 200.4
(d, 2J(P,C)� 23.6 Hz; trans-CO). 31P{1H} NMR (CDCl3): d� 140.7 (s,
1J(P,W)� 256.9 Hz). IR (KBr): nÄ� 2069 (s), 1980 (s), 1946 (vs), 1917
(vs) cmÿ1 (CO); 1561 (vw), 1536 (vw), 1509 (m, sh) cmÿ1 (C�N). MS
(70 eV), (184W): m/z (%): 785 (20) [M� .], 645 (30) [(Mÿ 5 CO)� .], 619
(100) [(Mÿ 2COÿC6H10N2)�], 535 (30) [(Mÿ 5COÿC7H10N2)�], 135 (20)
[(C10H15)�], 73 (35) [(SiMe3)�]. C28H44N3O5PSi2W (785.4) calcd. C 44.33, H
5.61, N 5.35; found C 44.00, H 5.65, N 5.46.


General procedure for the synthesis of 2H-1,3,2-diazaphosphole complexes
6h ± j and D3-1,3,2-oxazaphospholene complexes 8 a ± g : To a solution of
2H-azaphosphirene tungsten complex 1 (0.6 g, 1 mmol) in toluene (3 mL),
ethyl cyanoformate (0.4 mL, 4 mmol) or phenyl glyoxonitrile (0.4 mL,
4 mmol) and nitrile 2 a (0.2 mL, 2 mmol) or nitrile 2b (0.2 mL, 2 mmol)
were added, and the solution was heated at 75 8C for 1.5 h with slow stirring.
After evaporation to dryness, the products were separated and purified by
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low-temperature chromatography of the residues (hexane/diethyl ether
97.5/2.5) and afterwards crystallised from pentane at ÿ 20 8C.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-ethoxycarbonyl-5-dimethyla-
mino-2H-1,3,2-diazaphosphole-kP]tungsten(0)} (6 i): Yield 220 mg, 33%.
M.p. 64 8C (decomp). 1H NMR (CDCl3): d� 0.16 (s, 9 H; SiMe3), 0.23 (s,
9H; SiMe3), 1.34 (d, 2J(P,H)� 6.6 Hz, 1H; CH), 1.37 (t, 3J(H,H)� 7.1 Hz,
3H; CH2CH3), 3.17 (s, 6 H; NMe2), 4.43 (q, 3J(H,H)� 7.1 Hz, 2H;
CH2CH3). 13C{1H} NMR (CDCl3): d� 2.4 (d, 3J(P,C)� 2.6 Hz; SiMe3), 2.5
(d, 3J(P,C)� 2.6 Hz; SiMe3), 13.8 (s, CH2CH3), 24.6 (s, CH), 39.7 (s, NMe2),
62.9 (s, CH2CH3), 154.8 (d, (2�3)J(P,C)� 2.1 Hz; C4), 157.8 (d, (2�3)J(P,C)�
2.5 Hz; C5), 165.4 (d, 3J(P,C)� 28.8 Hz; CO2R), 196.8 (d, 2J(P,C)� 7.6 Hz,
1J(C,W)� 126.6 Hz; cis-CO), 200.1 (d, 2J(P,C)� 24.5 Hz; trans-CO).
31P{1H}NMR (CDCl3): d� 158.3 (s, 1J(P,W)� 262.1 Hz). IR (KBr): nÄ�
2071 (s), 1982 (s), 1936 (vs, sh), 1899 (vs) cmÿ1 (CO), 1744 (s) cmÿ1


(C(O)OEt); 1608 (m), 1577 (vw), 1571 (w), 1561 (w) cmÿ1 (C�N). MS
(70 eV, EI), (184W): m/z (%): 683 (20) [M� .], 627 (85) [(Mÿ 2CO)� .], 543
(100) [(Mÿ 5CO)� .], 515 (80) [(Mÿ 5COÿC2H4)�


.], 73 (40) [(SiMe3)�], 43
(55) [(SiMe)�]. C19H30N3O7PSi2W (683.5) calcd. C 33.39, H 4.42, N 6.15;
found C 33.28, H 4.34, N 5.77.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-5-cyano-5-ethoxy-4-dimethyla-
mino-D3-1,3,2-oxazaphospholene-kP]tungsten(0)} (8a, b):


8a: Yield 73 mg, 11 %. M.p. 181 8C (decomp). 1H NMR (CDCl3): d� 0.19
(s, 9 H; SiMe3), 0.34 (s, 9H; SiMe3), 1.31 (t, 3J(H,H)� 7.0 Hz, 3 H;
CH2CH3), 1.50 (br s, 1H; CH), 3.19 (br s, 3H; NMe2), 3.26 (br s, 3H;
NMe2), 4.0 (mc, 2 H; CH2CH3). 13C{1H} NMR (CDCl3): d� 2.1 (d, 3J(P,C)�
3.0 Hz; SiMe3), 2.3 (d, 3J(P,C)� 1.3 Hz; SiMe3), 14.4 (s, CH3), 37.0 (s, CH),
38.4 (s, NMe2), 40.1 (s, NMe2), 63.5 (s, CH2), 96.3 (d, (2�3)J(P,C)� 7.7 Hz;
C5), 113.8 (d, 3J(P,C)� 3.2 Hz; CN), 155.9 (d, (2�3)J(P,C)� 2.0 Hz; C4), 196.8
(d, 2J(P,C)� 8.6 Hz, 1J(P,W)� 126.9 Hz; cis-CO), 200.5 (d, 2J(P,C)�
29.7 Hz; trans-CO). 31P{1H} NMR (CDCl3): d� 205.4 (s, 1J(P,W)�
304.8 Hz). MS (70 eV, EI), (184W): m/z (%): 683 (60) [M� .], 599 (35)
[(Mÿ 3CO)� .], 571 (60) [(Mÿ 4CO)� .], 543 (60) [(Mÿ 5CO)� .], 514 (100)
[(Mÿ 5COÿC2H5)�], 73 (55) [(SiMe3)�], 43 (35) [(SiMe)�].


8b: Obtained as a 1:1 mixture with 8 a. M.p. 116 8C (decomp). 1H NMR
(CDCl3): d� 0.19 (s, 9 H; SiMe3), 0.29 (s, 9H; SiMe3), 1.31 (t, 3J(H,H)�
7.0 Hz, 3H; CH2CH3), 1.51 (br s, 1H; CH), 3.19 (br s, 6H; NMe2), 4.0 (mc,
2H; CH2CH3). 13C{1H} NMR (CDCl3): d� 2.1 (s, SiMe3), 2.5 (d, 3J(P,C)�
1.8 Hz; SiMe3), 14.4 (s, CH2CH3), 37.9 (s, CH), 38.3 (s, NMe2), 40.3 (s,
NMe2), 63.5 (s, CH2CH3), 96.5 (d, (2�3)J(P,C)� 4.8 Hz; C5), 112.9 (d,
3J(P,C)� 9.3 Hz; CN), 155.6 (s, C4), 196.7 (d, 2J(P,C)� 8.3 Hz; cis-CO),
200.5 (d, 2J(P,C)� 29.7 Hz; trans-CO). 31P{1H} NMR (CDCl3): d� 198.2 (s,
1J(P,W)� 309.0 Hz). IR (KBr): nÄ� 2073 (s, sh), 1986 (s, sh), 1950 (vs), 1929
(vs), 1917 (vs) cmÿ1 (CO); 1628 (w) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/
z (%): 683 (50) [M� .], 599 (30) [(Mÿ 3CO)� .], 571 (45) [(Mÿ 4CO)� .], 543
(50) [(Mÿ 5CO)� .], 514 (100) [(Mÿ 5COÿC2H5)�], 73 (55) [(SiMe3)�], 43
(45) [(SiMe)�].


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-ethoxycarbonyl-5-(1-piperi-
dino)-2H-1,3,2-diazaphosphole-kP]tungsten(0)} (6j): Yield 379 mg, 54%.
M.p. 124 8C (decomp). 1H NMR (CDCl3): d� 0.18 (s, 9 H; SiMe3), 0.23 (s,
9H; SiMe3), 1.35 (d, 2J(P,H)� 6.7 Hz, 1H; CH), 1.37 (t, 3J(H,H)� 7.1 Hz,
3H; CH2CH3), 1.66 (br s, 6H; NCH2CH2CH2), 3.57 (br s, 4H;
NCH2CH2CH2), 4.41 (dq, 3J(H,H)� 7.1, 5J(P,H)� 1.3 Hz, 2 H; CH2CH3).
13C{1H} NMR (CDCl3): d� 2.4 (d, 3J(P,C)� 2.3 Hz; SiMe3), 2.5 (d,
3J(P,C)� 2.4 Hz; SiMe3), 13.9 (s, CH2CH3), 24.3 (s, NCH2CH2CH2), 24.5
(s, CH), 25.8 (s, NCH2CH2CH2), 49.0 (s, NCH2CH2CH2), 62.8 (s,
OCH2CH3), 155.3 (d, (2�3)J(P,C)� 2.1 Hz; C4), 157.0 (d, (2�3)J(P,C)�
7.0 Hz; C5), 165.3 (d, 3J(P,C)� 29.0 Hz; CO2), 196.8 (d, 2J(P,C)� 7.7 Hz;
cis-CO), 200.1 (d, 2J(P,C)� 24.7 Hz; trans-CO). 31P{1H} NMR (CDCl3): d�
157.5 (s, 1J(P,W)� 261.7 Hz). IR (KBr): nÄ� 2071 (s), 1993 (s), 1954 (vs),
1932 (vs), 1903 (vs) cmÿ1 (CO); 1750 (m) cmÿ1 (C(O)OEt); 1603 (w), 1562
(w) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z (%): 723 (20) [M� .], 667 (100)
[(Mÿ 2CO)� .], 583 (95) [(Mÿ 5CO)� . or (Mÿ 2COÿC5H10N)�], 555 (90)
[Mÿ 3COÿC5H10N)�], 73 (30) [(SiMe3)�]. C22H34N3O7PSi2W (723.5) calcd.
C 36.51, H 4.70, N 5.81; found C 36.68, H 4.77, N 5.76.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-5-cyano-5-ethoxy-4-(1-piperi-
dino)-D3-1,3,2-oxazaphospholene-kP]tungsten(0)} (8 c): Only one diaster-
eoisomer isolated. Yield 35 mg, 5%. M.p. 131 8C. 1H NMR (CDCl3): d�
0.18 (s, 9 H; SiMe3), 0.34 (s, 9 H; SiMe3), 1.30 (t, 3J(H,H)� 7.0 Hz, 3H;
CH2CH3), 1.49 (s, 1H; CH), 1.67 (br s, 6 H; NCH2CH2CH3), 3.53 (br mc, 2H;
NCH2CH2CH3), 3.68 (br mc, 2H; NCH2CH2CH3), 3.96 (2� ddq, 5J(P,H)


and 2J(H,H) not determined, 3J(H,H)� 7.0 Hz, 2 H; CH2). 13C{1H} NMR
(CDCl3): d� 2.1 (d, 3J(P,C)� 3.1 Hz; SiMe3), 2.3 (d, 3J(P,C)� 1.7 Hz;
SiMe3), 14.4 (s, CH2CH3), 24.2 (s, NCH2CH2CH3), 25.1 (s, NCH2CH2CH3),
26.0 (s, NCH2CH2CH3), 36.9 (br s, CH), 48.4 (s, NCH2CH2CH3), 48.6 (s,
NCH2CH2CH3), 63.3 (s, OCH2CH3), 96.2 (d, (2�3)J(P,C)� 8.0 Hz; C5), 113.9
(d, 3J(P,C)� 4.3 Hz; CN), 154.6 (d, (2�3)J(P,C)� 2.0 Hz; C5), 196.8 (d,
2J(P,C)� 8.6 Hz, 1J(C,W)� 126.5 Hz; cis-CO), 200.6 (d, 2J(P,C)� 29.3 Hz;
trans-CO). 31P{1H} NMR (CDCl3): d� 205.0 (s, 1J(P,W)� 304.8 Hz). IR
(KBr): nÄ� 2072 (s), 1982 (s), 1954 (vs), 1937 (vs), 1919 (vs) cmÿ1 (CO); 1606
(s), 1603 (w) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z (%): 723 (20) [M� .],
639 (20) [(Mÿ 3CO)� . or (MÿC5H10N)�], 611 (55) [(Mÿ 4CO)� . or (Mÿ
COÿC5H10N)�], 583 (80) [(Mÿ 5CO)� . or (Mÿ 2COÿC5H10N)�], 555
(100) [(MÿC5H10Nÿ3CO)�], 84 (25) [(C5H10N)�], 73 (60) [SiMe3)�].
C22H34N3O7PSi2W (723.5) calcd. C 36.51, H 4.70, N 5.81; found C 36.60, H
4.77, N 5.75.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4-benzoyl-5-dimethylamino-
2H-1,3,2-diazaphosphole-kP]tungsten(0)} (6k): Yield 125 mg, 18%.
M.p. 123 8C (decomp). 1H NMR (CDCl3): d� 0.21 (s, 18H; SiMe3), 1.42
(d, 2J(P,H)� 7.1 Hz, 1H; CH), 3.09 (br s, 6H; NMe2), 7.53 (mc, 2H;
CHaromatic), 7.67 (mc, 1H; CHaromatic), 8.04 (mc, 2H; CHaromatic). 13C{1H} NMR
(CDCl3): d� 2.4 (d, 3J(P,C)� 2.2 Hz; SiMe3), 2.7 (d, 3J(P,C)� 2.0 Hz;
SiMe3), 24.9 (s, CH), 40.5 (s, NMe2), 129.1 (s, CHaromatic), 130.1 (s, CHaromatic),
134.1 (s, Caromatic), 135.2 (s, CHaromatic), 158.6 (d, (2�3)J(P,C)� 7.0 Hz; C4),
161.5 (d, (2�3)J(P,C)� 4.9 Hz; C5), 192.6 (d, 3J(P,C)� 24.2 Hz; C(O)Ph),
197.1 (d, 2J(P,C)� 7.1 Hz; cis-CO), 200.0 (d, 2J(P,C)� 23.9 Hz; trans-CO).
31P{1H} NMR (CDCl3): d� 158.2 (s, 1J(P,W)� 259.2 Hz). IR (KBr): nÄ�
2072 (s), 1988 (s), 1943 (vs), 1922 (vs) cmÿ1 (CO); 1678 (s), 1599 (s) cmÿ1


(C(O)Ph); 1567 (m), 1561 (m) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z
(%): 715 (10) [M� .], 687 (20) [(MÿCO)� .], 659 (100) [(Mÿ 2CO)� .], 603
(25) [(Mÿ 4CO)� .], 575 (85) [(Mÿ 5CO)� .], 73 (35) [(SiMe3)�].
C23H30N3O6PSi2W (715.5) calcd. C 38.60, H 4.19, N 5.87; found C 38.55,
H 4.24, N 5.78.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-5-cyano-5-phenyl-4-dimethyl-
amino-D3-1,3,2-oxazaphospholene-kP]tungsten(0)} (8e ± g):


8e: Yield 285 mg, 41 %. M.p. 132 8C (decomp). 1H NMR (CDCl3): d� 0.26
(s, 9H; SiMe3), 0.35 (s, 9 H; SiMe3), 1.59 (d, 2J(P,H)� 0.9 Hz, 1H; CH), 2.94
(br s, 3 H; NMe2), 3.32 (br s, 3H; NMe2), 7.48 (mc, 5H, CHaromatic). 13C{1H}
NMR (CDCl3): d� 2.2 (d, 3J(P,C)� 3.1 Hz; SiMe3), 2.3 (d, 3J(P,C)� 1.2 Hz;
SiMe3), 39.8 (mc; NMe2), 40.4 (d, 1J(P,C)� 6.5 Hz; CH), 82.0 (s, C5), 116.4
(s, CN), 126.7 (s, CHaromatic), 129.7 (s, CHaromatic), 130.9 (s, CHaromatic), 133.6
(d, 3J(P,C)� 3.6 Hz; Caromatic), 157.7 (d, 2�3J(P,C)� 2.4 Hz; C4), 197.0 (d,
2J(P,C)� 8.6 Hz, 1J(C,W)� 126.5 Hz; cis-CO), 200.2 (d, 2J(P,C)� 29.5 Hz;
trans-CO). 31P{1H} NMR (CDCl3): d� 203.5 (s, 1J(P,W)� 310.6 Hz). IR
(KBr): nÄ� 2072 (s), 1986 (s), 1954 (vs), 1912.4 (vs, sh) cmÿ1 (CO); 1618
(s) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z (%): 715 (25) [M� .], 603 (100)
[(Mÿ 4CO)� .], 575 (50) [(Mÿ 5CO)� .], 73 (50) [(SiMe3)�]. C23H30N3O6P-
Si2W (715.5) calcd. C 38.60, H 4.19, N 5.87; C 38.92, H 4.27, N 5.69.


8 f, g: Obtained as an approximately 1:1 mixture. M.p. 128 8C (decomp). 1H
NMR (CDCl3): d�ÿ 0.06 (s, 9H; SiMe3), ÿ 0.05 (s, 9H; SiMe3), 0.25 (s,
9H; SiMe3), 0.32 (s, 9H; SiMe3), 1.19 (d, 2J(P,H)� 3.9 Hz, 1H; CH), 1.64 (d,
2J(P,H)� 1.8 Hz, 1 H; CH), 2.90 (br s, 6H; NMe2), 3.30 (br s, 6H; NMe2),
7.49 (br s, 10 H; CHaromatic). 13C{1H} NMR (CDCl3) d� 1.9 (d, 3J(P,C)�
2.7 Hz; SiMe3), 2.2 (d, 3J(P,C)� 2.8 Hz; SiMe3), 2.6 (d, 3J(P,C)� 2.4 Hz;
SiMe3), 3.1 (d, 3J(P,C)� 1.1 Hz; SiMe3), 38.6 (d, 1J(P,C)� 6.1 Hz; CH), 39.8
(mc; NMe2), 40.3 (d, 1J(P,C)� 26.3 Hz; CH), 80.7 (s, C5), 82.1 (s, C5), 115.7
(s, CN), 115.8 (s, CN), 126.7 (s, CHaromatic), 127.3 (s, CHaromat), 129.5 (s,
CHaromat), 129.8 (s, CHaromat), 130.8 (s, CHaromat), 133.9 (s, Caromat), 135.0 (s,
CHaromat), 156.9 (s, C4), 157.0 (s, C4), 196.7 (d, 2J(P,C)� 8.4 Hz; cis-CO),
197.0 (d, 2J(P,C)� 8.3 Hz; cis-CO), 199.3 (d, 2J(P,C)� 28.8 Hz; trans-CO),
200.6 (d, 2J(P,C)� 28.7 Hz; trans-CO). 31P{1H} NMR (CDCl3) d� 202.4 (s,
1J(P,W)� 305.1 Hz), 203.0 (s, 1J(P,W)� 305.3 Hz). MS (70 eV, EI), (184W):
m/z (%): 715 (20) [M�.] , 603 (100) [(Mÿ 4CO)� .], 575 (25) [(Mÿ 5CO)� .],
73 (25) [(SiMe3)�]. C23H30N3O6PSi2W (715.5) calcd. C 38.60, H 4.19, N 5.87;
C 38.48, H 4.31, N 5.79.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-4,5-bis(ethoxycarbonyl)-2H-
1,3,2-diazaphosphole-kP]tungsten(0)} (6 l): A solution of 2H-azaphosphir-
ene tungsten complex 1 (0.6 g, 1 mmol) in toluene (3 mL) and ethylcyano
formate (0.4 mL, 4 mmol) was heated at 75 8C for 1.5 h with slow stirring.
Afterwards, the solvent and the trapping reagent were removed in vacuo
and the product separated by low-temperature chromatography of the
residue (Al2O3, ÿ 50 8C, 10� 2 cm, pentane/diethyl ether 90:10) of the
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residue. Crystallisation from pentane at ÿ 20 8C afforded 6 l as dark red
crystals (90 mg, 26%). M.p. 84 8C (decomp). 1H NMR (C6D6): d� 0.21 (s,
18H; SiMe3), 0.88 (t, 3J(H,H)� 7.1 Hz, 6H; CH2CH3), 1.47 (d, 2J(P,H)�
8.0 Hz, 1 H; CH), 3.96 (q, 3J(H,H)� 7.1, 4 H; CH2CH3). 13C{1H} NMR
(C6D6): d� 2.3 (s, SiMe3), 2.4 (s, SiMe3), 13.6 (s, CH2CH3), 21.4 (s, CH), 63.0
(s, OCH2), 157.1 (d, (2�3)J(P,C)� 1.5 Hz; C4, 5), 161.9 (d, 3J(P,C)� 27.5 Hz;
CO2), 195.7 (d, 2J(PC)� 7.7 Hz, 1J(C,W)� 121.0 Hz; cis-CO), 197.8 (d,
2J(P,C)� 25.2 Hz; trans-CO). 31P{1H} NMR (C6D6): d� 184.4 (s, 1J(P,W)�
252.9 Hz). IR (KBr): nÄ� 2076 (s), 1996 (s), 1960 (vs), 1902 (vs), 1880
(s) cmÿ1 (CO); 1742 (s), 1724 (s) cmÿ1 (C(O)OEt); 1607 (w), 1534 (w) cmÿ1


(C�N). MS, (184W): m/z (%): (NH3, pos.-CI) 713 (100) [(M�H)�], 685 (20)
[(M�HÿCO)�]; (NH3, neg.-CI) 711 (20) [(MÿH)ÿ], 552 (100) [(Mÿ
CH(SiMe3)2)ÿ], 324 (30) [W(CO)5


ÿ]. C20H29N2O9PSi2W (712.2) calcd. C
33.71, H 4.16, N 3.93; found C 33.73, H 4.16, N 3.92.


{Pentacarbonyl[2-bis(trimethylsilyl)methyl-3,5-diphenyl-2H-1,4,2-diaza-
phosphole-kP]tungsten(0)} (9): 2H-azaphosphirene tungsten complex 1
(0.6 g, 1 mmol) was dissolved in benzonitrile (3 mL) and heated at 75 8C for
45 min with slow stirring. The product was separated and purified by low-
temperature chromatography of the residue (ÿ 40 8C, 25� 2 cm, hexane/
diethyl ether 97.5/2.5). Crystallisation from pentane at ÿ 20 8C afforded 9
as orange crystals (84 mg, 12 %). M.p. 92 8C (decomp). 1H NMR (CDCl3):
d�ÿ 0.11 (s, 9H; SiMe3), 0.55 (s, 9 H; SiMe3), 1.20 (d, 2J(P,H)� 4.2 Hz, 1H;
CH), 7.56 (mc, 6 H; CHaromatic), 8.27 (mc, 2 H; CHaromatic), 8.53 (mc, 2H;
CHaromatic). 13C{1H} NMR (CDCl3): d� 2.9 (d, 3J(P,C)� 2.2 Hz; SiMe3), 3.7
(d, 3J(P,C)� 3.1 Hz; SiMe3), 18.6 (d, 1J(P,C)� 4.5 Hz; CH), 128.8 (s,
CHaromatic), 128.9 (s, CHaromatic), 130.7 (s, CHaromatic), 131.4 (d, 3J(P,C)�
2.0 Hz; CHaromatic), 132.4 (s, CHaromatic), 132.5 (d, 3J(P,C)� 23.3 Hz; Caromatic),
133.4 (d, 2J(P,C)� 12.5 Hz; Caromatic), 133.6 (s, CHaromatic), 169.5 (d,
(2�3)J(P,C)� 5.1 Hz; C5), 197.2 (d, 2J(P,C)� 6.0 Hz, 1J(C,W)� 126.8 Hz;
cis-CO), 198.5 (d, 2J(P,C)� 22.3 Hz; trans-CO), 202.3 (d, (1�4)J(P,C)�
22.9 Hz; C3). 31P{1H} NMR (CDCl3): d� 110.6 (s, 1J(P,W)� 227.9 Hz). IR
(KBr): nÄ� 2073 (s), 2065 (s), 2001 (s), 1987 (s), 1937 (vs, sh), 1922 (vs) cmÿ1


(CO); 1552 (vw) cmÿ1 (C�N). MS (70 eV, EI), (184W): m/z (%): 720 (10)
[M� .], 664 (100) [(Mÿ 2CO)� .], 580 (25) [(Mÿ 5CO)� .], 477 (35) [(Mÿ
5COÿC7H5N)� .], 461 (35), 293 (25) [(MÿW(CO)5ÿC7H5N)� .], 190 (20)
[(C7H19PSi2)�


.], 176 (55) [(C6H17PSi2)�
.], 73 (95) [(SiMe3)�]. C26H29N2O5P-


Si2W (720.3) calcd. C 43.33, H 4.03, N 3.83; found C 41.65, H 4.62, N 3.11.


Solution and refinement of structures 6c, 8 a and 9 : Crystal data for all
structures are presented in Table 5. Structure determination of 6c: A cut
yellow block was mounted in inert oil and measured by w scans using MoKa


radiation (graphite monochromator) on a Siemens P4 diffractometer. After
absorption correction (q scans) all unique data were used for calculations
(program SHELXL-93[37]). The structure was solved by heavy-atom
method and refined anisotropically by full matrix least squares on F2. All
methyl groups were refined as rigid groups, H8 with a riding model.
Structure determinations of 8a and 9 : A cut pale yellow prism (8 a) or an
orange tablet (9) was mounted in inert oil and measured by w/V scans by
using MoKa radiation (graphite monochromator) on a Stoe STADI-4
diffractometer. After absorption correction (q scans) all unique data were
used for calculations (program SHELXL-93[37]). The structures were solved
by direct methods (8a) or heavy atom methods (9) and refined anisotropi-
cally by full matrix least squares on F2. All hydrogen atoms (except rigid
methyl groups) were refined with a riding model.
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Interaction of Alkali Metal Cations (Li� ± Cs�) with Glycine in the Gas Phase:
A Theoretical Study


Sophie Hoyau and Gilles Ohanessian*


Abstract: The complexes formed by
alkali metal cations (Cat�) and glycine
(Gly) were studied by means of ab initio
quantum chemical methods. Seven types
of Gly ± Cat� interaction were consid-
ered in each case. It was found that in
the most stable forms of Gly ± Li� and
Gly ± Na� the metal ion is chelated
between the carbonyl oxygen and nitro-
gen ends of glycine. For Gly ± K� an
isomer involving complexation with
both oxygens of the carboxylic function
is found to be degenerate with the above
chelate, and becomes slightly more sta-
ble for Gly ± Rb� and Gly ± Cs�. In all
cases, interaction of the ion with the
carboxylate group of zwitterionic gly-
cine is also low in energy. Computed


binding energies (DH298, kcal molÿ1) are
54.5 (Gly ± Li�), 36.3 (Gly ± Na�), 26.5
(Gly ± K�), 24.1 (Gly ± Rb�) and 21.4
(Gly ± Cs�). The values for Gly ± Na�


and Gly ± K� are in good agreement
with recent experimental determina-
tions. For Gly ± Li�, a revised experi-
mental value of 54.0 kcal molÿ1 is ob-
tained, based on the computed complex-
ation enthalpy and entropy of Li� with
N,N-dimethylformamide (51.7 kcalmolÿ1


and 23.8 cal molÿ1 Kÿ1, respectively).
Three isomers among the most stable


of the lithiated dimer Gly ± Li� ± Gly
have been determined and found to
involve local Gly ± Li� interactions anal-
ogous to those in the monomer. How-
ever, the relative energies of the various
isomers show nonnegligible differences
between the monomer and the dimer,
implying that the kinetic method must
be used with care for the determination
of cation affinities of larger molecules.
Finally, the fluxionality of the Gly ± Na�


complex has been considered by locat-
ing the transition states for interconver-
sion of the lowest energy isomers. In
particular it is found that the lowest
isomer can be transformed into the one
involving zwitterionic Gly with a rate-
determining barrier of 20.4 kcal molÿ1.


Keywords: ab initio calculations ´
alkali metals ´ cations ´ gas-phase
chemistry ´ glycine


Introduction


Alkali cations participate in many functions of living systems,
such as the osmotic equilibrium of cells, the electrical
excitability of nerves and muscles, the active transport of
glucides and amino acids, and so forth, through their binding
to proteins.[1] Modeling alkali ± protein complexes requires
that the local interactions between the cation and amino acids
be accurately known.[2] Such knowledge is also important for
the interpretation of the mass spectra of alkali ion ± peptide
complexes. Fragmentations of such complexes, either meta-
stable or under collisional activation, may provide valuable
information on the primary structure of peptides. Interpreta-
tion of mass spectra has invoked many possibilities for the
attachment site(s) of alkali ions on peptides, including the
carboxylate end of zwitterionic peptides,[3] the N-terminal
amino group,[4] carbonyl oxygens,[5] basic sites (if any) on


lateral chains,[4] and various combinations thereof. In fact, it
has also been recognized that mixtures of isomers involving
different types of ion complexation are likely to exist in many
cases.[4d, 5b, 5c] From this breadth of hypotheses it is clear that
the details of cation ± peptide interactions remain largely
unknown.


In the last few years, both experimental and theoretical
techniques have been employed to quantify the interactions in
simpler systems, cationized amino acids in the gas phase.
Experimental affinities of glycine for the lithium,[6] sodium[6, 7]


and potassium[7] cations have been determined. There have
also been several papers devoted to the theoretical descrip-
tion of such systems.[8, 9] The present work aims at providing a
comprehensive and consistent description of the interaction
of all five alkali metal cations (Li� ± Cs�) with glycine. Several
attachment modes have been considered for each of the five
alkali metal ions, leading to accurate affinities involving the
most stable isomer, and to a quantitative description of
several other, low-lying isomers. We use computations on
N,N-dimethylformamide (DMF) and DMF ± Li� to derive
accurate corrections to the published experimental affinity of
glycine for Li�. Overall there is very good agreement between
the experimental and computational affinities of glycine for
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Li�, Na�, and K�. The present work provides the first affinities
of Gly for Rb� and Cs�. We have also considered the
cationized dimer Gly ± Li� ± Gly in order to see if the attach-
ment mode and energetics are similar to those in the
monomer, an assumption underlying the kinetic method[10]


which has been used to determine relative affinity scales of
amino acids to several atomic ions. Finally, we have studied in
detail the isomerization pathways connecting some of the
isomers of Gly ± Na� in order to see the extent to which the
attached ion can sample the various binding sites available in
an amino acid.


Computational Methods


There is a fairly abundant literature, both experimental[11] and computa-
tional,[12] on the conformations of glycine. The most accurate computations
show that the MP2(full)/6-31G* level is a good compromise for obtaining
satisfactory relative energies for the lowest conformers at reasonable
computational cost. This is also true for ligand ± Na� structures in small
complexes.[13] Therefore all Gly ± Cat� geometry optimizations have been
performed at this level. The standard 6-31G* basis exists for H, C, N, O, Li
and Na. For the heavier alkali ions of K, Rb and Cs, similar bases had to be
determined.


For K we started with the basis of Schäfer et al.[14] and adapted the valence
basis for the cation. The geometric mean of the outer two s exponents was
optimized so as to minimize the total Hartree ± Fock energy of NH3 ± K�


while maintaining their internal ratio. This led to zs� 0.0436 and 0.0182. A
single p gaussian was optimized for Gly ± K� and then split into two: the
optimized exponent was taken as the geometric mean, and the internal
ratio was the same as that of the above s gaussians, leading to zp� 0.0831
and 0.0346. Finally a d-type gaussian was optimized for Gly ± K� (zd� 0.36).
Since the heavier alkali metals require the use of relativistic effective core
potentials (RECP), the all-electron and RECP approaches were compared
in the case of Gly ± K�. In the latter case the RECP of Hurley et al.[15] was
used, with their recommended 3s and 3p contractions and the above
optimized split-valence plus polarization basis. The structures of the 1 and 3
isomers (vide infra) were optimized by both methods at the MP2 level, and
found to differ negligibly from one another (by less than 0.01 � and 0.18 in
bond lengths and angles, respectively). In both cases 3 was found to be
lower in energy, with 1 lying higher by 0.3 kcal molÿ1 (all-electron) and
0.1 kcal molÿ1 (RECP). The absolute complexation energy is 33.4 and
33.2 kcal molÿ1 at the all-electron and RECP levels, respectively. Therefore
the RECP approach can be used with confidence for this type of complexes.
For Rb and Cs, we used the recommended contractions for the 4s,4p and
5s,5p gaussians provided with the RECP of LaJohn et al.[16] and Ross
et al. ,[17] respectively, and the valence bases were reoptimized following the
same procedure as for K. Overall these bases and 6-31G* for the lighter
atoms will be denoted basis1. In all cases involving a RECP, the outer core s
and p electrons were included in the MP2 correlation calculations.
Entropies and thermal corrections were based on MP2/basis1 vibrational
frequencies for Gly ± Li� and Gly ± Na�. The analytical calculation of
frequencies is not yet available at the MP2 level if an ECP is involved.
Therefore HF/6-31G* frequencies were used for the heavier alkali metals.
Test calculations for Gly ± K� showed that both sets of frequencies lead to
very similar thermal corrections to binding energies, but that TDS terms at
298 K can be affected by ca. 1 kcal molÿ1.


Extensive test calculations on Gly ± Li� showed that the use of 6-31G* leads
to significant basis set superposition errors (BSSE) and that diffuse
functions are essential to reduce BSSE to typically 4% of the binding
energy. We found that a good compromise between accuracy and
tractability is obtained with 6-311�G(2d,2p).[18a±c] MP4 calculations for
the lowest isomer of each complex showed negligible differences in binding
energies with MP2. Therefore final energetics were computed at the level
MP2/6-311�G(2d,2p)//MP2/basis1. Again the extended basis does not
exist for heavier alkali metals, and similar sets had to be determined. For Li
and Na the 2d polarization set is such that the geometric mean is the 1d
exponent[18d] and the internal ratio is 4.[18e] The same was applied to
generate the 2d sets for K, Rb, and Cs from basis1. Diffuse s and p functions
were also added. The ratios between the outer s and p valence exponents
and that of the diffuse ones in 6-311�G(2d,2p) for the lighter atoms were
averaged, yielding a value of 3.15, which was applied to the outer valence
exponents of basis1 to generate diffuse gaussians for K, Rb, and Cs. These
bases and 6-311�G(2d,2p) for the lighter atoms are herein denoted basis2.
BSSE corrections were computed at the MP2/basis2 level with the standard
counterpoise method. Although this method is known to slightly over-
estimate the corrections, the use of an extended basis leads to corrections
small enough that the counterpoise approximation is satisfactory.


For Gly ± Li� ± Gly the HF/6-31G* level was used for geometry optimiza-
tion in order to keep computations tractable. Given the close similarity
between geometries obtained at the H[9] and MP2 (this work) levels for
Gly ± Li�, this should not be too severe an approximation. Final energetics
were obtained at the MP2/6-31G*//HF/6-31G* level.


Results and Discussion


Structure and binding energies of Gly ± Cat� (Cat�Li ± Cs):


1. Selection of starting structures : Our choice of starting
structures for geometry optimization is analogous to that of
our previous study of copper complexes of glycine,[19] and
benefitted from the extensive exploration of the potential
energy surface by Jensen[9] and by Bouchonnet and Hoppil-


Abstract in French: Les complexes constituØs d�un cation
alcalin (Cat�) et de la glycine (Gly) ont ØtØ ØtudiØs en utilisant
des mØthodes de chimie quantique ab initio. Sept types
d�interaction Gly ± Cat� ont ØtØ considØrØs dans chaque cas.
La structure la plus stable pour Gly ± Li� et Gly ± Na� implique
une chØlation de l�ion mØtallique entre l�oxyg�ne du carbonyle
et l�azote de la glycine. Pour Gly ± K�, un isom�re impliquant
une complexation sur les deux oxyg�nes de la fonction
carboxylique est de meÃme Ønergie que le chØlate prØcØdent, et
devient un peu plus stable pour Gly ± Rb� et Gly ± Cs�. Dans
tous les cas, l�interaction de l�ion avec la fonction carboxylate
de la glycine zwitterionique conduit Øgalement à une structure
de basse Ønergie. Les Ønergies de liaison calculØes (DH298)
valent 54,5 kcal molÿ1 (Gly ± Li�), 36,3 kcal molÿ1 (Gly ± Na�),
26,5 kcal molÿ1 (Gly ± K�), 24,1 kcal molÿ1 (Gly ± Rb�) et
21,4 kcal molÿ1 (Gly ± Cs�). Les valeurs pour Gly ± Na� et
Gly ± K� sont en bon accord avec deux mesures expØrimentales
rØcentes. Pour Gly ± Li�, une valeur expØrimentale rØvisØe de
54,0 kcal molÿ1 a ØtØ obtenue en utilisant les valeurs calculØes
de l�enthalpie et l�entropie de complexation de Li� avec le N,N-
dimØthyle formamide (51,7 kcal molÿ1 et 23,8 cal molÿ1 Kÿ1


respectivement). Trois isom�res parmi les plus stables du
dim�re lithiØ Gly ± Li� ± Gly ont ØtØ calculØs; ils impliquent des
interactions locales Gly ± Li� analogues à celles des monom�-
res. Cependant les Ønergies relatives des diffØrents isom�res
prØsentent des diffØrences non nØgligeables entre le monom�re
et le dim�re. La mØthode cinØtique doit donc eÃtre utilisØe avec
prØcaution pour dØterminer les affinitØs cationiques de molØ-
cules plus grandes. Finalement, la fluxionnalitØ du complexe
Gly ± Na� a ØtØ ØtudiØe en localisant les Øtats de transition de
l�interconversion des isom�res de basse Ønergie. En particulier,
la plus haute barri�re au cours de la transformation de
l�isom�re le plus bas en celui impliquant la glycine zwitterio-
nique est de 20,4 kcal molÿ1.
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liard.[8] It is based on the combination of two criteria. On the
one hand, binding of Cat� to a neutral molecule mainly
involves electrostatic interactions. The most favorable binding
sites are therefore the electron-rich, negatively charged
nitrogen and oxygens. Thus the first criterion is the max-
imization of such interactions through polydentate binding.
On the other hand, the lowest conformations of the free
amino acids are partly determined by the strength of intra-
molecular hydrogen bonds. Therefore the second criterion is
to retain hydrogen bonding as much as possible.


Eight types of initial structures have been chosen. Most
involve complexation to the neutral form of glycine because
of its stability relative to the zwitterion.[20] However, the
strong ionic interaction between Cat� and the negatively
charged end of the latter could be competitive and was
therefore also considered.


As shown in Figure 1, the selected structures involve five
different modes of complexation:
1) On all three basic sites of neutral glycine. If Cat� is placed


above the OCO plane, it can interact with both oxygens
and at the same time with nitrogen.


2) On nitrogen and one of the oxygens of neutral glycine,
either the carbonyl or hydroxyl one.


3) On both oxygens of neutral glycine, with two possible
orientations of the amino group.


4) On both oxygens of zwitterionic glycine. If a N ± H ´´´ O
bond is maintained, this corresponds to a single structure.


5) On a single basic site: if on nitrogen, by attaching Cat� to N
in the most stable conformation of glycine. If on oxygen,
this was done by attaching Cat� to the carbonyl oxygen in
the most stable conformation which does not bear a O ±
H ´´´ O bond.


There are other low-lying isomers for such complexes, as
shown by the somewhat more extensive exploration of the
PES of Gly ± Li� and Gly ± Na� by Jensen at the HF/6-31G*
level.[9] We have not tried to characterize all minima
thoroughly, as this turned out to be a rather tedious task.
We made sure that several (at least three) lowest isomers were
included in the present study. In only one case, Gly ± Na�, did
we locate more minima as part of a study of the interconver-
sion between these isomers (see Interconversion of Gly ± Na�


isomers).
No attempt was made to insert the ions into one of the


covalent bonds of glycine, based on the neutralization ± re-
ionisation results of Polce et al. for Gly ± Na�,[21] and on the
exclusive loss of Cat� in the metastable decompositions of
Gly ± Cat� with all five alkali metals,[8] which is most
consistent with a simple complexation, whereas an intense
formation of CH2NH2


� is observed with Gly ± H�, indicating
that some form of bond activation has occurred.


2. Structures and relative energies of Gly ± Cat� isomers :
Optimized structures for several low-lying isomers of Gly ±
Li� and Gly ± Na� have been previously reported at the HF/6-
31G*[9] and HF/3-21G[8] levels. Our MP2/6-31G* structures
are close enough to these that only the structures of the lowest
isomers are provided in Figure 2 (relative energies of all
isomers are reported in Table 1). Both correspond to chela-
tion of the cation between the amino end and the carbonyl


Figure 1. Isomers of Gly ± Cat� considered.


Figure 2. Optimized structures for the most stable isomer of Gly ± Li� and
Gly ± Na� at the MP2/basis1 level.
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oxygen. They are quite similar to the HF/6-31G* structures
reported by Jensen:[9] in Gly ± Li� 1 the Li ± O distances are
1.864 and 1.900 � at the HF and MP2 levels, respectively,
while the Li ± N distances are 2.086 and 2.079 �. In isomer 3,
where Cat� is bound to both oxygens of the acid function, the
short Li ± O distances are 1.788 and 1.821 � at the same levels.
In fact the motivation for our use of MP2 wavefunctions for
geometry optimization is the desire for high accuracy in Gly ±
Cat� binding energies (see next section).


For Gly ± K� computational results have been obtained
previously at the MP2/6-31G*//HF/3-21G level,[8b] but few
structural details were reported. For Gly ± Rb� and Gly ± Cs�,
we are not aware of any previous study. Therefore MP2/basis1
structural parameters of all isomers optimized for Gly ± K�,
Gly ± Rb�, and Gly ± Cs� are reported in Figures 3, 4, and 5,


Figure 3. Optimized structures for the isomers of Gly ± K� at the MP2/
basis1 level.


Figure 4. Optimized structures for the isomers of Gly ± Rb� at the MP2/
basis1 level.


respectively, and the corresponding relative energies are
gathered in Table 1. A low-energy isomer in all cases is 1,
which involves chelation of the metal ion between the amino
and carbonyl ends of glycine. This structure is well known for
many metal ± peptide complexes in solution.[22] Here glycine
behaves as a cation clip, provided that the cation remains
relatively small. However, the average cation-binding site
distances increase sharply down the periodic table, from ca.
2 � (Li�) to 3 � (Cs�). This destabilizes the five-membered
ring formed in 1 relative to other isomers in which little
structural distortion of glycine is necessary to accommodate
bigger ions, such as isomer 3. In this case, the ion interacts with
the carboxylic acid function. While structure 3 lies 10.8 and
3.8 kcal molÿ1 higher in energy than 1 for Gly ± Li� and Gly ±
Na� respectively, the structures are degenerate for Gly ± K�


and 3 becomes marginally more stable for Gly ± Rb� and
Gly ± Cs�. In fact the interaction of Cat�with the acid function
generates two energy minima, 3 and 4. Because the H-
bonding scheme in 4 requires inversion at ammonia, the
global dipole moment of glycine has a smaller magnitude and
different orientation than in 3, leading to a much less
favorable interaction with Cat�. The relative energies of 3
and 4 remain fairly similar across the whole alkali metal series.
This similarity also holds for the two structures in which a
pseudo-five-membered ring is formed, 1 and 2. In the latter
the ion is attached to the amino and hydroxy ends of glycine,
rather than the amino and carbonyl in 1. It lies 7 ± 9 kcal molÿ1


Table 1. Relative energies of Gly ± Cat� (Cat�Li ± Cs) isomers at the
MP2/basis1 level.


Isomer Gly ± Li� Gly ± Na� Gly ± K� Gly ± Rb� Gly ± Cs�


1 0.0 0.0 0.1 (0.9)[a] 0.8 1.6
2 9.0 8.3 7.9 8.2 8.9
3 10.8 3.8 0.0 0.0 0.0
4 24.7 16.8 12.1 12.0 11.7
5 22.4 15.9 11.9 11.3 11.1
6 3.3 1.4 (2.7)[a] 1.9 2.3 3.3
7 11.3 NS[b] NS[b] NS[b] NS[b]


[a] Relative energy at the MP2/basis2 level including correction for BSSE.
[b] No minimum of this type was obtained.
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higher than 1 for the whole series. If the interaction of Cat� is
restricted to the most basic site of glycine, the amino end as in
5, the results in Table 1 show that a much less favorable
binding energy is obtained. At the other extreme, complex-
ation on nitrogen and both oxygens requires a 908 rotation
around the C ± C bond of glycine; no minimum was found for
this type of structure, and geometry optimization collapsed
onto isomer 1. These results confirm that multidentate
binding is preferred as long as it does not require extensive
structural distorsions of glycine.


It can be seen that isomer 6, which involves binding of Cat�


to the carboxylate group of zwitterionic glycine, is of low
energy in all cases. In fact, it is so close to 1 for Gly ± Na� that
the accuracy of MP2/basis1 relative energies may be ques-
tioned. Therefore we have recalculated the energy of Gly ±
Na� 6 relative to 1 at the MP2/basis2 level. It is found to be
2.7 kcal molÿ1, somewhat larger than with MP2/basis1, and
remains unchanged after correction for BSSE. Thus it is likely
that the true 0 K structure is of type 1. This conclusion appears
to be at variance with that drawn from recent H/D exchange
experiments involving Gly ± Na� and ND3


[26] or D2O.[27] In fact
the contradiction may only be apparent, as discussed in detail
below in Interconversion of Gly ± Na� isomers.


3. Computation of glycine affinity for Cat� (Cat�Li ± Cs):
The isomer of lowest energy was considered in each case, that


is, Gly ± Li� 1, Gly ± Na� 1 and 6, Gly ± K� 1 and 3,
Gly ± Rb� 3, and Gly ± Cs� 3. It is well known that
computations of binding energies using intermedi-
ate-sized basis sets are plagued with basis set
superposition errors (BSSE). Our MP2/basis1 re-
sults fully support this trend, with counterpoise
BSSE values computed at the MP2 level as large as
7.0 kcal molÿ1 for Gly ± Li�. We have chosen to use
significantly larger bases for the final computation
of binding energies (see the description of basis2 in
Computational Methods), but even with the
latter, BSSE corrections must be considered
(2.0 kcal molÿ1 for Gly ± Li�). Zero-point vibrational
energy (ZPVE) or thermal corrections at 298 K may
then be used to obtain 0 K or 298 K affinities.
Typical values for the thermal corrections at 298 K
are 1.9 and 1.5 kcal molÿ1 for Gly ± Li� and Gly ±
Na�, respectively. Complexation entropies (see
Table 2) are also calculated from the vibrational
frequencies.


For Gly ± K� computations were carried out for
both isomers 1 and 3. MP2/basis2 results corrected
for BSSE and thermal contributions led to 3 being
more stable than 1 by 0.9 kcal molÿ1. Although such
a small difference is not significant, we use structure
3 to derive a computed affinity of Gly for K�.


4. Comparison with experimental affinities : Two
different methods have been used to derive exper-
imental Gly ± Cat� binding energies. Kebarle et al.
formed cationized Gly ± Na� and Gly ± K� in an
electrospray source and used a triple quadrupole
instrument to determine the appearance threshold


of Cat� under collisional activation of Gly ± Cat�.[7] This
method requires theoretical modeling of the variation of the
cross-section for dissociation to Cat��Gly as a function of
kinetic energy.[23] A completely different approach was used
by Bojesen et al.[6] who used the kinetic method of Cooks and
coworkers.[10] A cationized dimer of two molecules M1 and M2


is formed and its metastable or collision-induced dissociations
are used to obtain relative affinities of M1 and M2 for Cat�. In
order to obtain an absolute affinity of Gly for Cat�, a
cationized dimer with a reference molecule of known affinity
for Cat� must be generated. This was obtained with Li�, with
N,N-dimethylformamide (DMF) as the reference base.


Figure 5. Optimized structures for the isomers of Gly ± Cs� at the MP2/basis1 level.


Table 2. Binding energies (De, D0 , and D298) in kcal molÿ1, entropies in
cal molÿ1 Kÿ1, and free energies in kcal molÿ1 of Gly ± Cat� (Cat�Li ± Cs) at
the MP2/basis2//MP2/basis1 level including BSSE.


Isomer Gly ± Li� 1 Gly ± Na� 1 Gly ± K� 3 Gly ± Rb� 3 Gly ± Cs� 3


De 56.4 37.8 27.4 25.2 22.5
D0 54.0 36.2 26.7 24.6 21.9
DH298 54.5 36.3 26.5 24.1 21.4
Exptl DH298 54.0[a] 40.1[a] ± ± ±


± 36.6� 2.3[b] 30.0� 2.3[b] ± ±
DS 28.2[c] 27.8[c] 24.8,[c] 21.8[d] 20.8[d] 19.5[d]


DG298 46.1 28.0 19.1 17.9 15.6


[a] Revised value based on ref. [6] and computations of DMF and DMF ± Li�


(see text). [b] Ref. [7]. [c] Based on MP2/6-31G* frequencies. [d] Based on HF/
6-31G* frequencies.
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DMF ± Li� ± Ala and Ala ± Li� ± Gly dimers were used to
generate an affinity of Gly relative to that of DMF. However
the affinity of DMF for Li� (50 kcal molÿ1) has never been
measured directly, but is the conjunction of an affinity of
34 kcal molÿ1 of H2O and several equilibrium measurements
of the type described by reaction (1).[24] Since this is a fairly


M1 ± Li��M2 > M2 ± Li��M1 (1)


indirect determination, the experimental error bar is difficult
to evaluate but might be expected to be large. We have
therefore computed DMF and DMF ± Li� at the MP2/basis2//
MP2/basis1 level (including BSSE at the MP2/basis2 level) in
order to obtain an improved affinity of DMF for Li�. The
optimized structures of DMF and DMF ± Li� are shown in
Figure 6. The 298 K affinity so obtained is 51.7 kcal molÿ1. This


Figure 6. Optimized structures of DMF and DMF ± Li� at the MP2/basis1
level.


is 1.7 kcal molÿ1 larger than the previously assumed value,
leading in turn to an upward revision of the affinity of Gly for
Li�. There is another incentive for these calculations. The
kinetic method assumes that the binding characteristics of M1


and M2 to Cat� are sufficiently similar that no relative
dissociation entropy need be taken into account. In other
words, the measured differences of free energies of binding
are considered to be equal to the differences of binding
enthalpies. It is not obvious, however, that complexation on a
carbonyl function only (as in DMF ± Li�, see Figure 6)
involves an entropy similar to bidentate complexation be-
tween amino and carbonyl groups (as in Gly ± Li�, see
Figure 2). Cerda and Wesdemiotis[25] have recently derived a
modified kinetic method to take such differences into
account. Using the formulae obtained by these authors, we
have used the computed TDS terms for bonding of Gly and
DMF to Li� (ÿ8.4 and ÿ7.1 kcal molÿ1 at 298 K, respectively)
to transform the measured relative free energies into relative
enthalpies. With both of these corrections, the revised affinity
of glycine for Li� is 54.0 instead of 51.0 kcal molÿ1. There is
very good agreement between this revised value and our
direct computations. It should be noted that this assumes an
experimental temperature of 298 K, while the ions do not
have a defined temperature in the conditions used. In order to
quantify the impact of temperature on our entropy correc-
tions, we also calculated them at 500 K and 800 K, in the range
of effective temperatures determined by Cerda and Wesde-
miotis for nucleobases studied in analogous conditions.[25] The
resulting revised affinity of glycine for Li� is 54.9 kcal molÿ1 at
500 K and 56.2 kcal molÿ1 at 800 K.


The MP2/6-31�G*//HF/6-31G* complexation energy of
Jensen is slightly higher than ours, 58.4 kcal molÿ1. The
probable reason for this overestimation is the lack of BSSE
correction. Based on our computed affinity of Gly and the
relative affinities obtained by Bojesen et al. ,[6] affinities of
alanine (Ala) and valine (Val) for Li� are 55.5 and
57.5 kcal molÿ1 at 298 K, respectively.


For sodium, no cationized dimer with a reference base of
known sodium affinity could be obtained.[6] The authors
circumvented this problem by noting that several molecule ±
Na� binding energies appear to be close to 75 % of the
corresponding molecule ± Li� binding energies, and used 75 %
of their affinity of Ala for Li� as the affinity of Ala for Na�.
Using the relative sodium affinities of Ala and Gly deter-
mined by the kinetic method, this yields an affinity of Gly for
Na� of 37.9 kcal molÿ1. With our revised affinity of Gly for Li�,
this value becomes 40.1 kcal molÿ1, in moderately good agree-
ment with our computations. However, this experimental
value is only approximate, so that the computed value is
probably more reliable. This conclusion is supported by the
very good agreement of our computational results with the
threshold dissociation energy value of Kebarle et al.[7] of
36.6 kcal molÿ1. The MP2/6-31�G*//HF/6-31G* value of
Jensen is slightly higher, 38.5 kcal molÿ1, again because no
BSSE correction was included.


It should be noted that the error bar of the latter
experimental value, 0.1 eV or 2.3 kcal molÿ1, is a theoretical
one due to the uncertainty in the curve-fitting procedure.
Another uncertainty arises from the treatment of metastable
ions. From the results in ref. [7] (see Table 1 of this paper), this
uncertainty amounts to ca.� 0.5 kcal molÿ1. Finally, purely
experimental uncertainties such as the energy spread of
parent ions should be added.[26] Therefore the nearly perfect
agreement with our computed value, for which an uncertainty
of about 2 kcalmolÿ1 may be hypothesized, is partly fortuitous.


These authors also derived an affinity of Gly for K� of
30.0 kcal molÿ1, in somewhat less impressive agreement with
our computed value of 26.5 kcal molÿ1. Given the uncertain-
ties in both the computed and experimental values recalled
above, these values are still in reasonable agreement with
each other.


5. Structure of cationized dimer Gly ± Li� ± Gly : Together
with threshold collision-induced dissociation, the kinetic
method[10] is one of the most widely used ways to determine
binding enthalpies. As discussed above for Gly ± Li� and
Gly ± Na�, one of the prerequisites for this method to yield
accurate enthalpies is that either complexation of both
molecules involved in the cationized heterodimer have similar
entropies, or else that the entropy difference be evaluated
with respect to a reference molecule of known complexation
entropy. However, there is another requirement for the
kinetic method, which is that the binding mode of the
molecule of interest be the same in the cationized monomer
and heterodimer. For large cases, binding in the heterodimer
may lead to steric repulsions between the two molecules,
which could be relieved by a different, less polydentate
binding of one or both of the molecules. In such cases, the
binding enthalpy derived from the kinetic method would
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pertain to a ªhighº-energy isomer of the cationized monomer,
and might therefore be flawed. We have addressed this issue
in the case of two amino acids attached to an alkali cation,
taking lithium as the smallest, therefore leading to closer
interaction between the two molecules. As a first approach to
the problem, the homodimer Gly ± Li� ± Gly was considered.
One should bear in mind that this may not be the ultimate test
of the kinetic method, since lateral chains of larger amino
acids are able to fold toward the metal ion for tridentate
binding, leading to higher steric congestion than bidentate
binding as with glycine.


Computations were carried out on three Gly ± Li� ± Gly
isomers (see Figure 7). The first, denoted 1_1, involves two


Figure 7. Optimized structures for the isomers of Gly ± Li� ± Gly at the HF/
basis1 level.


glycine molecules interacting with Li� as in the most stable
isomer of Gly ± Li� 1, through chelation between nitrogen and
the carbonyl oxygen. In the second, denoted 1_3, one of the
glycines has the same binding mode as above, while the
second interacts with the cation through both oxygens, as in
Gly ± Li� 3. The latter structure should be less sterically
demanding than the cyclic structure of 1. The third isomer,
1_6, again has one of the glycines attached to Li� as in 1, while
the second is in the zwitterion form. Given the size of the
dimers, calculations were carried out at the MP2/6-31G*//HF/
6-31G* level. The optimized geometries displayed in Figure 7


show that the binding of both glycines in 1_1 is very similar,
and also similar to that in the monomer. Li ± O and Li ± N
bonds are slightly longer in the dimer than in the monomer.
The structure is pseudotetrahedral around Li�. In 1_3 one of
the glycines binds to lithium with a geometry very similar to
the above, while the second is attached only through the
carbonyl oxygen, corresponding to Gly ± Li� 7. It should be
remembered that at the HF/6-31G* level, 7 is a minimum
while 3 is not in the monomer (both minima exist at the MP2
level only, with 3 being 0.5 kcal molÿ1 more stable than 7). In
1_6 the structure is again nearly tetrahedral around the
lithium, and the zwitterionic Gly has slightly larger Li ± O
distances than in the monomer. The energies of 1_6 and 1_3
relative to 1_1 are 6.1 and 7.7 kcal molÿ1 respectively at the
MP2/6-31G*//HF/6-31G* level, while those of 6 and 7 relative
to 1 are 4.1 and 11.8 kcal molÿ1 in the monomer.[9] This shows
that relative energies are significantly different in the mono-
mer and in the dimer, with 6 being disfavored and 7 favored
relative to 1 in the dimer. These differences are due at least in
part to differences in the amount of charge transfer from Gly
to Li� in 6, in which it is larger than in 1, in which in turn it is
larger than in 7. The larger the charge transfer, the larger the
decrease in binding energy induced by the second glycine
ligand. The computed differences between the monomer and
the dimer are such that one can anticipate an energy reversal
between isomers if they have different electronic and/or steric
demands and lie close in energy in the monomer. This may
well happen for amino acids with long side chains, for which
strong tridentate binding can be anticipated. If, however, the
dimer ions have enough internal energy to isomerize prior to
or during dissociation, the monomer fragments may be
formed in their lowest energy isomers, and relative binding
energies determined by the kinetic method are correct.


Interconversion of Gly ± Na� isomers : There is a wealth of
results in the literature on the fragmentation of sodiated
peptides under collisional activation.[3±5] In many cases the
observed dissociation pathways have been associated with the
postulated binding site of Na�. In fact, it has been often
assumed that the cation binding site could be inferred from
the observed fragmentations. This implies that the most stable
and most reactive (under collision) isomers be the same, an
assumption known to be often wrong in solution phase
organic chemistry, or else that interconversion between both
is unfeasible. In order to evaluate the validity of this
assumption, we have undertaken a study of the interconver-
sion of Gly ± Na� isomers.


Another impetus for this study comes from recent experi-
ments which have suggested that when sodiated glycine
oligopeptides Glyn ± Na� ions (n� 1 ± 5) undergo reaction
with deuterating agents such as D2O[26] or ND3,[27] the
numbers of fast and slow H/D exchanges observed are
characteristic of certain types of structures for the initial
Glyn ± Na� ions. If, for example, Gly ± Na� undergoes three
fast exchanges with D2O or ND3, it might be anticipated that
all three exchangeable hydrogens of Gly are equivalent and
easily available, as in the zwitterion. This suggests that the
isomer involved (thus the most stable one) is Gly ± Na� 6. If,
on the other hand, two fast and one slow H/D exchange are
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observed, then neutral glycine should be
involved, most probably in structure
Gly ± Na� 1. Experiments show that
three fast exchanges occur in the Gly ±
Na�/D2O or Gly ± Na�/ND3 system, con-
sistent with structure 6. Our computa-
tions are consistent with the reverse
ordering of Gly ± Na� 1 and 6, but with
a rather small energy difference. Al-
though such small differences might lead
to long debate about the reliability of
computations, we would like to show that
the experimental methods used may not
provide structural information in such
cases. Our point is that if interconversion
of Gly ± Na� isomers, particularly be-
tween 1 and 6, does not involve high
energy barriers, then the necessary en-
ergy for isomerization may well be
provided by the initial complexation
energy between Gly ± Na� and D2O or
ND3.


We have determined an energy profile
connecting Gly ± Na� 1 to 6. Calculations
were run at the MP2/6-31G* level. Opti-
mized structures are shown in Figure 8
and the energy profile in Figure 9. The
path starts from 1 by a 1808 rotation
around the C ± OH bond, leading to
Gly ± Na� 8 through the transition state
TS 1 ± 8. It is followed by migration of
Na� from one side of the carbonyl group
to the other, forming Gly ± Na� 9 via
TS 8 ± 9. The next step is inversion of
nitrogen pyramidalization from 9 to TS
9 ± 4 to 4. A 1808 rotation around the C ±
C bond links 4 to 3 via TS 4 ± 3. Finally,
proton transfer can occur from oxygen to
nitrogen, yielding the zwitterion in 6
through TS 3 ± 6. While the energy differ-
ence between 3 and TS 3 ± 6 is
1.9 kcal molÿ1 on the electronic surface,
it goes to zero when ZPVE corrections
are taken into account (see Figure 9). As
could be expected, the highest two
energy barriers relate to 4, the highest lying minimum along
the way. The highest of the transition states, TS 4 ± 3, lies
18.7 kcal molÿ1 higher than the global minimum 1.


Other paths from 1 to 6 are conceivable. For instance
rotation around the C ± OH and C ± N bonds and migration of
Na� could occur concertedly, leading directly from 1 to 4. All
attempts to locate the corresponding transition state failed.
Since the potential energy surface for complexation bears
many local minima, it is difficult to identify such a TS without
ambiguity. In any case the highest energy region is in the
vicinity of 4, and a direct path from 1 to 4 would not change
the rate-determining barrier significantly. Yet another possi-
bility would be to avoid sampling this high-energy region by a
rotation around the C ± C bond occurring concertedly with


cation migration. Attempts in this direction were also
unsuccessful.


Our own computations of the complexation energies of
water and ammonia with sodium[13] yield 30.5 and
34.4 kcal molÿ1 at the same level (more accurate calculations
converge to 23.9 and 27.5 kcal molÿ1, respectively). It it likely
that this enthalpy is slightly smaller when Gly is also attached
to Na�, based on the recent determinations of successive
binding energies of ethers to Na�,[28] and of water to Li�.[29]


However it remains likely that the interaction energy between
Gly ± Na� and either D2O or ND3 is large enough to induce
fast isomerization between Gly ± Na� isomers. It remains to be
determined how the competition of H/D exchange and
isomerization of Gly ± Na� takes place. If the latter is fast


Figure 8. Optimized structures for the minima and transition states on the Gly ± Na� potential energy
surface at the MP2/basis1 level.
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enough, the observation of three equivalent H/D exchanges
does not discriminate between 1 and 6. Therefore we conclude
that the above experiments do not necessarily provide specific
information regarding the lowest energy structure of Gly ±
Na�. This is all the more true as complexation of Gly ± Na� by
either D2O or ND3 may easily change the relative energies of
the lowest lying isomers. In contrast, this method should be
useful in cases where the energy difference between isomers
involving neutral and zwitterionic isomers is larger.


The calculations described herein emphasize the difficulty
in connecting directly the fragmentations observed under
collisional activation of sodiated amino acids and peptides
with the initial, most stable site of sodium fixation to the
peptide. Indeed, collisional activation provides much more
energy than needed to isomerize Gly ± Na�. It is even likely
that selected ions have enough internal energy before colli-
sional activation to exist in a mixture of isomers. If, for
instance, a zwitterionic isomer is initially formed, easy proton
transfer may occur back and forth between the initially
protonated site and the carboxylate end, provided that they
can readily come close to one another as in Gly or if long,
basic side chains are involved.
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Solid-Phase Syntheses of Peptoids using Fmoc-Protected N-Substituted
Glycines: The Synthesis of (Retro)Peptoids of Leu-Enkephalin and
Substance P
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Abstract: A particularly interesting
class of oligomeric peptidomimetics is
formed by the peptoids, which consist of
N-substituted glycine residues. A solid-
phase synthesis method for peptoids is
presented in which these residues are
introduced using their Fmoc derivatives.
This ªmonomerº method allowed the
monitored synthesis of relatively large
quantities of pure peptoids as well as
the translation of, in principle, any pep-
tide into the corresponding peptoid.
The required Fmoc-substituted glycines


were accessible by convenient synthesis,
and a number of monomers including
those containing side chains with func-
tional groups have been synthesized.
The use of Fmoc monomers also allowed
implementation of a solid-phase synthe-
sis protocol on a commercial peptide
synthesizer. The method was exempli-


fied by the solid-phase syntheses of the
(retro)peptoids of Leu-enkephalin and
substance P. Mass spectrometric studies
of (retro)peptoids were essential for
their characterization, and the presence
of the B- and Y''- type ions allows
sequence analysis. Substance P (retro)-
peptoids were biologically active. HPLC
analysis showed an increased hydropho-
bicity, and pepsin treatment resulted in
greatly reduced degradation compared
with the corresponding peptide.


Keywords: mass spectrometry ´
peptidomimetics ´ peptoids ´ solid-
phase synthesis ´ substance P


Introduction


Peptides and proteins play a crucial role in virtually all
biological processes. In fact it is difficult, if not impossible, to
name any biological process which does not involve these
biopolymers. Peptides especially, which are usually smaller
than proteins, are often important starting structures for the
development of potential therapeutic agents.[1]


Since the application of peptides as drugs has been
hampered, for example, by poor bioavailability and biode-
gradation by proteases, the development of peptidomimetics
aiming at the remedy of these disadvantages while retaining
biological activity has been spectacular. The oligomeric
peptidomimetics are particularly interesting in this respect,
since they provide access to an enormous molecular diversity


by variation of the building blocks. The first and perhaps most
well-known class of oligomeric peptidomimetics is composed
of the peptoids, which consist of N-substituted glycine
derivatives.[2, 3] The structural differences between a peptide
and a peptoid are a consequence of the use of these building
blocks and are readily apparent from the general structures of
a peptide, peptoid, and retropeptoid depicted in Figure 1.
Most striking is the absence of chirality in the N-substituted
glycine residues, with the exception of proline. In a manner of
speaking, one might consider peptoids as peptide mimics in
which the side chain has been shifted from the chiral a-carbon
atom in a peptide to the achiral nitrogen. Undoubtedly, this
will have consequences for the biological activity of a
(retro)peptoid compared with that of the parent peptide,
but predictions as to the exact nature of these consequences
will be difficult. For evaluation, several (retro)peptoid
peptidomimetics of biologically active peptides have to be
synthesized. The preparation of several biologically active
peptoids has indeed shown that they are attractive and
promising peptidomimetics in this respect.[2, 4, 5]


In contrast to the biological activity, direct consequences of
the physical and chemical properties of peptoids can be more
safely predicted. The absence of an amide N ± H, which can
act as a hydrogen-bond donor, is likely to decrease the
solubility in a solvent capable of hydrogen-bond formation
and increase the solubility in a more apolar solvent. The
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Figure 1. General structures of a peptide, peptoid, and retropeptoid.


presence of tertiary amide bonds, which are also present in
proline-containing peptides, will result in the presence of
(many) cis/trans rotamers due to rotation about each tertiary
amide bond in a peptoid, thereby severely complicating the
NMR spectra.[6]


Finally, it is also realistic to assume that peptoids, because of
the absence of a recurrent peptide ± amide bond, will be less
sensitive to proteolytic degradation. Indeed, this has been
proven to be the case in the examples so far studied.[7]


As part of a program to study the structural characteristics
(by X-ray, NMR, MS, and computer-assisted molecular
modeling) as well as the biological properties of peptoids,[8, 9]


we are interested in the synthesis of relatively large quantities
of pure peptoids. In addition, we want to be able to translate
in principle any peptide into the corresponding peptoid using
a fully automated peptide synthesizer, with the ultimate goal
of creating combinatorial oligomeric libraries for structure ±
activity relationship studies and drug discovery.


Results and Discussion


Zuckermann and colleagues have described the submonomer
approach for the synthesis of peptoids (Scheme 1).[4a] Each
cycle of monomer addition consists of an acylation step (step
1; backbone formation) and a nucleophilic displacement step
(step 2; side-chain introduction). This method is very attrac-
tive because the separate monomers for building the peptoid
do not have to be synthesized, and in principle any arbitrary
amine can be employed in the synthesis of peptoids. While this
approach may be the method of choice when small quantities
of peptoids present in large libraries of relatively small
peptoids (e.g. tripeptoids) are needed, it suffers from the
disadvantage that large excesses of reagents (e.g. the amines)
have to be used and that completion of the acylation and
substitution reactions cannot be determined;[4a, b] this is
essential for preparation of larger peptoids of reasonable
purity.


On the basis of present-day peptide synthesis in which
Fmoc-protected amino acids are often used,[10] employing
Fmoc-protected N-substituted glycine derivatives seems a
very attractive approach for synthesizing peptoids both in
solution and on the solid phase (Scheme 1). With this


Scheme 1. Submonomer vs. monomer approach to the synthesis of
peptoids.


monomer approach, which is analogous to peptide synthesis,
considerable quantities of pure and relatively large peptoids
should be accessible while progress of their synthesis on the
solid phase can be monitored by quantifying the dibenzoful-
vene adduct obtained after cleavage of the Fmoc group
(Scheme 1).[10] A both practical and important advantage of
using the monomer approach is the easy implementation of
the synthesis protocol for peptides on commercial automated
peptide synthesizers. It is also possible to prepare peptide ±
peptoid hybrids as well as complete peptoids on these
apparatus by means of essentially the same synthesis protocol,
but with Fmoc-peptoid monomers and a more powerful
coupling agent.


Our targets were the syntheses of both the peptoids (2 and
5) and retropeptoids (3 and 6) of Leu-enkephalin (1) and
substance P (4 ; Figure 2). Leu-enkephalin (YGGFL) is
representative of the endogenous opioid peptides, which act
like opiates in biological systems. They display high affinity to
and moderate selectivity for d-opioid receptors.[11] The neuro-
peptide substance P, a member of the tachykinin family,
functions as a neurotransmitter or neuromodulator in the
central and peripheral nervous systems. Substance P (SP) is
generally associated with physiological events leading to pain
and inflammation.[12] These peptides were chosen in view of
our interest in neuropeptides. We considered the relatively
small Leu-enkephalin as the try-out sequence of our solid-
phase synthesis method for the preparation of a (retro)pep-
toid. In contrast, the larger and more complicated sequence of
Substance P was a particular challenge for translation to the
corresponding (retro)peptoid peptidomimetics because it
contains a considerable number of amino acids with side
chains containing a functional group.


The required N-substituted glycine derivatives, denoted as
peptoid monomers, for the solid-phase synthesis of Leu-
enkephalin were NTyr, NPhe, and NLeu.[13] The syntheses of
NPhe and NLeu as well as other peptoid monomers contain-
ing nonfunctional side chains are straightforward and are
shown in Scheme 2. The amines which have to be used in the
substitution reaction, involving ethyl bromoacetate, are often
commercially available. Thus, appropriate amines 7 a and 7 b
were alkylated with ethyl bromoacetate 8 to afford the N-
substituted glycine ethyl esters 9 a and 9 b. Neither dialkyla-
tion nor aminolysis of the ester in the substitution reaction
was observed. The use of ethyl bromoacetate 8 instead of the
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free acid allowed easy purificationÐif necessaryÐby column
chromatography. Subsequently, esters 9 a,b were saponified
with Tesser�s base.[14] The amino groups of the
resulting sodium salts were protected with a
Fmoc group to provide the peptoid monomers
10 a,b required for the syntheses of the peptoid
and retropeptoid of Leu-enkephalin.[15] How-
ever, the amine 7 f necessary for preparation of
NTyr had to be synthesized (Scheme 2). Start-
ing from 4-hydroxybenzonitrile 11 the OH-
function was protected as a tert-butyl ether
using tert-butyl trichloroacetimidate 12,[16] after
which the nitrile group was reduced to the
desired benzylamine 7 f. Substitution, followed
by saponification, and Fmoc-group attachment
gave the NTyr peptoid monomer 10 f used in
the solid-phase protocol.


In an earlier paper we showed that synthesis
of peptoids in solution went well with PyBroP
as a coupling reagent.[5a] Therefore, this cou-
pling reagent was also used in the solid-phase
syntheses of both the peptoid 2 and retropep-
toid 3 of Leu-enkephalin 1 (Scheme 3). Starting
with TentaGel SRAM resin, containing the
acid-labile Rink-linker to be used for the
preparation of a C-terminal amide,[17, 18] the
peptoid was assembled in six consecutive Fmoc-


cleavage-coupling cycles, the cleavage step of which could be
monitored by UV. A more or less constant high level of Fmoc


Figure 2. Acetylated Leu-enkephalin amide (1), its corresponding peptoid 2, and retropeptoid 3 ; acetylated substance P (4), its corresponding peptoid 5, and
retropeptoid 6.


Scheme 2. Preparation of monomers required for the syntheses of (retro)peptoids of Leu-
enkephalin and substance P.
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cleavage is a good indication for high-yielding coupling steps.
These are shown in Scheme 3, indicating that the solid-phase
peptoid synthesis went very well. For the purpose of
comparison of mass spectra, the retropeptoid 3 was also
synthesized starting from the peptoid monomer on the N-
terminus of the peptoid 2 just synthesized. Peptoid 2 and
retropeptoid 3 were obtained after deprotection and cleavage
from the resin with TFA in the presence of water and
triisopropylsilane (TIS). The mass spectra of both the peptoid
2 and the retropeptoid 3 as well as the parent peptide 1 have
been previously discussed.[8a] Mass spectral studies are
essential in the characterization of peptoids, since interpreta-
tion of NMR spectra is severely hampered by the presence of
many conformations owing to rotation about the tertiary
amide bonds in (retro)peptoids.


Having succeeded in the syntheses of both the peptoid 2
and retropeptoid 3 of Leu-enkephalin 1, we moved on to the
syntheses of both the peptoid 5 and retropeptoid 6 of
Substance P (4). With regard to this, the synthesis of the
peptoid monomer corresponding to the amino acid Arg was a
particular challenge in view of the introduction of the
guanidyl moiety.


In principle, it should have been possible to prepare Fmoc-
NArg(Boc)2-OH (21) in a convenient way by deprotection of
the side chain of Fmoc-NOrn(Boc)-OH and guanylation with
N,N'-bis(Boc)-1-guanylpyrazole (18).[19] Unfortunately, the
yield of this synthetic route was quite low (ca. 30 %) and
purification by column chromatography was tedious. There-
fore, Fmoc-NArg(Boc)2-OH (21) was synthesized starting
from H-NOrn(Boc)-OBzl (16), depicted in Scheme 4.


H-NOrn(Boc)-OBzl (16) was prepared by treat-
ment of N-Boc-1,3-diaminopropane (14) with benzyl
bromoacetate (15) in the presence of TEA in THF.
Benzyl bromoacetate was used instead of ethyl
bromoacetate (8) because the a-amino group and
the carboxyl group can then be deprotected simulta-
neously by hydrogenolysis. Treatment of 16 with
benzyl chloroformate gave Cbz-NOrn(Boc)-OBzl
(17). Removal of the Boc group of 17 with a saturated
solution of HCl in ether and subsequent guanidylation
of the free amine group with 18 afforded Cbz-
NArg(Boc)2-OBzl (19).[20] Removal of both the Cbz
group and benzyl ester in 19 by hydrogenolysis over
10 % Pd/C gave H-NArg(Boc)2-OH (20). Subsequent
protection of the a-amino group with Fmoc ± OSu in
the presence of TEA provided the protected crystal-
line Fmoc-NArg(Boc)2-OH (21) in 88 % yield.


The syntheses of the other required functional-
group containing monomers of Substance P did not
pose any particular problems (Scheme 2). The pre-
viously used Fmoc-NMet-OH (10 c) was accessible
using 2-amino ethyl methyl sulfide (7 c).[5a, 21] Fmoc-
NLys(Boc)-OH (10 d) was accessible using N-Boc-1,4-
diaminobutane (7 d), and Fmoc-NGln-OH (10 e) was
accessible in a substitution reaction with the amide of
b-alanine (7 e) (Scheme 2).


After the preparation of all the required peptoid
monomers, the stage was now set for the preparation
of both the peptoid 5 and retropeptoid 6 of Substance
P. For the purpose of comparison of mass spectra, and
in order to illustrate that the solid-phase synthesis of
(retro)peptoids is virtually identical to that of pep-
tides, the solid-phase synthesis of Substance P is also
shown.


Coupling and deprotection cycles for the solid-
phase synthesis of (retro)peptoids are virtually iden-
tical to those for peptides and therefore can be
implemented on a commercial solid-phase peptide
synthesizer. For synthesis of the substance P peptide 4
(Scheme 5), the first monomer Fmoc-Met-OH was
attached to the same resin used in the synthesis of the
(retro)peptoid of Leu-enkephalin. After the last
coupling cycle, the N-terminal Fmoc group was
removed by a piperidine solution and the N-terminus


Scheme 3. Solid-phase synthesis of the peptoid 2 and retropeptoid 3 of Leu-
enkephalin (1) and the solid-phase synthesis monitoring profiles. i) a) piperidine,
b) Fmoc-NLeu-OH 10 b, PyBroP, DiPEA; ii) a) piperidine, b) Fmoc-NPhe-OH 10a,
PyBroP, DiPEA; iii) a) piperidine, b) Fmoc-Gly-OH, PyBroP, DiPEA; iv) a)
piperidine, b) Fmoc-Gly-OH, PyBroP, DiPEA; v) a) piperidine, b) Fmoc-NTyr(tBu)-
OH (10 f), PyBroP, DiPEA; vi) a) piperidine, b) Ac2O, DiPEA, HOBt; vii) TFA/H2O/
TIS, 95/2.5/2.5 (v/v).
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was acetylated.[22] Cleavage from the resin and simultaneous
removal of the protecting groups using TFA with thioanisole,
H2O, ethanedithiol (EDT), and TIS as scavengers gave, after
purification by Sephadex LH-20 and preparative HPLC, pure
substance P (4). Peptoid 5 and retropeptoid 6 (Scheme 5),
attached to the solid support, were prepared according to a
protocol essentially identical to that described above for the
substance P peptide, except that PyBroP was used as a
coupling reagent instead of BOPÐanalogous to the synthesis
of the (retro)peptoid of Leu-enkephalin. After deprotection,
cleavage, and purification, 104 mg (26 %) of peptoid 5 and
132 mg (37%) of retropeptoid 6 (Scheme 5) were obtained.


The structures of peptoid 5 and retropeptoid 6 of
substance P were ascertained by FAB mass
spectrometry (Figure 3).[8c]


Both the mass spectra of the peptide and
peptoid exhibit B- and Y''-type sequence ions at
identical m/z values. The presence of N-substi-
tuted glycine residues in a peptoid is further
apparent from the presence of N-substituted
immonium ions, which differ significantly in
their fragmentation behavior from the corre-
sponding immonium ions observed in the spec-
tra of common oligopeptides.[8] Loss of the
CH2�NH imine molecule is the dominant frag-
mentation reaction in the collision induced
dissociation (CID) spectra of all peptoid immo-
nium ions investigated in this study. Thus, the
[M�H]�CID spectra of the investigated peptoid
peptidomimetics exhibit characteristic B- and
Y''-type ions, which allow sequence analysis.


The biological activity of substance P (4) and
its corresponding peptoid 5 and retropeptoid 6


was evaluated on isolated mouse trachea. It was found that 5
and 6 are agonists of substance P, displaying their activity in
micro- to submicromolar concentrations (Scheme 5)![23] This
is remarkable in view of the absence of chirality in most of the
building blocks of the (retro)peptoid. The efficacy of the
peptoid 5 and retropeptoid 6 of substance P is probably even
greater since these peptoids are more lipophilic (Figure 4)
than substance P itself and can therefore cross membrane
barriers more easily. Moreover, degradation of (retro)pep-
toids by proteases is strongly reduced, as was shown by
treatment of substance P with pepsin.[7] After 20 h peptoid 5 of
substance P is still intact, whereas 4 is already largely


Scheme 4. Synthesis of peptoid monomer Fmoc-NArg(Boc)2-OH (22) required for the solid-
phase syntheses of the (retro)peptoids of substance P.


Scheme 5. Solid-phase syntheses of substance P (4), its corresponding peptoid 5, and retropeptoid 6, as well as the solid-phase synthesis monitoring profiles.
For 4 : i) a) piperidine, b) Fmoc-Met-OH, BOP, HOBt, DiPEA; ii) a) piperidine, b) Fmoc-Leu-OH, BOP, HOBt, DiPEA; iii) a) piperidine, b) Fmoc-Gly-
OH, BOP, HOBt, DiPEA; iv) a) piperidine, b) Fmoc-Phe-OH, BOP, HOBt, DiPEA; v) a) piperidine, b) Fmoc-Phe-OH, BOP, HOBt, DiPEA; vi) a)
piperidine, b) Fmoc-Gln(Trt)-OH, BOP, HOBt, DiPEA; vii) a) piperidine, b) Fmoc-Gln(Trt)-OH, BOP, HOBt, DiPEA; viii) a) piperidine, b) Fmoc-Pro-
OH, BOP, HOBt, DiPEA; ix) a) piperidine, b) Fmoc-Lys(Boc)-OH, BOP, HOBt, DiPEA; x) a) piperidine, b) Fmoc-Pro-OH, BOP, HOBt, DiPEA; xi) a)
piperidine, b) Fmoc-Arg(Pmc)-OH, BOP, HOBt, DiPEA; xii) a) piperidine, b) Ac2O, DiPEA, HOBt; xiii) TFA/thioanisole/H2O/EDT/TIS, 86.5/5/5/2.5/1 (v/
v). For 5 and 6 : i) a) piperidine, b) Fmoc-NMet-OH (10c), PyBroP, DiPEA; ii) a) piperidine, b) Fmoc-NLeu-OH (10b), PyBroP, DiPEA; iii) a) piperidine,
b) Fmoc-Gly-OH, PyBroP, DiPEA; iv) a) piperidine, b) Fmoc-NPhe-OH 10a), PyBroP, DiPEA; v) a) piperidine, b) 10a, PyBroP, DiPEA; vi) a) piperidine,
b) Fmoc-NGln-OH (10e), PyBroP, DiPEA; vii) a) piperidine, b) 10 e, PyBroP, DiPEA; viii) a) piperidine, b) Fmoc-Pro-OH, PyBroP, DiPEA; ix) a)
piperidine, b) Fmoc-NLys(Boc)-OH (10d), PyBroP, DiPEA; x) a) piperidine, b) Fmoc-Pro-OH, PyBroP, DiPEA; xi) a) piperidine, b) Fmoc-NArg(Boc)2-
OH (21), PyBroP, DiPEA; xii) a) piperidine, b) Ac2O, DiPEA, HOBt; xiii) TFA/thioanisole/H2O/EDT/TIS, 86.5/5/5/2.5/1 (v/v).
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degraded after 30 min (Figure 5). This reduced degradation
rate will also certainly contribute to a greater effectiveness of
the (retro)peptoid.


Conclusions


We have developed an efficient synthetic strategy for the
synthesis of peptoid monomers, that is, Fmoc-protected N-
substituted glycines. It was shown that peptoid monomers can


be conveniently prepared in high yields using economical
chemistry. Only Fmoc-NGln-OH (10 e) was obtained in a
relatively low yield (overall yield of 26 %), because poor
solubility of the intermediates hampered the purification.
When suitable protection groups are used, identical or similar
side chains to those found in the proteinogenic amino acids, as
well as other side chains, can be incorporated into peptoid
monomers.


Furthermore, an efficient solid-phase methodology for the
synthesis of peptoids using a fully automated peptide synthe-


Figure 3. FAB mass spectra and mass fragments of substance P (4), its corresponding peptoid 5, and retropeptoid 6.
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sizer has been developed. It was shown that peptoids can be
rapidly and conveniently synthesized from peptoid mono-
mers, specifically, Fmoc-protected N-substituted glycines.
With these peptoid monomers it was possible to follow the
progress of the solid-phase synthesis on the ABI 433A peptide
synthesizer with the UV monitoring system. This arrangement
provides an adequate representation of the events which have
taken place in the reaction vessel.


The synthesized substance P analogues, peptoid 5 and
retropeptoid 6, have been used to evaluate their biological
activity compared with that of substance P derivative 4.
Recent results demonstrate agonist activity for the peptoid 5
and retropeptoid 6 analogues of substance P in vitro. Further
evaluation of the biological properties of these peptoid
peptidomimetics of substance P is currently being undertaken
and will be published elsewhere.[23]


Experimental Section


General : Chemicals were obtained from commercial sources and used
without further purification unless otherwise stated. TEA and DiPEA were
distilled from ninhydrin and subsequently KOH. Dry solvents were
distilled immediately prior to use from an appropriate drying agent.
THF, ether, and cyclohexane were distilled from LiAlH4. Ethanol-free
DCM was distilled from CaH2. Ethanol and methanol were refluxed over
magnesium for 2 h, distilled, and stored on molecular sieves (3 �). NMP,
peptide grade, was purchased from Biosolve (The Netherlands). All
protected amino acids were purchased from Advanced Chemtech (Bel-
gium). BOP reagent was purchased from Richelieu Biotechnologies
(Canada). Tentagel� SOH (130 mm) resin and Tentagel� S RAM
(130 mm) resin were purchased from Rapp Polymere, Tübingen (Germa-
ny).


Reactions were run at ambient temperature unless otherwise noted.
Reactions were monitored and Rf values were determined by thin-layer
chromatography (TLC) on Merck precoated silica gel 60F-254 (0.25 mm)
plates. Spots were visualized with UV light, ninhydrin, or Cl2-TDM
(N,N,N',N'-tetramethyl-4,4'-diaminodiphenylmethane).[24] Solvents were
evaporated under reduced pressure at 40 8C. Column chromatography
was performed on Merck Kieselgel 60 (40 ± 63 mm). Flash column
chromatography was performed on Merck Kieselgel 60 H (5 ± 40 mm).
Sephadex LH-20 (Pharmacia) was used for gel filtration. Fast atom
bombardment (FAB) mass spectrometry was carried out with a Jeol JMS
SX/SX 102A four-sector mass spectrometer coupled with a HP-9000 data
system. 1H NMR spectra were recorded on a Jeol JNM-FX 200 (200 MHz)
or a Varian G-300 (300.1 MHz) spectrometer, and chemical shifts are given
in ppm (d) relative to TMS or TSP as internal standard. 13C NMR spectra
were recorded on a Jeol JNM-FX 200 spectrometer or a Varian G-300
spectrometer operating at 50.1 and 75.5 MHz, respectively, and the
chemical shifts are given in ppm (d) relative to CDCl3 (d� 77.0) or
(CD3)2SO (d� 39.7) as internal standard. 13C NMR spectra were monitored
by the attached proton test (APT) technique. The compounds were
homogeneous according to NMR and TLC.


Solid-phase syntheses were carried out on an ABI 433A Peptide Synthe-
sizer. Deprotection and coupling reactions were monitored at 301 nm.
Analytical HPLC was performed on a semiautomatic HPLC system
(Applied Biosystems) with an analytical reversed-phase column (Altech
Econosphere C8, 5 mm, 250� 4.6 mm), an UV detector operating at 214 nm
(peptoids) or 220 nm (peptides), at a flow rate of 1 mL minÿ1. Elution of
peptoids was effected using an appropriate gradient from 10 mm HClO4/
100 mm NaClO4 in water to 10mm HClO4/100mm NaClO4 in acetonitrile/
water (90/10, v/v). Elution of peptides was effected using an appropriate
gradient from 0.1 % TFA in water to 0.085 % TFA in acetonitrile/water (95/
5, v/v). Preparative HPLC was performed on a semiautomatic HPLC
system (Applied Biosystems) with a preparative reversed-phase column
(Altech Econosphere C8, 10 mm, 250� 22 mm), an UV detector operating
at 220 nm, at a flow rate of 11.5 mL minÿ1. Elution was effected using an
appropriate gradient from 0.1% TFA in water to 0.085 % TFA in
acetonitrile/water (95/5, v/v).


H-NPhe-OEt (9a): Ethyl bromoacetate (8, 50 mmol, 5.54 mL) in THF
(25 mL) was added dropwise to a cooled (ice bath) solution of benzylamine
(7a, 110 mmol, 12.0 mL) in THF (25 mL). After stirring for 2.5 h at room
temperature, the reaction mixture was concentrated in vacuo to remove
THF and resuspended in ether. The mixture was filtered to remove
benzylamine hydrobromide, the residue washed with ether, and the filtrate
concentrated in vacuo. Column chromatography (silica, eluent: ether)


Figure 4. Relative hydrophobicity of substance P (4) and its corresponding
peptoid 5.


Figure 5. Pepsin treatment of Substance P (4) and its corresponding
peptoid 5.
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afforded 9 a (9.36 g, 48.4 mmol) as an oil in 97% yield.[25] Rf� 0.51 (eluent:
ether); 1H NMR (200 MHz, CDCl3): d� 1.28 (t, 3H, OCH2CH3 , J�
7.2 Hz), 1.96 (br s, 1 H, NH), 3.41 (s, 2H, NCH2C(O)), 3.81 (s, 2 H, CH2Ph),
4.19 (q, 2 H, OCH2CH3, J� 7.2 Hz), 7.27 ± 7.35 (m, 5H, Ph); 13C NMR
(50.1 MHz, CDCl3): d� 13.8 (OCH2CH3), 49.6 (NCH2C(O)), 52.8
(CH2Ph), 60.2 (OCH2CH3), 126.6, 127.8, 128.0, 139.2 (Ph), 171.9
(NCH2C(O)).


Fmoc-NPhe-OH (10 a): NaOH (4n, 2.50 mL) was added to a solution of
H-N-Phe-OEt (9a, 10 mmol, 1.93 g) in dioxane (35 mL) and MeOH
(12.5 mL). After stirring for 30 min at room temperature the reaction
mixture was concentrated in vacuo to give H-N-Phe-ONa. 1H NMR
(200 MHz, D2O): d� 3.17 (s, 2H, NCH2C(O)), 3.73 (s, 2H, CH2Ph), 7.37 ±
7.41 (m, 5 H, Ph).


The sodium salt was dissolved in water (10 mL) and the pH adjusted to 9 ±
9.5 with concentrated hydrochloric acid. To this mixture a solution of
Fmoc ± OSu (10 mmol, 3.37 g) in acetonitrile (20 mL) was added in one
portion. Stirring was continued for 30 minutes, and the pH was maintained
at pH 8.5 ± 9.0 by the addition of TEA. The reaction mixture was
concentrated in vacuo to remove acetonitrile, and the residue was poured
into 20 % citric acid (60 mL). The aqueous layer was extracted with EtOAc
(3� 75 mL), and the combined organic layers were washed with water and
brine, dried (Na2SO4), and concentrated in vacuo to give Fmoc-NPhe-OH
(10a) as an oil which was crystallized from EtOAc/hexanes to afford 10a
(3.65 g, 9.42 mmol) as a white solid in 94% yield. Rf� 0.61 (eluent: DCM/
MeOH/HOAc, 90/10/0.5, v/v); the NMR spectra clearly show the presence
of both rotamers; 1H NMR (300 MHz, CDCl3): d� 3.76, 4.00 (two s, 2H,
NCH2C(O)), 4.22 ± 4.30 (m, 1H, CH-Fmoc), 4.49, 4.56 (two s, 2 H, CH2Ph),
4.57 (d, 2 H, CH2-Fmoc, J� 6.2 Hz), 7.07 ± 7.09 (m, 1H, Ph), 7.18 ± 7.40 (m,
8H, ArH-Fmoc, Ph), 7.49 ± 7.56 (4 lines, 2 H, ArH-Fmoc), 7.74 (d, 2 H, ArH-
Fmoc); 13C NMR (75.5 MHz, CDCl3): d� 46.8, 47.8 (NCH2C(O)), 47.2
(CH-Fmoc), 51.2, 51.4 (CH2Ph), 67.7, 68.0 (CH2-Fmoc), 120.0, 124.9, 127.1,
127.6, 127.7, 128.1, 128.7, 136.3, 141.3, 143.7 (ArC-Fmoc, Ph), 156.2, 156.7
(Fmoc C�O), 174.9 (NCH2C(O)OH).


H-NLeu-OEt (9 b): H-N-Leu-OEt 9 b was prepared, analogously to the
preparation of 9 a, from isobutylamine (7 b, 110 mmol, 10.9 mL) and 8
(50 mmol, 5.54 mL). Column chromatography (silica, eluent: ether) gave
9b (7.55 g, 47.4 mmol) as an oil in 95% yield. Rf� 0.39 (eluent: ether);[25] 1H
NMR (200 MHz, CDCl3): d� 0.93 (d, 6H, CH(CH3)2, J� 6.7 Hz), 1.28 (t,
3H, OCH2CH3 , J� 7.2 Hz), 1.56 (br s, 1 H, NH), 1.74 (quintet, 1 H,
CH2CH(CH3)2), 2.41 (d, 2 H, CH2CH(CH3)2, J� 6.7 Hz), 3.39 (s, 2H,
NCH2C(O)), 4.19 (q, 2H, OCH2CH3, J� 7.2 Hz); 13C NMR (50.1 MHz,
CDCl3): d� 13.7 (OCH2CH3), 20.0 (CH2CH(CH3)2), 28.0 (CH2CH(CH3)2),
50.6 (NCH2C(O)), 57.1 (CH2CH(CH3)2), 59.9 (OCH2CH3), 171.9
(NCH2C(O)).


Fmoc-NLeu-OH (10b): Fmoc-NLeu-OH 10b was prepared, analogous to
the preparation of 10a, from H-NLeu-OEt 9 b (10 mmol, 1.59 g). Crystal-
lization (ether/hexanes) afforded Fmoc-NLeu-OH 10 b (3,39 g, 9.87 mmol)
as a white solid in 99% yield. Rf� 0.67 (eluent: DCM/MeOH/HOAc,
90/10/0.5, v/v).
H-NLeu-ONa: 1H NMR (200 MHz, D2O): d� 0.89 (d, 6H, CH(CH3)2, J�
6.7 Hz), 1.74 (quintet, 1H, CH2CH(CH3)2), 2.36 (d, 2H, CH2CH(CH3)2,
J� 6.7 Hz), 3.14 (s, 2H, NCH2C(O)).


Fmoc-NLeu-OH 10b : The NMR spectra clearly show the presence of both
rotamers; 1H NMR (300 MHz, CDCl3): d� 0.72, 0.87 (two d, 6 H,
CH2CH(CH3)2, J� 6.8 Hz), 1.61, 1.82 (two septets, 1H, CH2CH(CH3)2),
2.93, 3.13 (two d, 2 H, CH2CH(CH3)2, J� 7.5 Hz), 3.87, 3.99 (two s, 2H,
NCH2C(O)), 4.16 ± 4.25 (m, 1 H, CH-Fmoc), 4.46, 4.54 (two d, 2 H, CH2-
Fmoc, J� 6.0 Hz), 7.23 ± 7.41 (m, 4H, ArH-Fmoc), 7.51 ± 7.58 (4 lines, 2H,
ArH-Fmoc), 7.73 (t, 2 H, ArH-Fmoc); 13C NMR (75.5 MHz, CDCl3): d�
19.8, 19.9 (CH2CH(CH3)2), 27.2, 27.4 (CH2CH(CH3)2), 47.3 (CH-Fmoc),
48.8, 49.6 (NCH2C(O)), 55.7, 56.1 (CH2CH(CH3)2), 67.4 (CH2-Fmoc), 119.9,
124.8, 127.0, 127.6, 141.4, 143.9 (ArC-Fmoc), 156.2, 157.1 (Fmoc C�O),
174.5, 174.7 (NCH2C(O)OH).


H-NMet-OEt (9c): H-N-Met-OEt was prepared, analogously to the
preparation of 9a, from 2-aminoethyl methyl sulfide (7c, 30 mmol,
2.74 g) and 8 (15 mmol, 1.66 mL).[5b, 21] Column chromatography (silica,
eluent: gradient of hexanes/EtOAc, 40/60 to hexanes/EtOAc, 20/80, v/v)
gave 9c (2.33 g, 13.2 mmol) as an oil in 88% yield.[25] Rf� 0.56 (eluent:
DCM/MeOH/HOAc, 90/10/0.5, v/v); 1H NMR (200 MHz, CDCl3): d� 1.29
(t, 3 H, OCH2CH3, J� 7.2 Hz), 1.90 (br s, 1H, NH), 2.12 (s, 3 H, SCH3), 2.66


(t, 2 H, CH2SMe, J� 6.2 Hz), 2.84 (t, 2 H, HNCH2, J� 6.2 Hz), 3.44 (s, 2H,
NCH2C(O)), 4.20 (q, 2H, OCH2CH3, J� 7.2 Hz); 13C NMR (50.1 MHz,
CDCl3): d� 13.6 (OCH2CH3), 14.4 (SCH3), 33.6 (CH2SMe), 46.8 (HNCH2),
49.9 (NCH2C(O)), 60.0 (OCH2CH3), 171.6 (NCH2C(O)).
Fmoc-NMet-OH (10 c): Fmoc-NMet-OH was prepared, analogously to the
preparation of 10a, from H-NMet-OEt (9c, (10 mmol, 1.77 g). Crystal-
lization (EtOAc/hexanes) afforded 10c (3,65 g, 9.82 mmol) as a white solid
in 98% yield. Rf� 0.40 (eluent: DCM/MeOH/HOAc, 90/10/0.5, v/v). H-N-
Met-ONa: 1H NMR (200 MHz, D2O): d� 2.10 (s, 3H, SCH3), 2.62 ± 2.69
(m, 2H, CH2SMe), 2.74 ± 2.81 (m, 2H, HNCH2), 3.18 (s, 2H, NCH2C(O)).
10c : The NMR spectra clearly show the presence of both rotamers; 1H
NMR (300 MHz, CDCl3): d� 1.94, 2.12 (two s, 3H, SCH3), 2.35, 2.66 (two t,
2H, CH2SMe, J� 7.3 Hz), 3.29, 3.51 (two t, 2H, FmocNCH2 , J� 7.3 Hz),
3.97, 4.07 (two s, 2H, NCH2C(O)), 4.19 ± 4.27 (m, 1 H, CH-Fmoc), 4.48, 4.61
(two d, 2H, CH2-Fmoc, J� 6.2 Hz), 7.29 ± 7.43 (m, 4 H, ArH-Fmoc), 7.52 ±
7.59 (4 lines, 2 H, ArH-Fmoc), 7.75 (t, 2 H, ArH-Fmoc); 13C NMR
(75.5 MHz, CDCl3): d� 15.4 (SCH3), 32.0 (CH2SMe), 47.2 (CH-Fmoc),
48.1, 48.3 (FmocNCH2), 49.2, 49.7 (NCH2C(O)), 67.3, 67.7 (CH2-Fmoc),
119.9, 124.6, 127.1, 127.7, 141.3, 143.6 (ArC-Fmoc), 155.6, 156.2 (Fmoc
C�O), 174.6, 174.8 (NCH2C(O)OH).


H-NLys(Boc)-OEt (9 d): Ethyl bromoacetate (8, 50 mmol, 5.54 mL) in
THF (30 mL) was added dropwise to a solution of N-Boc-1,4-diaminobu-
tane (7d, 50 mmol, 9.41 g) and TEA (100 mmol, 13.94 mL) in THF
(30 mL).[5b, 21] After stirring overnight at room temperature, the reaction
mixture was concentrated in vacuo to remove THF and resuspended in
ether. The reaction mixture was filtered to remove triethylamine hydro-
bromide, the residue was washed with ether and the filtrate concentrated in
vacuo. Column chromatography (silica, eluent: gradient of hexanes/
EtOAc, 1/1 to EtOAc, v/v) gave 9 d (10.31 g, 37.6 mmol) as an oil in 75%
yield. Rf� 0.69 (eluent: DCM/MeOH/HOAc, 90/10/0.5, v/v); 1H NMR
(200 MHz, CDCl3): d� 1.29 (t, 3H, OCH2CH3 , J� 7.2 Hz), 1.44 (s, 9H,
C(CH3)3), 1.57 (m, 4 H, CH2CH2), 2.70 (m, 2 H, HNCH2), 3.11 (m, 2H,
BocNCH2), 3.46 (s, 2H, NCH2C(O)), 4.20 (q, 2 H, OCH2CH3, J� 7.2 Hz),
4.78 (br s, 1H, NH); 13C NMR (50.1 MHz, CDCl3): d� 14.0 (OCH2CH3),
27.0 (BocNCH2CH2), 27.5 (HNCH2CH2), 28.2 (C(CH3)3), 40.1 (BocNCH2),
48.9 (HNCH2), 50.6 (NCH2C(O)), 60.4 (OCH2CH3), 78.6 (C(CH3)3), 155.8
(Boc C�O), 172.2 (NCH2C(O)).


Fmoc-NLys(Boc)-OH (10d): Fmoc-NLys(Boc)-OH was prepared, anal-
ogously to the preparation of 10 a, from 9d (10 mmol, 2.74 g). Crystal-
lization (EtOAc/hexanes) afforded 10 d (4.46 g, 9.52 mmol) as a white solid
in 95% yield. Rf� 0.51 (eluent: DCM/MeOH/HOAc, 90/10/0.5, v/v).
H-NLys(Boc)-ONa: 1H NMR (200 MHz, D2O): d� 1.42 (s, 9 H, C(CH3)3),
1.55 (m, 4 H, CH2CH2), 2.79 (m, 2H, HNCH2), 3.08 (m, 2 H, BocNCH2),
3.35 (s, 2 H, NCH2C(O)). 10d : The NMR spectra clearly show the presence
of both rotamers; 1H NMR (300 MHz, CDCl3): d� 1.2 ± 1.4, 1.4 ± 1.6 (two
m, 4H, CH2CH2), 1.45 (br s, 9H, C(CH3)3), 2.98 (m, 1 H, FmocNCH2), 3.09
(m, 2 H, FmocNCH2 and BocNCH2), 3.34 (m, 1 H, BocNCH2), 3.89, 3.97
(two br s, 2 H, NCH2C(O)), 4.24 (m, 1 H, CH-Fmoc), 4.45, 4.58 (two m, 2H,
CH2-Fmoc), 7.25 ± 7.42 (m, 4 H, ArH-Fmoc), 7.56 (t, 2 H, ArH-Fmoc), 7.75
(m, 2H, ArH-Fmoc); 13C NMR (75.5 MHz, CDCl3): d� 25.0, 25.3
(FmocNCH2CH2), 27.1 (BocNCH2CH2), 28.4 (C(CH3)3), 40.1 (BocNCH2),
47.2 (CH-Fmoc), 48.0 (FmocNCH2), 48.4, 48.9 (NCH2C(O)), 67.2, 67.7
(CH2-Fmoc), 79.3 (C(CH3)3), 119.9, 124.7, 124.9, 127.0, 127.1, 127.6, 141.3,
141.4, 143.9 (ArC-Fmoc), 156.0, 156.6 (Boc C�O and Fmoc C�O), 173.4
(broad, NCH2C(O)OH).


H-NGln-OEt (9e): Ethyl bromoacetate (8, 41 mmol, 4.55 mL) in THF
(40 mL) was added dropwise to a solution of H-b-Ala-NH2 (7e, 41 mmol,
3.61 g) and TEA (82 mmol, 11.41 mL) in ethanol (60 mL),. After stirring
overnight at room temperature, the reaction mixture was filtered, the
residue washed with ether, and the filtrate concentrated in vacuo. Flash
column chromatography (silica, eluent: MeOH/DCM, 10/90, v/v) gave 9e
(4.41 g, 25.3 mmol) as a light yellow oil in 62% yield. Rf� 0.37 (eluent:
DCM/MeOH, 80/20, v/v); 1H NMR (300 MHz, CDCl3): d� 1.22 (t, 3H,
OCH2CH3 , J� 7.1 Hz), 1.84 (br s, 1H, NH), 2.46 (t, 2 H, CH2C(O)NH2, J�
6.6 Hz), 2.87 (t, 2H, HNCH2, J� 6.5 Hz), 3.37 (s, 2H, NCH2C(O)), 4.14 (q,
2H, OCH2CH3, J� 7.1 Hz); 13C NMR (75.5 MHz, CDCl3): d� 14.1
(OCH2CH3), 34.9 (CH2C(O)NH2), 44.7 (HNCH2), 50.8 (NCH2C(O)),
60.6 (OCH2CH3), 172.2 (C(O)NH2), 172.3 (C(O)OEt).


Fmoc-NGln-OH (10 e): NaOH (4n, 2.55 mL) was added to a solution of 9e
(10.2 mmol, 1.78 g) in dioxane (35.7 mL) and MeOH (12.8 mL). After
stirring for 30 min at room temperature the reaction mixture was
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concentrated in vacuo to afford H-NGln-ONa. 1H NMR (300 MHz, D2O):
d� 2.48 (t, 2H, CH2C(O)NH2, J� 6.8 Hz), 2.84 (t, 2H, HNCH2, J�
6.8 Hz), 3.19 (s, 2H, NCH2C(O)).


The sodium salt was dissolved in water (50 mL), and the pH adjusted to 9 ±
9.5 using 1n HCl. To this mixture a solution of Fmoc-OSu (11 mmol, 3.71 g)
in acetone (40 mL) was added dropwise. Stirring was continued for 2 h and
the pH was maintained at pH 9.5 by the addition of 1n NaOH. The reaction
mixture was filtered, acidified to pH 2 using 2n HCl, and extracted with
EtOAc (3� 100 mL). The combined organic layers were concentrated in
vacuo. Crystallization (EtOAc/hexanes) gave 10e (1.62 g, 4.40 mmol) as a
white solid in 43% yield. Rf� 0.38 (eluent: DCM/MeOH/HOAc, 90/10/0.5,
v/v); the NMR spectra clearly show the presence of both rotamers; 1H
NMR (300 MHz, (CD3)2SO): d� 2.33 (q, 2 H, CH2C(O)NH2), 3.46
(quintet, 2H, HNCH2), 3.94, 4.01 (two s, 2H, NCH2C(O)), 4.23 ± 4.29 (m,
3H, CH2-Fmoc, CH-Fmoc), 6.85 (br d, 1 H, C(O)NH2), 7.29 ± 7.44 (m, 5H,
ArH-Fmoc, C(O)NH2), 7.61, 7.68 (two d, 2 H, ArH-Fmoc), 7.88 ± 7.91 (m,
2H, ArH-Fmoc); 13C NMR (75.5 MHz, (CD3)2SO): d� 33.8, 34.3
(CH2C(O)NH2), 44.3, 44.9 (FmocNCH2), 46.6 (CH-Fmoc), 48.9, 49.1
(NCH2C(O)), 67.1 (CH2-Fmoc), 120.1, 125.1, 126.7, 127.1, 127.7, 140.7, 143.7,
143.8 (ArC-Fmoc), 155.2, 155.5 (Fmoc C�O), 171.0, 171.2 (C(O)NH2),
172.4, 172.5 (C(O)OH).


4-tert-Butyloxybenzonitrile (13): 4-Hydroxybenzonitrile (11, 15 mmol,
1.79 g) was dissolved in ether (15 mL) and cyclohexane (30 mL). To this
mixture, tert-butyltrichloroacetimidate 12 (60 mmol,[16] 10 mL) and a
catalytic amount of BF3 ´ Et2O (300 mL) was added. After stirring for
22 h, solid NaHCO3 was added and stirring was continued for 10 min. The
reaction mixture was filtered and the filtrate concentrated in vacuo.
Column chromatography (silica, eluent: hexanes/ether, 3/1, v/v) afforded
13 (1.66 g, 9.5 mmol) as a syrup in 63 % yield. Rf� 0.51 (eluent: ether); 1H
NMR (300 MHz, CDCl3): d� 1.42 (s, 9 H, C(CH3)3), 7.0 ± 7.1 (m, 2H,
ArC3H, ArC5H), 7.5 ± 7.6 (m, 2H, ArC2H, ArC6H); 13C NMR (75.5 MHz,
CDCl3): d 28.8 (C(CH3)3), 80.1 (C(CH3)3), 105.7 (CN), 119.0 (ArC1), 122.9
(ArC3, 5), 133.3 (ArC2, 6), 159.9 (ArC4).


4-tert-Butyloxybenzylamine (7 f): A solution of 4-tert-butyloxybenzonitrile
(13, 33.7 mmol, 5.90 g) in ether (20 mL) was added dropwise to a
suspension of LiAlH4 (51 mmol, 1.94 g) in ether (40 mL). The reaction
mixture was refluxed for 3 h. The reaction mixture was then cooled to room
temperature and water (1.96 mL), 15% NaOH (1.96 mL), and water
(5.90 mL) were subsequently added. The mixture was filtered, the residue
washed twice with ether, and the filtrate concentrated in vacuo. Water
(100 mL) was added to the residue, and the pH adjusted to 2.7 with 1n
KHSO4. The aqueous layer was washed with ether (20 mL), the pH
adjusted to 9 ± 10 with 2n NaOH, and the layer extracted with DCM
(150 mL). The organic layer was washed with brine, dried over MgSO4, and
concentrated in vacuo to obtain 4-tert-butyloxybenzylamine 7 f (5.68 g,
31.7 mmol) in 94 % yield. Rf� 0.23 (eluent: DCM/MeOH/TEA, 90/10/1, v/
v). 1H NMR (300 MHz, CDCl3): d� 1.34 (s, 9H, C(CH3)3), 1.82 (br s, 2H,
CH2NH2), 3.84 (s, 2H, CH2NH2), 6.96 (m, 2H, ArC3H, ArC5H), 7.21 (d, 2H,
ArC2H, ArC6H, J� 8.4 Hz); 13C NMR (75.5 MHz, CDCl3): d� 28.7
(C(CH3)3), 45.5 (CH2NH2), 78.2 (C(CH3)3), 124.1, 127.6, 137.1, 154.2 (Ar).


H-NTyr(tBu)-OEt (9 f): H-NTyr(tBu)-OEt was prepared, analogously to
the preparation of 7 d, from 7 f (19.5 mmol, 3.50 g), TEA (39 mmol,
5.43 mL), and ethyl bromoacetate (8, 19.5 mmol, 2.16 mL). Column
chromatography (silica, eluent: hexanes/EtOAc, 40/60, v/v) gave 9 f
(4.30 g, 16.2 mmol) as an oil in 83% yield. Rf� 0.51 (eluent: DCM/
MeOH/HOAc, 90/10/0.5, v/v); 1H NMR (300 MHz, CDCl3): d� 1.28 (t,
3H, OCH2CH3 , J� 7.2 Hz), 1.33 (s, 9 H, C(CH3)3), 1.88 (br s, 1 H, NH), 3.41
(s, 2 H, NCH2C(O)), 3.74 (s, 2 H, CH2Ar), 4.20 (q, 2H, OCH2CH3, J�
7.1 Hz), 6.95 (m, 2 H, ArC3H, ArC5H), 7.22 (m, 2 H, ArC2H, ArC6H); 13C
NMR (75.5 MHz, CDCl3): d� 14.2 (OCH2CH3), 28.8 (C(CH3)3), 50.1
(NCH2C(O)), 52.8 (CH2Ar), 60.6 (OCH2CH3), 78.2 (C(CH3)3), 124.1
(ArC3, ArC5), 128.7 (ArC2, ArC6), 134.4 (ArC1), 154.5 (ArC4), 172.4
(NCH2C(O)).


Fmoc-NTyr(tBu)-OH (10 f): Fmoc-NTyr(tBu)-OH was prepared, analo-
gously to the preparation of 10a, from 9 f (10 mmol, 2.65 g). Crystallization
(EtOAc/hexanes) afforded 10 f (3.55 g, 7.73 mmol) as a white solid in 77%
yield. Rf� 0.47 (eluent: DCM/MeOH/HOAc, 90/10/0.5, v/v); the NMR
spectra clearly show the presence of both rotamers. 1H NMR (300 MHz,
CDCl3): d� 1.33 (br s, 9 H, C(CH3)3), 3.78, 3.97 (two s, 2 H, NCH2C(O)),
4.27 (m, 1H, CH-Fmoc), 4.43, 4.52 (two s, 2 H, CH2Ar), 4.57 (t, 2H, CH2-


Fmoc), 6.92 (m, 3H, ArC3H, ArC5H, ArC2H, ArC6H), 7.19 (d, 1H, ArC2H,
ArC6H), 7.29 (m, 2H, ArH-Fmoc), 7.38 (m, 2H, ArH-Fmoc), 7.55 (d, 2H,
ArH-Fmoc), 7.74 (d, 2 H, ArH-Fmoc); 13C NMR (75.5 MHz, CDCl3): d�
28.8 (C(CH3)3), 47.2 (CH-Fmoc), 47.5 (NCH2C(O)), 50.6, 50.7 (CH2Ar),
67.9, 68.2 (CH2-Fmoc), 78.6 (C(CH3)3), 120.0, 124.9, 127.1, 127.7, 141.4, 143.7
(ArC-Fmoc), 124.2 (ArC, ArC5), 128.3, 128.8 (ArC2, ArC6), 131.0 (ArC1),
155.1 (ArC4), 156.6 (Fmoc C�O), 174.5 (NCH2C(O)).


Ac-Tyr-Gly-Gly-Phe-Leu-NH2 (Ac-YGGFL-NH2) (1):
Resin preparation: Fmoc-Leu-TentaGel resin : Fmoc-Leu-OH was attached
to the TentaGel� S OH resin (capacity 0.29 mmol/g) by the procedure of
Sieber, yielding a resin with a loading of 0.24 mmol gÿ1 (83 %) as was
determined by Fmoc cleavage from a resin sample.[10, 26] With this resin
(1.05 g), peptide 1 was synthesized on an automatic ABI 433A Peptide
Synthesizer using the ABI FastMoc 0.25 mmol protocols,[27] except that the
coupling time was 45 min instead of 20 min and BOP/HOBt activation was
used instead of HBTU/HOBt. After cleavage of the Fmoc group by means
of a 20% piperidine solution in NMP (2� 3 min and 7.6 min), the resin was
washed with NMP (5� ). Subsequently, 4 equiv (1 mmol) of the appro-
priate amino acid were dissolved in NMP (2 mL), and BOP/HOBt (2 mL of
0.45m) in NMP was added. To this mixture DiPEA (1 mL, 2m) in NMP was
added, and the activated amino acid was then transferred to the reaction
vessel. After 45 min, the reaction vessel was drained and the resin was
washed with NMP (3� ). The deprotection and coupling reactions were
followed by monitoring the dibenzofulvene ± piperidine adduct at
301 nm.[27] The last coupling cycle was followed by removal of the Fmoc
group by a piperidine solution, washing the resin with NMP, and acetylation
of the N-terminus by treatment with an acetic anhydride capping solution
(0.5m Ac2O, 0.125m DiPEA, and 0.015m HOBt in NMP) for 15 min.
Finally, the resin was washed with NMP (5� ) and DCM (6� ), removed
from the reaction vessel, washed with ether, and dried in vacuo over P2O5.
The anchored peptide thus obtained was cleaved from the solid support by
treatment with a saturated solution of ammonia (20 mL) in MeOH for 12 h
at room temperature. The mixture was then filtered and the residue washed
thoroughly with MeOH. The total filtrate was concentrated in vacuo.
Purification by flash column chromatography (silica 60 H, eluent: MeOH/
DCM, 10/90, v/v) gave a partially protected peptide (140 mg). Rf 0.79
(eluent: MeOH/DCM, 20/80, v/v). The tBu group of Tyr(tBu) in this
peptide was removed by treatment with TFA/H2O (95 %, 5 mL) for 2 h at
room temperature. The reaction mixture was concentrated in vacuo to a
volume of approximately 1 to 2 mL, and then cold ether (50 mL) was added
to precipitate the peptide. The precipitated peptide 1 was collected by
filtration through a fritted glass funnel and dried in vacuo over P2O5 to give
96 mg peptide 1 (67 %). Rf� 0.56 (eluent: MeOH/DCM, 20/80, v/v). The
peptide 1 was pure according to analytical HPLC. FAB MS: m/z� 597
[M�H]� .


Ac-NTyr-Gly-Gly-NPhe-NLeu-NH2 (peptoid 2): Immobilized pentapep-
toid 2 was assembled on an automatic ABI 433A Peptide Synthesizer using
the ABI FastMoc 0.25 mmol protocols,[27] with the exceptions that the
coupling time was 45 min instead of 20 min and PyBroP was used instead of
HBTU/HOBt. TentaGel S RAM resin (1.04 g, capacity 0.24 mmol gÿ1) was
used, and for each coupling 1 mmol peptoid monomer was activated in the
cartridge, with 1 mmol PyBroP, also present in the cartridge by addition of
2 mmol DiPEA and subsequent transfer to the reaction vessel. The
anchored pentapeptoid 2 thus obtained was deprotected and cleaved from
the solid support by treatment with TFA (10 mL) containing H2O
(0.25 mL) and TIS (0.25 mL) for 2.5 h at room temperature. The reaction
mixture was filtered and the residue was washed thoroughly with TFA (2�
3 mL). Work-up, described above for the preparation of 1, and subsequent
purification by flash column chromatography (silica 60 H, eluent: MeOH/
DCM, 10/90, v/v) gave peptoid 2 (109 mg, 76 %), which was pure according
to analytical HPLC. Rf� 0.11 (eluent: MeOH/DCM, 10/80, v/v); FAB MS:
m/z� 597 [M�H]� .


Ac-NLeu-NPhe-Gly-Gly-NTyr-NH2 (retropeptoid 3): Synthesis, deprotec-
tion, cleavage from the resin and work-up of the immobilized retropeptoid
3 were carried out as described for the preparation of 2. After purification
by flash column chromatography (silica 60H, eluent: gradient of MeOH/
DCM, 10/90 to MeOH/DCM, 20/80, v/v) and Sephadex LH-20 gel filtration
(eluent: DCM/MeOH, 1/1, v/v), retropeptoid 3 was obtained in a yield of
14% (20 mg) which was pure according to analytical HPLC. Rf� 0.48
(eluent: MeOH/DCM, 20/80, v/v); FAB MS: m/z� 597 [M�H]� .
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H-NOrn(Boc)-OBzl (16): Benzyl bromoacetate (15, 75 mmol, 11.9 mL) in
THF (75 mL) was added dropwise to a solution of N-Boc-1,3-diaminopro-
pane (14, 75 mmol, 13.07 g) and TEA (112.5 mmol, 15.7 mL) in THF
(75 mL),[5b, 21] . After stirring overnight at room temperature, the reaction
mixture was filtered to remove triethylamine hydrobromide; the residue
was then washed with ether and the filtrate concentrated in vacuo. Column
chromatography (silica, eluent: DCM) gave 16 (22.0 g, 68.3 mmol) as an oil
in 91% yield. Rf� 0.56 (eluent: DCM/MeOH, 90/10, v/v). 1H NMR
(300 MHz, CDCl3): d� 1.44 (s, 9H, C(CH3)3), 1.65 (quintet, 2 H,
HNCH2CH2 , J� 6.6 Hz), 1.73 (s, 1 H, NH), 2.67 (t, 2H, HNCH2 , J�
6.7 Hz), 3.20 (br q, 2H, BocNCH2), 3.44 (s, 2 H, NCH2C(O)), 4.92 (br s,
1H, NH), 5.17 (s, 2H, CH2Ph), 7.29 ± 7.38 (m, 5 H, Ph); 13C NMR
(75.5 MHz, CDCl3): d� 28.0 (C(CH3)3), 29.6 (HNCH2CH2), 38.4
(BocNCH2), 46.7 (HNCH2), 50.4 (NCH2C(O)), 66.0 (CH2Ph), 78.4
(C(CH3)3), 126.4, 126.7 127.9, 128.0, 128.2, 135.3 (Ph), 155.7 (Boc C�O),
171.9 (NCH2C(O)).


Cbz-NOrn(Boc)-OBzl (17): Benzyl chloroformate (33 mmol, 4.71 mL) was
added dropwise to a solution of 16 (30 mmol, 9.67 g) and TEA (33 mmol,
4.59 mL) at room temperature. After stirring for 3 h, the reaction mixture
was concentrated in vacuo and dissolved in EtOAc. The organic layer was
washed with 1n KHSO4, water, and brine, dried over MgSO4, and
concentrated in vacuo. Column chromatography (silica, eluent: hexanes/
ether, 1/1, v/v) gave 17 (13.16 g, 28.83 mmol) in 96% yield. Rf� 0.36
(eluent: hexanes/ether, 25/75, v/v); the NMR spectra clearly show the
presence of both rotamers: 1H NMR (300 MHz, CDCl3): d� 1.42, 1.44 (two
s, 9 H, C(CH3)3), 1.67 (m, 2 H, CbzNCH2CH2), 3.07 ± 3.16 (m, 2 H,
CbzNCH2), 3.35 ± 3.45 (m, 2 H, BocNCH2), 3.99, 4.06 (two s, 2 H,
NCH2C(O)), 5.10 (d, 2 H, CH2-Cbz), 5.18 (d, 2H, CH2Ph), 7.28 ± 7.36 (m,
10H, Ph); 13C NMR (75.5 MHz, CDCl3): d� 27.9, 28.5 (CbzNCH2CH2),
28.0 (C(CH3)3), 36.9, 37.4 (BocNCH2), 45.6, 45.9 (CbzNCH2), 49.0, 49.2
(NCH2C(O)), 66.6 (CH2Ph), 67.2, 67.4 (CH2-Cbz), 78.6 (C(CH3)3), 126.6,
127.0, 127.4, 127.7, 127.9, 128.0, 128.1, 128.2, 128.3, 135.1, 135.2, 136.1 (Ph and
Ph-Cbz), 155.7, 155.8, 156.1 (Boc C�O and Cbz C�O), 169.3 (NCH2C(O)).


Cbz-NArg(Boc)2-OBzl (19): A saturated solution of HCl in ether (ca.
20 mL) was added to a stirred solution of 17 (20 mmol, 9.13 g) in
chloroform (150 mL). After stirring for 1.5 h at room temperature, the
reaction mixture was concentrated in vacuo and dried in vacuo over KOH
to yield Cbz-NOrn(HCl)-OBzl (7.8 g, 19.85 mmol) as a white solid in
almost quantitative yield. Rf� 0.27 (eluent: DCM/MeOH/TEA, 80/20/1, v/
v). The NMR spectra clearly show the presence of both rotamers. Cbz-
NOrn(HCl)-OBzl: 1H NMR (300 MHz, (CD3)2SO): d� 1.80 (m, 2H,
CbzNCH2CH2), 2.78 (m, 2 H, CbzNCH2), 3.37 (m, 2 H, H2NCH2), 4.11, 4.16
(two s, 2 H, NCH2C(O)), 5.02 (s, 1H, CH2-Cbz), 5.12 (s, 2H, CH2-Cbz and
CH2Ph), 5.16 (s, 1 H, CH2Ph), 7.24 ± 7.37 (m, 10H, Ph), 7.91 (br s, 3H, NH2 ´
HCl); 13C NMR (75.5 MHz, (CD3)2SO): d� 25.6, 26.3 (CbzNCH2CH2),
36.4 (H2NCH2), 45.3, 45.8 (CbzNCH2), 48.9, 49.2 (NCH2C(O)), 65.9, 66.0
(CH2Ph), 66.4, 66.5 (CH2-Cbz), 127.1, 127.4, 127.7, 127.8, 128.0, 128.3, 128.4,
135.6, 135.7, 136.5, 136.6 (Ph and Ph-Cbz), 155.4, 155.6 (Cbz C�O), 169.5,
169.7 (NCH2C(O)).


Subsequently Cbz-NOrn(HCl)-OBzl (15 mmol, 5.89 mmol) was dissolved
in EtOAc (250 mL). This solution was washed with Na2CO3 (5%, 2�
100 mL) and brine, dried over MgSO4, and concentrated in vacuo. The
residue, Cbz-NOrn-OBzl, was redissolved in THF (100 mL), and N,N'-
bis(Boc)-1-guanylpyrazole (18, 16.5 mmol, 5.12 g) was added to this
solution.[19] After stirring for 24 h at room temperature, the reaction
mixture was concentrated in vacuo. Column chromatography (silica,
eluent: hexanes/ether, 1/1, v/v) afforded 19 (7.83 g, 13.08 mmol) as an oil
in 87 % yield. Rf� 0.19 (eluent: hexanes/ether, 1/1, v/v). The NMR spectra
clearly show the presence of both rotamers; 1H NMR (300 MHz, CDCl3): d


1.48 (br s, 18H, two C(CH3)3), 1.81 (m, 2H, CbzNCH2CH2), 3.42 (m, 4H,
CbzNCH2 and CbzNCH2CH2CH2), 4.07 (d, 2 H, NCH2C(O)), 5.09 (s, 2H,
CH2-Cbz), 5.18 (d, 2H, CH2Ph), 7.25 ± 7.35 (m, 10 H, Ph and Ph-Cbz), 8.41
(br d, 1 H, NH); 13C NMR (75.5 MHz, CDCl3): d� 27.6 (CbzNCH2CH2),
27.8 (C(CH3)3), 28.0 (C(CH3)3), 37.7, 37.8 (CbzNCH2CH2CH2), 45.6, 45.6
(CbzNCH2), 49.2 (NCH2C(O)), 66.6 (CH2Ph), 67.1, 67.3 (CH2-Cbz), 78.8,
82.7, 82.8 (C(CH3)3), 127.4, 127.7, 127.8, 128.0, 128.1, 128.2, 128.3, 128.4,
135.1, 135.2, 136.1, 136.3 (Ph and Ph-Cbz), 152.9, 153.0 (C�N), 155.8, 155.9,
156.0, 156.2 (Boc C�O and Cbz C�O), 163.3 (Boc C�O), 169.4
(NCH2C(O)).


H-NArg(Boc)2-OH (20): Cbz-NArg(Boc)2-OBzl (19, 12 mmol, 7.18 g) was
dissolved in MeOH (150 mL) and hydrogenated (1 atm) in the presence of


10% Pd/C (ca. 300 mg). After stirring for 5 h, the reaction mixture was
filtered through Hyflo, and evaporation of the solvent in vacuo yielded 20
quantitatively (4.50 g, 12 mmol) as a white foam. Rf� 0.30 (DCM/MeOH/
HOAc, 80/20/0.5, v/v). 1H NMR (300 MHz, CDCl3/CD3OD): d� 1.49 (d,
18H, two C(CH3)3), 2.03 (m, 2H, HNCH2CH2), 3.02 (br t, 2H,
HNCH2CH2CH2 , J� 6.2 Hz), 3.44 (s, 2H, NCH2C(O)), 3.53 (m, 2H,
HNCH2); 13C NMR (75.5 MHz, CDCl3/CD3OD): d� 26.7 (HNCH2CH2),
27.5 (C(CH3)3), 27.6 (C(CH3)3), 36.5 (HNCH2CH2CH2), 44.1 (HNCH2), 49.4
(NCH2C(O)), 80.3 (C(CH3)3), 83.8 (C(CH3)3), 152.4 (C�N), 157.2 (Boc
C�O), 161.8 (Boc C�O), 168.6 (NCH2C(O)).


Fmoc-NArg(Boc)2-OH (21): H-NArg(Boc)2-OH (20, 10 mmol, 3.74 g) was
dissolved in water (10 mL) and the pH adjusted to 9 ± 9.5 with TEA. To this
mixture a solution of Fmoc-OSu (10 mmol, 3.37 g) in acetonitrile (20 mL)
was added in one portion. Stirring was continued for 30 minutes and the pH
was maintained at pH 8.5 ± 9.0 by the addition of TEA. The reaction
mixture was concentrated in vacuo to remove acetonitrile, and the residue
was poured into citric acid (20 %, 60 mL). The aqueous layer was extracted
with EtOAc (3� 75 mL) and the combined organic layers were washed
with water and brine, dried over Na2SO4, and concentrated in vacuo to give
an oil which was crystallized from ether/hexanes to afford 21 (5.26 g,
8.82 mmol) as a white solid in 88% yield. Rf� 0.59 (eluent: DCM/MeOH/
HOAc, 90/10/0.5, v/v); the NMR spectra clearly show the presence of both
rotamers; 1H NMR (300 MHz, CDCl3): d� 1.38 ± 1.52 (m, 19H, two
C(CH3)3 and FmocNCH2CH2), 1.81 (m, 1 H, FmocNCH2CH2), 3.16 (m, 2H,
FmocNCH2CH2CH2), 3.38 (m, 2 H, FmocNCH2), 3.99 (d, 2H, NCH2C(O)),
4.19, 4.26 (two br t, 1 H, CH-Fmoc), 4.43, 4.57 (two d, 2H, CH2-Fmoc),
7.25 ± 7.40 (m, 4 H, ArH-Fmoc), 7.55 (br t, 2H, ArH-Fmoc), 7.74 (br t, 2H,
ArH-Fmoc); 8.33, 8.54 (two br s, 1H, NH); 13C NMR (75.5 MHz, CDCl3):
d� 27.7 (FmocNCH2CH2), 27.9 (C(CH3)3), 28.2 (C(CH3)3), 38.2
(FmocNCH2CH2CH2), 46.0, 46.4 (FmocNCH2), 47.2 (CH-Fmoc), 49.0,
49.3 (NCH2C(O)), 67.4, 67.7 (CH2-Fmoc), 79.6 (C(CH3)3), 83.2 (C(CH3)3),
119.8, 124.7, 124.9, 127.0, 127.1, 127.6, 141.2, 141.3, 143.8 (ArC-Fmoc), 153.0,
153.1 (C�N) 156.1, 156.4 (Boc C�O and Fmoc C�O), 162.9, 163.1 (Boc
C�O), 172.9, 173.3 (broad, NCH2C(O)OH).


Ac-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2 (acetylated
substance P, SP1-11, 4): Immobilized undecapeptide 4 was assembled on
an automatic ABI 433A Peptide Synthesizer using the ABI FastMoc
0.25 mmol protocols, as described for the preparation of 1. The synthesis
was carried out on TentaGel SRAM resin (1.09 g, capacity 0.23 mmol gÿ1).
The anchored undecapeptoid 4 thus obtained was deprotected and cleaved
from the solid support by treatment with TFA (10 mL), thioanisole
(0.5 mL), H2O (0.5 mL), EDT (0.25 mL), and TIS (0.1 mL) for 2 h at room
temperature. The reaction mixture was filtered and the residue was washed
thoroughly with TFA (2� 3 mL). The reaction mixture was concentrated in
vacuo to a volume of approximately 1 ± 2 mL and the residue was added
dropwise to cold ether (60 mL). The precipitate was collected by
centrifugation (2500 rpm, 10 min), the supernatant was decanted, and the
pellet was resuspended in ether (60 mL) and centrifuged again. This was
repeated twice. The pellet was then dissolved in HOAc (5 %, ca. 15 mL)
and lyophilized to give crude undecapeptide 4 (396 mg) as a white fluffy
solid. Gel filtration over Sephadex LH-20 (eluent: MeOH/H2O, 85/15, v/v)
afforded almost pure peptide 4 (352 mg). An aliquot of the obtained
peptide 4 (100 mg) was purified by preparative HPLC to obtain pure
peptide 4 (84 mg) according to analytical HPLC. FAB MS: m/z� 1389.7
[M�H]� .


Ac-NArg-Pro-NLys-Pro-NGln-NGln-NPhe-NPhe-Gly-NLeu-NMet-NH2


(peptoid of SP1-11; 5): Synthesis of immobilized undecapeptoid 5 was
carried out using the same protocol as described above for the synthesis of
2. The synthesis was carried out on TentaGel SRAM resin (1.09 g, capacity
0.23 mmol gÿ1). Deprotection and cleavage from the resin was carried out
as described for the preparation of 4. Work-up was carried out as described
for 4 and gave crude peptoid 5 (275 mg). After Sephadex LH-20 gel
filtration (eluent: MeOH/H2O, 85/15, v/v) and preparative HPLC, peptoid
5 was obtained in a yield of 26% (104 mg). The peptoid 5 was pure
according to analytical HPLC. FAB MS: m/z� 1389.7 [M�H]� .


Ac-NMet-NLeu-Gly-NPhe-NPhe-NGln-NGln-Pro-NLys-Pro-NArg-NH2


(retropeptoid of SP1-11; 6): Synthesis of immobilized retropeptoid 6 was
carried out using the same protocol as described above for the synthesis of
2. Deprotection and cleavage from the resin were carried out as described
for the preparation of 4. Work-up was carried out as described for 4 to
afford crude retropeptoid 6 (335 mg). After Sephadex LH-20 gel filtration
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(eluent: MeOH/H2O, 85/15, v/v) and preparative HPLC, retropeptoid 6
was obtained in a yield of 33 % (132 mg). The peptoid 6 was pure according
to analytical HPLC. FAB MS: m/z� 1389.7 [M�H]� .
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Isolation, Characterization, and Toxicological Aspects of Volatile
Organophosphorus Compounds from the Combustion of Flame-Retarded
Epoxy Resins with Phosphonate Substructures


Kathrin Kampke-Thiel, Dieter Lenoir,* Antonius Kettrup, Eberhardt Herdtweck,
Dieter Gleich, and Werner R. Thiel*


Abstract: The thermal behavior of epoxy resins used for electronic materials as
laminates and moulding compounds bearing phosphonate substructures as new fire
retardants was investigated at 400, 600, and 800 8C. While the phosphorus species are
converted at higher temperatures to P4O10, at lower temperatures a transesterifica-
tion reaction occurs that results in the formation of a cyclic phosphonic ester 1 and
homologues. Independent synthesis of 1 allowed the final elucidation of its molecular
structure, and its spectroscopic, structural, and toxicological features.


Keywords: combustion ´ environ-
mental chemistry ´ phosphorus ´
polymers ´ toxicology


Introduction


Technical combustion processes play an important role in the
industrialized world, for example in energy conversion (power
plants, etc.) or in thermal waste treatment for energy recovery.
In addition to these controlled processes, accidental fires give
rise to the loss of human lives and economic value. Thus,
combustible materials like synthetic polymers, wood, or
fabrics are often treated with fire retardants for preventive
fire protection. Fire retardant compounds minimize the
probability of ignition and the rate of fire propagation and
therefore reduce the extent of economic damage and help to
save lives.[1] At present, about 650 000 t of fire retardants
(worth about 1200 million US$) are used worldwide,[2] mostly
for protection of polymers like polyesters, polyolefins, and
epoxy resins.


Electronic devices consist not only of different metallic
parts but also duroplastic epoxy resins, which are either
applied as laminates or as moulding compounds for the


encapsulation of transistors, condensators, etc. Preventive fire
protection of these materials is mostly realized by the addition
of brominated aromatic compounds, such as brominated
diphenyl ethers or bisphenol-A, and of Sb2O3; these exhibit a
synergistic effect in the presence of halogenated fire retard-
ants. In the event of fire, these brominated compounds
liberate HBr, which quenches the reactive OH and H radicals
in the radical chain reactions, but which also may destroy
thermally unaffected parts owing to its corrosive nature and
lead to health problems when inhaled. Additionally, these
compounds are known to generate highly toxic polybromi-
nated dibenzodioxines and furans in considerable yields when
combusted.[3] Carcinogenic Sb2O3 is liberated from burning
polymers as dust or aerosol, and may act as a synergist in the
formation of halogenated dibenzodioxins and furans.[4] Thus,
halogen-free duroplastic polymers have been developed
during recent years for electronic applications. The fire
retardancy of these materials is achieved with special nitrogen
and phosphorus compounds, and the mechanisms responsible
for their fire-retardant efficiency have been studied in detail.[5]


In contrast, few toxicological investigations of the thermal
combustion products of organophosphates have been report-
ed. P4O10, which is known to be produced from burning
polymers containing phosphorus fire retardants,[6] is strongly
hygroscopic and harms mucous membranes like other acidic
compounds. Volatile tributyl and triphenyl phosphate, often
used as fire retardants, inhibit the enzyme acetylcholine
esterase.[7] Highly toxic combustion products of fire retardants
based on organophosphates were first observed by Petajan et
al., who found that 4-ethyl-1-phospha-2,6,7-trioxybicyclo-
[2.2.2]octan-1-oxide is formed during the combustion of a
phosphorus fire-retarded polyurethane foam.[8]
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In a study on epoxy resins containing covalently fixed
phosphonate substructures, we investigated the toxicological
potential of these new fire retardants and of their combustion
products for the first time. Herein we report the isolation,
characterization and toxicological evaluation of the major
volatile organophosphorus compounds formed during the
combustion of these new polymeric materials.


Results and Discussion


The epoxy phenol and cresol novolak resins discussed in this
work were obtained by condensation of phenol with form-
aldehyde, followed by partial crosslinking of the epoxide
functions with trimeric (3-amino-4-methyl)phenylisocyan-
urate to give a three-dimensional polymer. These materials
were developed by Siemens AG, Erlangen (Germany) as part
of a BMBF program[9] and are now commercially available
(Scheme 1).


The efficiency of organophosphorus compounds in fire
retardancy can be increased by binding them covalently to the
polymer matrices. This reduces migration effects and volatility
and leads to a constant fire protection for the whole lifetime of
the polymer. Thus, the reactive resin component is treated
with subequimolar amounts of propylphosphonic acid anhy-
dride to give cyclic phosphonic esters. To fulfil the flammability
criterium UL 94-V0, a total phosphorus mass content of about
3% is sufficient for this kind of polymeric material (Scheme 2).


Scheme 2. Introduction of the phosphonate fragment.


Three different fire situations at 400, 600, and 800 8C were
simulated by using the VCI incineration apparatus (Heraeus)
with synthetic air as oxygen source.[10] The volatile parts of the
combustion products were adsorbed in two tubes, each loaded
with 500 mg of Tenax and analyzed after elution and
purification (see Experimental Section). Phosphorus mass
balances were carried out with volatile components and
nonvolatile residues of the combustions for a complete
evaluation of the fate of phosphorus.[11]


At a combustion temperature of 800 8C, the
organophosphorus compounds are completely
converted into P4O10 and phosphoric acid.
However, at a combustion temperature of
600 8C, small amounts, and at a combustion
temperature of 400 8C, considerable amounts
of volatile organophosphorus compounds are
formed, which display 31P NMR resonances of
d� 50 ± 25. With a combination of extraction
techniques and column chromatography, non-
phosphorus compounds could be separated
from other combustion products, and four
volatile phosphorus containing derivatives
(GC/FPD) were finally enriched. GC/MS
investigations gave a molecular mass of 288


for the major (>90 % by 31P NMR spectroscopy and GC) and
one of the minor compounds. The two other minor species
have molecular masses of 302. The final elucidation of the
molecular structure of the major compund was achieved by a
combination of 1D and 2D NMR spectroscopic methods.


Surprisingly, the 13C NMR spectrum of this compound
exclusively shows resonances in the regions of d� 148 ± 122
(aromatic carbon atoms) and d� 34 ± 15 (aliphatic carbon
atoms). There are no resonances observed that would support
an aliphatic CÿO fragment and would therefore be consistent
with a molecular structure similar to the cyclic phosphonic
acid ester of the flame-retardent component in the polymer
(Scheme 2). Three of the aliphatic 13C resonances are split
into doublets (d� 27.5, 1JP,C� 143.0 Hz; 16.1, 2JP,C� 5.8 Hz;
15.2, 3JP,C� 17.9 Hz); this confirms the preservation of the
PCH2CH2CH3 fragment. A fourth 13C resonance in the
aliphatic region is shifted to lower field (d� 33.7), character-
istic for an aliphatic carbon atom bound to two electron-rich
aromatic fragments. Corresponding resonances are observed
in the 1H NMR spectrum for the PCH2CH2CH3 fragment at
d� 2.17 (dt, 2JP,H� 18.2 Hz, 3JH,H� 8.5 Hz), 1.96 (m), and 1.16
(dt, 3JH,H� 7.3 Hz, 4JP,H� 1.8 Hz) and for the diastereotopic
protons of a CH2 group bound to two aromatic rings at d�
4.33 (dd, 2JH,H� 13.4 Hz, 5JH,H� 2.4 Hz) and 3.73 (d).


Abstract in German: Das thermische Verhalten von Epoxid-
harzen mit neuartigen flammhemmenden Phosphonat-Sub-
strukturen, die in elektronischen Bauteilen in Form von
Laminaten und Gieûharzen eingesetzt werden, wurde bei
400, 600 und 800 8C untersucht. Während die Phosphorver-
bindungen bei hohen Verbrennungstemperaturen zu P4O10


abgebaut werden, findet bei niedrigeren Temperaturen eine
Umesterung statt, die schlieûlich zur Bildung des cyclischen
Phosphonsäureesters 1 und einiger Homologen führt. Die
unabhängige Synthese von 1 ermöglichte die Bestimmung der
Molekükstruktur sowie von spektroskopischen und toxikolo-
gischen Parametern dieser neuartigen Verbindung.


Scheme 1. Polymer crosslinking
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Six 13C resonances in the region of d� 148 ± 122 are
characteristic of an asymmetrically substituted aromatic
system, two of them are split into doublets due to coupling
to one phosphorus atom (d� 147.9, JP,C� 10.9 Hz; 122.4, JP,C�
3.7 Hz). The 1H NMR spectrum of the major compound,
which shows resonances of four aromatic protons in the region
of d� 7.30 ± 7.05, can be assigned to an asymmetrically ortho-
substituted aromatic system. In combination with the inten-
sities of the 1H NMR spectrum, the major compound 1 was
postulated to be a cyclic ester of propylphosphonic acid and
2,2'-methylene bisphenol, probably formed by a transester-
ification reaction during the combustion process (Scheme 3).


Scheme 3.


The molecular structure of 1 was finally confirmed by
synthesis from propylphosphonic acid dichloride and 2,2'-
methylene bisphenol. The spectroscopic data and the reten-
tion times (GC) of the synthesized compound and those of the
species isolated from the combustion of the polymer were
found to be identical. Since we used technical grade propyl-
phosphonic acid dichloride containing 5 % of the isopropyl
derivative, the corresponding isopropyl isomer of 1 was also
obtained. The latter displayed the same retention times and
an identical mass spectrum (M�� 288) as one of the minor
combustion products. The generation of the two other minor
combustion products (M�� 302) can be explained by a partial
inclusion of cresol instead of phenol fragments. They bear an
additional CH3 group at one of the aromatic rings and show
again a n-propyl/isopropyl ratio of 95/5.


As a result of its eight-membered ring, 1 can exist in two
conformers with either the oxo or the propyl substituent
occupying an axial position. Since we observed only one set of
1H NMR resonances for the diastereotopic protons of the CH2


unit down to ÿ60 8C, one of the conformers might be
thermodynamically favored or a fast ring inversion process
might take place. We therefore carried out an X-ray structure
analysis of 1 and investigated its thermochemical and dynamic
properties by way of molecular mechanics and semiempirical
calculations.


The cyclic phosphonic acid diaryl ester 1 crystallizes from
CH2Cl2/hexane 1:1 in the triclinic space group P1Å as large
colorless bricks. The molecular structure of 1 in the solid state
(Figure 1) consists of three ring systems: two aromatic six-
membered rings of the 2,2'-methylene bisphenol unit and an
eight-membered ring, which is formed during the condensa-
tion reaction of 2,2'-methylene bisphenol and propylphos-
phonic acid dichloride. A conformational analysis with
PLATON[12] confirms that this ring does not adopt a crown
or a twisted crown conformation, which would be typical for
an eight-membered ring.[13] Due to the rigid anellated
aromatic fragments (C1 ± C6, C8 ± C13), the number of


Figure 1. Solid-state structure of 1 (PLATON[12] plot). Characteristic bond
lengths [�] and angles [8]: P ± O1 1.601(1), P ± O2 1.587(1), P ± O3 1.463(2),
P ± C14 1.782(2), O1 ± C1 1.414(2), O2 ± C13 1.396(2), C6 ± C7 1.515(3),
C7 ± C8 1.508(3), Car ± Car 1.386 (av distance); O1-P-O2 106.0(1), O1-P-O3
113.8(1), O2-P-O3 114.7(1), O2-P-C14 100.1(1), O1-P-C14 101.5(1), O3-P-
C14 118.9(1), P-O1-C1 120.5(1), P-O2-C13 129.9(1), C6-C7-C8 111.0(1).


possible conformers is reduced and the eight-membered ring
adopts a long chair conformation.[14] This conformation, which
implies local Cs symmetry for the eight-membered ring, is also
found in the solid-state structures of some other phospha-
dioxadibenzocins.[15] However, most of these compounds
adopt a twisted conformation in the solid state.[16] The angle
between the planes, defined by the two aromatic rings, is 1088.
While the P ± O3 distance of 1.46 � is characteristic for a
phosphorus ± oxygen double bond, the distances between the
phosphorus atom and the phenolic oxygen atoms O2 and O3
(about 1.59 �) are typical for phosphorus ± oxygen single
bonds.[13, 15, 16] The formal Cs symmetry of the molecule is
broken in the solid state by the propyl substituent which
undergoes an intramolecular contact between one proton at
C15 and O2 (dH±O 2.60(3) �). This interaction is responsible
for slightly different distances P ± O2 and P ± O3 and distinct
differences in the bond angles at O2 and O3. The oxo
substituent at phosphorus (O1) occupies an axial (endo)
position.


In order to compare the solid-state structure of 1 with the
structure based on the NMR spectroscopic data, we calculated
the energetic minima of 1 and the corresponding methyl
derivative 2 in the gas phase, with the oxo substituent either in
endo (1 a, 2 a) or exo (1 b, 2 b) position (Table 1 ).


According to the solid-state structure, the deepest minima
display chair conformations and almost Cs-symmetrical eight-
membered ring systems. In the case of 1, different orientations
of the propyl chain are responsible for a series of local minima
with either total Cs or C1 symmetry. The global minimum 1 a/1,
determined by molecular mechanics calculations, shows C1


symmetry, with the oxo substituent O1 in endo position. The
global minima of 2 a, 2 b (CH3 substituent at phosphorus) are
completely Cs-symmetric. Structures obtained from molecular
mechanics calculations were used as starting geometries for
AM1 calculations, which resulted in slightly higher energy
differences between the conformers a and b. The conformers
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can be interconverted with barriers of about 5 kcal molÿ1.
Evidently, therefore, 1 should adopt both conformations in
solution.


The residues of combustions of phosphorus flame-retardant
materials at 800, 600, and 400 8C and the pure incineration
product 1 were investigated for their toxicolocical behavior on
luminescent bacteria (microtox test[19]) and daphnia magna
STRAUS.[20] Polymers with analogous structures, either not
treated with any fire retardant or equipped with conventional
halogen-based fire retardants, were used as reference materi-
als. Both tests clearly proved that the covalently bound,
phosphorus-based fire retardants do not affect any significant
increase in toxicity compared to the phosphorus-free materi-
als. However, combustion products of polymers that were
treated with conventional halogen-based fire retardants give
EC50 values about 15 (at 400 8C) and 4.5 times (at 600 8C)
lower than those of polymers protected with propylphos-
phonic acid derivatives, indicating a dramatic decrease in
toxicity for the phosphorus-containing materials. At a temper-
ature of 800 8C, the three classes of polymers (unprotected,
phosphorus-protected and halogen-protected) give combus-
tion products of almost identical toxicity.


Table 2 shows the EC50 values (daphnia magna) of the
propylphosphonic ester 1, some other technically important
aromatic compounds, chlorinated phenols,[9] and three esters
of phosphoric acid, which are used as insecticides.[21]


Evidently, 1 shows moderate toxicity on daphnia magna,
which is comparable to that of benzene and which is between
2 and 5 orders of magnitude lower than those of the
technical phosphoric esters disulfotone, fenitrothione, and
dichlorvos.


Conclusion


This work shows an important example of the concept of
product-controlled protection of the environment. The ther-
mal fate of the phosphonate substructure implied as a new
flame-retardant principle in epoxy resins was investigated
thoroughly, and the structural, spectroscopic, and toxicolog-
ical features of the major volatile phosphorus combustion
products were elucidated in detail. Our investigations clearly
demonstrate that the new phosphorus-containing polymers
for electronic devices discussed herein combine an excellent
fire retardancy and a greatly reduced toxicity compared to
conventional materials protected with bromine fire retard-
ants.


Experimental Section


Combustion of the polymeric samples : The samples were obtained as
powders from Siemens AG, Erlangen. Combustions of samples of 100 mg
were carried out in the VCI incineration apparatus (Heraeus), equipped
with a thermocontrol unit and supplied with synthetic air as oxygen
source.[10] The less volatile parts of the combustion gases partially
condensated at the wall of the oven, the major share of the volatiles was
adsorbed in two tubes, each loaded with 500 mg of Tenax.


Isolation and identification of the volatile combustion products : The
compounds were eluated from the adsorbent with acetone or aqueous
KOH (10 %) and the eluates were analyzed qualitatively by GC/MS
(Hewlett Packard HP 5890 Series II gas chromatograph with HP 5970
Series Mass Selective Detector; HP Ultra 2 capillary column, length: 50 m,
diameter 0.2 mm, film thickness 0.33 mm; carrier gas He; temperature
program 60 8C, 3 min, 5K minÿ1, 280 8C, 20 min) and 31P NMR spectroscopy
(Bruker DPX 400 spectrometer). Volatile phosphorus compounds were
detected by GC/FPD (Carlo Erba gas chromatograph with FP detector,
DB5 capillary column, length 50 m, diameter 0.2 mm, film thickness
0.33 mm, carrier gas He, temperature 60 8C, 208minÿ1, 200 8C, 2K minÿ1,
260 8C, 20 min). For a complete spectroscopic identification of the volatile
organophosphorus compounds by 1H, 13C, 31P NMR spectroscopy (Bruker
DPX 400 spectrometer), IR spectroscopy (Perkin-Elmer 1600 series FTIR)
and mass spectrometry (Hewlett Packard HP 5970), about 100 mg of a
purified fraction (see below) were used. Owing to the low concentration of
these compounds in the combustion material, this was obtained by
sampling the eluates of about 50 single combustions.


Quantification of phosphorus : For a complete quantification of phospho-
rus, volatile combustion products and nonvolatile residues were dissolved
together with the silica wool of the oven in aqueous HF and the phosphorus
content of the solution was determined by ICP/AES (recovery rate: 80 ±
98%).[22] The phosphorus content of volatile combustion products was
determined by ICP/AES after eluation of the Tenax absorbents with
acetone and aqueous KOH. Depending on the nature of the polymer and
the combustion temperature, 10 ± 80% of the total phosphorus content was
found in the volatile fraction.


Isolation of volatile organophosphorus compounds : Ethanolic eluates of
about 50 combustions (oven temperature 400 8C) were combined, the
solvent was evaporated in vacuo, the solid residue was treated with hexane
(100 mL), and the resulting suspension heated to reflux for 15 min. After
filtration, the organic phase was extracted with 0.1m K2CO3 (3� 50 mL) to
remove phenolic by-products, dried over Na2SO4, and reduced to 5 mL.
The organophosphorus compounds were purified by column chromatog-
raphy with SiO2. After eluation of colored combustion products with
toluene, 1 and the other cyclic phosphonic esters were eluated with hexane/
ethyl acetate (2:3). The performance of all steps was monitored by GC/
FPD.


Synthesis of 1: The synthesis was carried out under an atmosphere of dry
nitrogen with dried solvents. In a 1-L two-necked flask equipped with two
dropping funnels, triethylamine (10 mL, 70 mmol) was dissolved in toluene
(400 mL). 2,2'-methylene bisphenol (6.1 g, 30 mmol) and propylphosphonic


Table 1. Energies of formation of 1 a, b (cvff[17]) and 2a, b (AM1[18]).


Compound Structure E [kcal molÿ1][a] Symmetry
ring


Symmetry
global


1a 1 0[b] Cs C1


2 0.1[b] Cs C1


3 0.1[b] Cs Cs


1b 1 2.9[b] Cs C1


2 3.1[b] Cs Cs


2a 1 0[b] Cs Cs


1 0[c] Cs Cs


2b 1 2.1[b] Cs Cs


1 4.1[c] Cs Cs


[a] Relative energies. [b] MM calculation. [c] AM1 calculation.


Table 2. EC50 values of 1, some aromatic compounds, and commercial
insecticides.


Compound EC50 [mg Lÿ1]


toluene 470
phenol 300
1 18
benzene 18
2,4-dichlorophenol 4
pentachlorophenol 0.6
aniline 0.5
disulfotone 0.055
fenitrothione 0.0002
dichlorvos 0.00006
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acid dichloride (4.9 g, 30 mmol), both dissolved toluene/dichloromethane
(1:1; 100 mL) were added simultaneously and dropwise under vigorous
stirring. After 1 h of stirring at room temperature, the mixture was
extracted with water (3� 250 mL) and the organic phase was dried over
MgSO4. The solvent was removed in vacuo to yield a pale brown solid,
which was recrystallized from dichloromethane/hexane 1:1 (6.0 g, 69%).
m.p. 89.5 8C. Elemental analysis calcd. for C16H17O3P (288.29): C 66.6, H
5.9, O 16.7, P 10.7, found: C 66.4, H 5.8, O 17.1, P 10.5. IR (KBr, cmÿ1): n�
3103 (s), 3077 (s), 3057 (s), 3026 (s), 2960 (s), 2948 (m), 290 w, 2871 (m),
1609 (s), 1583 (m), 1487 (vs), 1451 (s), 1410 (s), 1304 (s), 1270 (vs) (nP�O),
1241 (vs), 1230 (vs), 1215 (vs) (3� nCÿO), 1178 (s), 1169 (s), 1110 (vs), 1076
(m), 1035 (m), 955 (vs), 947 (s), 924 (vs), 901 (s), 880 (m), 860 (s), 845 (s),
824 (s), 794 (m), 771 (vs), 744 (s), 732s, 715 (m), 612 (s), 600 (m), 552 (s), 539
(m), 524 (m), 489 (m), 470 (st), 442 (s), 409 (s). 1H NMR (400.13 MHz,
25 8C, CDCl3): d� 7.30 (dd, 3Jc,d� 7.5 Hz, Hd), 7.16 (t, 3Ja,b� 3Jb,c� 7.5 Hz,
Hb), 7.08 (t, Hc), 7.05 (d, Ha), 4.33 (dd, 2Jg,g'� 13.4 Hz, 5JP,g� 2.4 Hz, Hg), 3.73
(d, Hg'), 2.17 (dt, 2JP,h� 18.2 Hz, 3Jh,i� 8.5 Hz, Hh), 1.96 (m, Hi), 1.16 (dt,
3Ji,k� 7.3 Hz, 4JP,k� 1.8 Hz, Hk). 13C{1H} NMR (100.60 MHz, 25 8C, CDCl3):
d� 147.9 (d, 2JP,f� 10.9 Hz, Cf), 132.8 (s, Ce), 130.2, 128.5 (2� s, Cb, Cd),
126.0 (s, Cc), 122.4 (d, 3JP,a� 3.7 Hz, Ca), 33.7 (s, Cg), 27.5 (d, 1JP,h� 143.0 Hz,
Ch), 16.1 (d, 2JP,k� 5.8 Hz, Ck), 15.2 (d, 3JP,i� 17.9 Hz, Ci). 31P{1H} NMR
(161.98 MHz, 25 8C, CDCl3): d� 25.1 (s).


Crystal structure determination of 1: The crystal was fixed inside a
Lindemann class capillary and the intensity data were obtained at 208 K
with graphite-monochromated CuKa radiation on an Enraf Nonius CAD4
diffractometer. Preliminary positions of heavy atoms were found by direct
methods (SIR92[23]), while positions of the other non-hydrogen atoms were
determined from successive Fourier difference maps coupled with an
initially isotropic least squares refinement (SHELXL93[24]) with the
program system STRUX-V.[25] The hydrogen atoms were refined with
individual isotropic thermal parameters. Crystal properties and experi-
mental details of data collection and structure refinement are summarized
in Table 3.[26]


Molecular mechanics and semiempirical calculations : All calculations were
performed on a Silicon Graphics workstation O2 R5000 with the Insight/
Discover 95.0 program package. For the MD simulations (cvff force field,
T� 1000 K, 100 ps), every 1 ps a structure was taken and minimized.


Toxicological tests : The tests (luminescent bacteria, daphnia magna) were
carried out with diluted (water) ethanolic eluates of the volatile combus-
tion products as described elsewhere.[19, 20]
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