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CONCEPTS

Stretching Single Molecules Along Unbinding and Unfolding Pathways with
the Scanning Force Microscope

Bruno Samori*?!

Abstract: Individual molecules can be stretched with a\
scanning force microscope and the forces required to
rupture bonds and to mechanically drive their structures
towards new conformations and states can be measured.
The tailoring of the experiments, the possibility of
carrying them out in quasi-equilibrium conditions, the
relationships between single molecule force measure-
ments, and macroscopic kinetics or thermodynamic data
are discussed. Mechanochemical experiments are ex-
panding chemistry into new realms between biology and
material science.

Keywords: mechanochemistry - protein folding - scan-
Kning probe microscopy - single molecule chemistry )

Introduction

One of the most exciting challenges that has been taken up in
chemistry in the last twenty years is the exploration of smaller
and smaller scales, both in time and in space. At the forefront,
on one side is the already mature and well-consolidated
femtochemistry, on the other side is the much younger and, in
many aspects, still pioneering chemistry of the single mole-
cules. In the last few years in several laboratories a remark-
able series of experiments were carried out on stretching
single molecules with different tools, such as optical tweezers
(OT), bendable microneedles, and the scanning force micro-
scope (SFM), also called atomic force microscope.l'! These
investigations were started from the pioneering force versus
extension measurements of Bustamante and co-workers made
on a single DNA molecule.”! This work brought an experi-
ment of classical physics into the world of single molecules.
The general approach of all these experiments was to measure
the force required to mechanically drive the structure of a
single molecule towards new conformations and states that
are otherwise very hard to reach. This approach was named
“force spectroscopy” by several authors.
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The SFM was developed to image surfaces and single
molecules deposited on a flat substrate by raster scanning a
very sharp tip over the surface; this is carried out by a flexible
cantilever. The force of interaction between the tip and the
sample is continuously measured by monitoring the deflection
of the cantilever and the force is also kept constant during the
scanning.’! With the SFM tip we can gently touch individual
molecules: it is like playing at blind-man’s buff with them
(Figure 1).

The applications of SFM can go beyond imaging because it
is intrinsically a force sensor.[¥ The minimum force an AFM
can detect is limited by both the noise from the detection
system used to monitor the cantilever motion and by thermal
motion of the cantilever itself. Under water, for the commer-
cially available 200 p long cantilever with a spring constant of
about 60 mN m~!, the measured force noise amounts to 7.4 pN.
For a shorter cantilever the measured force noise can be
decreased to 1.3 pN.Pl In manipulations of single molecules
the measured force must, therefore, span from the tensile
strength of a covalent bond, which is in the range of 2—-4.5 x
10° pN,! to around 9 pN, which is needed to unpair a single
AT base pair in DNA.I! It must be emphasized that these
nanomanipulation games are played in liquids and, when
biological structures are involved, conditions close to those
that exist in living organisms can be mantained.

After an introduction to the single-molecule dimension
(certainly not very familiar to most chemists), the relation-
ships between the single molecule force spectroscopy data,
and the thermodynamic or kinetics data traditionally obtained
with ensembles of Avogadro numbers of molecules are
discussed. The present technical capabilities are mostly
discussed in the next section on the tailoring of the experi-
ments, and an overview of the recent advancements and
the most important prospects of the technique have been
considered in the section on the equilibrium and non-
equilibrium processes and in the Conclusions paragraph.

Tailoring a Force Spectroscopy Experiment to Single
Molecules

The commercial SFMs, originally developed for imaging,
currently make it possible to approach the tip to a substrate

0947-6539/00/0623-4249 $ 17.50+.50/0 4249





CONCEPTS

B. Samori

Figure 1. Imaging and manipulating single molecules with the SFM is like playing at blind-man’s buff with them: their shape is reconstructed not in the brain
of the blind-man, but in a computer where the deflections of the cantilever are continuously recorded during the raster scanning of the tip on the sample.

Reproduction from “la gallina ciega” by F. Goya (Museum EL Prado, Madrid).

upon which polymer molecules has been previously depos-
ited, to load a desired force, and then to retract the tip: this
cycle is normally repeated multiple times in sequence.
Whenever a molecular bridge is formed between the two
moving surfaces at the micro-contact, either because the tip
has just picked up one end of a moleculel”), or because a bond
was formed,[®®l the force acting on this bridge is reported
versus the tip displacement, as in Figure 2. These force curves
have a saw-tooth shape composed of a rising part followed by
a sudden drop. The drop corresponds to breaking of the
bridge, and its measure is an estimate of the rupture force. The
rising part corresponds to the stretching of the polymeric
bridge: the force necessary to stretch the polymer molecule
increases with the extent of stretching, because the conforma-
tional space that the polymer can sample is increasingly
reduced. It is like when one wants to hold a certain volume of
gas under a piston; a squeezing force must be loaded against
the pressure of the gas. Both cases deal with an entropic
elasticity. The stretching of a molecule may in addition induce
an increase of its contour length through a conformational
transition which extends along the chain. This transition is
revealed by a kink or a plateau in the force curve (Figures 2
and 3). In this case the elasticity has acquired an enthalpic
component.

Commercial SFMs were modified %! or true nano-manip-
ulators based on SFM technology were custom built!> !l in
order to control at will the position and the displacements of
the tip along the vertical z axis. This makes it possible to
manipulate the molecular bridge repeatedly before reaching
its rupture limit, by letting the tip approch and retract, step by
step, many times. This capability allows us 1) to engage the tip
on the substrate with the so-called “fly-fishing-mode”, which
minimizes the number of multiple bridges;'? and 2) to verify
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Figure 2. Top: Sketch of a) the approach of an SFM tip to a substrate;
b) formation and stretching of a single molecular bridge between them, and
c) rupture of the bridge in an approach and retraction cycle. Bottom:
Characteristic shape of the force (F) versus extension (E) unbinding traces
associated to the rupture the molecular bridge. The force curves have a saw
tooth shape composed of a rising part followed by a sudden drop. The drop
corresponds to breaking of the bridge, and its measure is an estimate of the
rupture force. The rising part corresponds to the stretching of the polymeric
bridge. The stretching may induce before the rupture of the bridge a
conformational transition which extends along a segment of the chain and
is revealed by a kink or a plateau (b’) (reproduced from reference [8]).

the reversibility of the investigated process, as shown by the
two examples in Figure 3. The force-extension traces recorded
by Fernandez etal.’® on stretching and subsequently on
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Figure 3. A) The stretching of pectin induces two chair-inversion transitions along the chain that are revealed by
the two kinks in the force versus extension curves; the stretching (—) and relaxation («) traces were
superimposable (reproduced from reference [13]). B) A single DNA chain was opened by pulling apart its
complementary strands, like the two sides of a zip. Also in this case the stretching and relaxation traces were

superimposable (reproduced from reference [7]).

relaxing the same single chain of a native pectin, at a pulling
speed of 500 nms~! are superimposable (Figure 3A). Another
reversible behavior was recorded by Gaub et al.! while doing
experiments of force-induced melting in a very long (48.5 kb)
DNA strands. They recognized and assigned a plateau
(occurring at 9 pN for a pure AT and at 20 pN for a pure
GC sequence) to the zipping—unzipping transition in the
double helix. The extension and relaxation curves were
superimposable (Figure 3B).

A marked hysterisis was observed instead after a complete
pulling cycle when a polymer of T4 lysozyme was unfolded
and refolded, with a pulling speed in the same range as the
two previous experiments.'” The unfolding force-extension
curve exhibited the characteristic saw-tooth pattern, which
had been previously reported for multi-modular proteins
composed of tandem arrays of globular domains, like titin
(Figures 4 and 5). As first demonstrated by Gaub et al. the
equally spaced peaks result from the sequential stepwise
unfolding of the individual domains of the polymeric pro-
tein.'" The origin of the hysterisis will be discussed in the
section below on the equilibrium and non-equilibrium pro-
cesses.

Is exactly one single molecule picked up by the tip?: The
possibility of having a single molecular bridge between a
functionalized tip and the substrate is normally connected to
the capability of diluting the chemical functionalities on the

Chem. Eur. J. 2000, 6, No. 23
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surfaces, and, sometimes, also
to a slow disentangling of the
individual polymer filaments
from a polymer brush. When-
ever events involving more
than one bridge take place, the
distribution of the measured
forces shows peaks that corre-
spond to multiples of an ele-
mentary force.'’] This force,
which relates to a single-mole-
cule event, can be statistically
evaluated even if only a few
events took place at a single-
molecule level. On the other
hand, if we want to base our
study on single-molecule events
only and collect and analyze
only data coming from them,
we must be able to recognize
them.

High-resolution SFM imag-
ing can, in some cases, support
this aim very effectively, by first
locating a single molecule to be
manipulated and then imaging
the system again after the ma-
nipulation. This approach made
it possible to estimate the inter-
molecular forces between indi-
vidual proteins on a bacterial
surface layer and to describe
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Figure 4. Force curves of the unfolding (—) and the refolding (<) of a
polymer of T4 lysozyme (reproduced from reference [10]).

the unfolding pathway during their extraction.l' Imaging
with a single-molecule resolution was combined by Hinter-
dorfer etal. with force measurements of the molecular
recognition of an antigen by an antibody.!'”]

In most of the force spectroscopy studies so far reported,
the single-molecule level could not be demonstrated by
imaging the systems under investigation. This was due either
to the inability of most nanomanipulators (in spite of being
SFM-based) to image, or to a SFM resolution too poor to
make this possible. The force spectroscopy experiments were
therefore approached with a peculiar attitude: the main issue
was not to reach the full reproducibility of one specific single-
molecule event, but to recognize and assign the same event,
whenever it took place.
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Figure 5. A) Saw-tooth-like pattern of the force curve of the unfolding of a
single protein made of tandem repeats of identical immunoglobin modules.
B) As the protein is elongated the restoring force increases until one of the
domains unfolds; this unravelling suddenly increases the contour length of
the protein and allows the force on the cantilever to fall to near zero.
Further extension is resisted again by entropic forces until a second domain
in the chain unravels and so on a saw-tooth pattern is thus obtained. C) The
“energy landscape” of the folding pathway for a single domain was
determined by SFM. The changes in free energy (AG) are plotted versus
the process coordinate (Ax). Three distinct states were identified: native
(N, Ax=0), condensed denatured (C, Ax=25.5 A), and extended dena-
tured (ED, 25.5 < Ax <284 A). The transition state is located 2.5 A away
from the N state and 23 A away from the C state. (reproduced from
reference [36]).

Two approaches are very helpful to recognize when the tip
has picked up exactly one single molecule.

1) Normally in a series of experiments the peaks in the force
curves occur at different extensions, as also shown in
Figure 2: the molecular bridges that are stretched have
various contour lengths and therefore different elastic
properties. The elastic properties should scale linearly with
length in the experiments in which only one chain was
picked up.[* 8l

2) A plateau or a kink, whenever it is present in the force-
extension curve, (Figures 2 and 3) can be used to monitor if
simultaneous stretching of more than one molecule took
place. In fact it is due to a conformational transition which
should occur in a single molecule always at the same
elementary force.[ 8 12 13]

Can we manipulate only long polymer chains?: The molecular
bridges stretched in all the experiments we have mentioned so
far were long polymers such as DNA or polysaccharides. With
long polymers the stretching experiment can be carried out
while keeping the tip and the surface holding the other end of
the molecule so far apart from each other, so that the strength
of nonspecific interactions between them to a minimum.
When smaller molecules are manipulated nonspecific attrac-
tive or repulsive interactions can drastically affect the force in
the SFM experiments, and also a number of irreproducible
features can appear in the force curves and obscure the
interactions of interest at short extension (see for instance
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Figure 5 in ref. [10]). This is the reason why long spacers were
introduced in the system to be manipulated.'! On the other
hand with long spacers 1) the load does not rise steadily under
constant pulling speed, and the measured values of bond
strength are modified;!"! 2) the compliance of the molecular
bridge increases, and the force resolution decreases.””! Non-
specific interactions can be decreased also by tailoring the
environment!'® 2] and the chemical composition of the two
surfaces.?!

The tailoring of the composition of the bridge should also
take into account the possibility of including in the construc-
tion a polymeric linker, such as a DNA® or a polysaccharide
chain,® % 12131 which would introduce a well-defined plateau
in the force curve that can be used as an internal strain-gauge
to calibrate the force acting on the molecular bridge.

Should we always anchor the chain to the two surfaces by
covalent bonds ?: Most of the experiments with polysaccarides
and proteins were carried out just by adsorbing them onto a
clean glass substrate or on gold surface. An individual chain
was picked up with a SFM tip by applying a contact force of
several nN over seconds. This attachment protocol was shown
to be applicable to a broad range of molecules and results in
stable attachment under forces of up to a nN.I"]

When the rupture forces measured reach values of the
order of one nN, the molecule to be stretched must be
covalently bound to the tip and to the substrate. By far the
most popular approach to tip and substrate functionalization
is to coat them with gold or platinum and then immobilize
thiol-functionalized molecules on their metal-coated surfaces.
Stripped-template gold surfaces are preferentially used as
substrate because of their flatness.*) Covalent bonding to the
tips can alternatively be attained by using organosilane
functionalities.

Equilibrium and Non-Equilibrium Processes

The general approach of all the experiments outlined above is
to induce ruptures of noncovalent or covalent bonds by
applying an external force. If we could wait long enough the
force required to rupture one bond would measure zero,
because any unbinding barrier can be thermally overcome. An
external force, if properly directed, speeds up the kinetics of
dissociation by tilting the “energy landscape” of the unbind-
ing path and lowering the activation barrier. The kinetics may
be sped up as much as necessary to trigger the unbinding on
the timescale of the experiment. Bond strength may be
therefore thought of in terms of the force that is most likely to
break the bond over a particular timescale.[?>28]

If the applied force is not large enough to eliminate the
activation barrier, the surmounting of the barrier is still
thermally activated and may take place in quasi-equilibrium
conditions. This will occur provided that the pulling velocity is
slow enough to let the molecule fluctuate thermally at any
extension point, as much as to visit a significant fraction of its
accessible conformational space. The re-equilibration of the
solvent shell can be normally considered a much faster
process that can be accounted for as a background equi-
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librium fluctuation. Molecular dynamics simulations of un-
binding processes in quasi-equilibrium conditions have been
reported by Schulten et al.l?)

Experiments based on the rupture of the molecular bridge
between the tip and the substrate are like digital on-off
processes and cannot be reversible. In fact after the bridge was
broken the two separated parts relax independently. In
contrast, in a stretching experiment based on mechanical
manipulations of the bridge before its rupture, equilibrium
conditions can be attained, provided that the pulling velocity
is slow enough to get a reversible path, like those shown in
Figure 3. Can we predict how slow the velocity should be? A
thorough theoretical description making it possible to answer
this question has not been made available yet. Generally, it
has been said that the structural changes must occur much
faster than the time the experiment takes*) but also the
stiffness and the viscoelastic response of the cantilever plays
an important role, which is intertwined with that of the pulling
velocity.

The thermal fluctuation of the tip position (dz) within the
potential well is determined by the stiffness of the cantilever.
With a spring constant of 60 pNnm~, dz is expected to be
about 3 A in air [from Eq. (3) in ref. [29a]], which is of the
order of magnitude of the width of the potential well of a
covalent bond. This value of fluctuation amplitude is expected
to decrease with the solvent and with the tethering of the
molecular bridge, unless occasionally reinforcement effects
occur.

We may tailor the experiment as to extend the tip in
increments followed by a pause at a constant force that allows
the fluctuating system to equilibrate. This will take place if the
intervals after each extension increment are long compared
with the relaxation time of the bond-opening and -reclosing
reaction (z,). More commonly the manipulation experiments
are performed by pulling the tip continuously at a constant
speed (v). During its motion the tip allows a 0z “breathing” of
the system. This breathing may involve opening and reclosing
of bonds and/or advancing and relaxing of conformational
transitions along the chain. If we want to keep the process on a
quasi-equilibrium pathway, the pulling velocity must be slow
enough to leave the molecule “breath”, at any point
sequentially reached, for a time compatible with a thermal
equilibration. This ought to take place whenever dz/v, that is,
the time required for the tip to be retracted by a length equal
to 0z, is longer than 7,. In analogy with the so-called Deborah
number (De) used to compare data of polymer elongation
with flows of different viscosity and strain rate, a dimension-
less parameter is here proposed and named “stretching
parameter” [S in Eq. (1)].

S=1.v/dz 1)

It can be used for comparing data collected with different
cantilevers and pulling speeds, and it can be useful for the
tailoring of quasi-equilibrium conditions provided that dz has
been estimated in the conditions of the stretching experiment.
We can try to apply Equation (1) to two experiments
previously described by using the in-air 0z value. As estimated
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in reference [31], the S parameter for the experimental
conditions of the pectin stretching reported in reference [13]
results in a value smaller than one, as required for the quasi-
equilibrium condition. In fact the process in those conditions
was reported to be reversible.

As theoretically simulated for a dextran chain®! and
experimentally shown in chromatin manipulation by OT,P
above a critical pulling speed the reversibility is lost: the force
starts changing with the pulling velocity and a hysteresis
appears between the extension and the relaxation cycle that
indicates a transition to a non-equilibrium regime.

After that critical pulling speed the unfolding processes are
sped up with respect to equilibrium condition, while the
refolding is slowed down by the tensions along the bridge and
by the decrease of the rotational freedom of the chain
domains. This is the origin of the hysterisis between the
extension and the relaxation traces and the dependence of the
unfolding force on the pulling speed. In this condition, the
molecules are driven by the external force to metastable non-
equilibrium conformations which could clearly not occur if
the elongation allows the molecules to equilibrate constantly.
With no equilibrium the process becomes dissipative, the
amount of energy equal to the area inside the hysteresis curve
is locally wasted as heat,! and because of these irreversible
components, the forces at which the processes take place is
found to increase with the force loading rate.[*”!

The § value estimated in reference [31] for the experimen-
tal conditions so far most commonly used in protein unfolding
experiments, tells us that quasi-equilibrium conditions could
be attained only if the tip velocity is slowed down by three or
four orders of magnitude: this is hardly compatible with the
stability of the instruments presently available. On the other
hand these unfolding processes of multimodular proteins were
very recently demonstrated to be kinetic and not equilibrium
processes.

In summary, many unfolding and unbinding processes take
place in nature in a irreversible way and are accompanied by
dissipative work. These processes can be simulated and
studied at the single-molecule level by force spectroscopy
experiments and the features of their non-equilibrium “en-
ergy landscapes” can be explored along the different path-
ways that we can select by changing the stiffness of the tip
cantilever and the pulling rate.???! If we are interested
instead to those processes that take place in quasi-equilibrium
conditions and are governed by thermodynamic stability, the
capability of recording those events under constant pulling
forces can play a crucial role in these studies: this kind of
experiment may require in most cases a stability hardly
achievable for the nanomanipulators currently available.

Pathways Mechanically Driven in Single Molecules
and Pathways Thermally or Chemically Activated in
Macroscopic Systems

Unbinding or unfolding forces may be governed by thermo-
dynamic stability (free energy difference between the bound
or folded and unbound or denatured states) or by the free
energy difference between the bound or folded states and the
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transition states. The height of the energy barrier can be
estimated from the rate constant of the mechanically driven
process extrapolated to zero force. The rate constants are
obtained from the force —frequency histogram and from the
dependency of the force on the pulling rate, as described in
references [18, 30, 34—36]. In parallel, from the same exper-
imental data also a parameter Ax is obtained. It indicates the
reaction length over which the force must be applied to reach
the transition state. In the case of an unbinding process, this
parameter corresponds to the difference in bond length
between the bound and the transition state, in the case of an
unfolding process, as in Figure 5, it corresponds to the
difference in the end-to-end extension between the folded
and the transition state.

Across a series of different antibody—antigen complexes
Pluncktun et al. very recently found that the unbinding forces
correlate with the thermal dissociation rates in solution and
not with the activation or equilibrium enthalpies. They also
found that Ax correlates with the height of the transition state
regardless of the details of the binding site, which most likely
reflects the plasticity of the protein.’* The same indication of
a strong similarity between the pathway of the mechanical
unbinding and that of the thermal dissociation was also found
by Guntherodt et al. in SFM experiments of separation of
complementary DNA strands.”]

Fernandez et al. recently addressed the problem of the
relationship between mechanical and chemical unfolding of
protein domains.** 3] They showed how SFM experiments on
single proteins can provide both rate constants extrapolated
to zero force and the Ax values, not only for the unfolding but
also for the refolding process. On this basis the thermody-
namical stability can be also estimated for single molecules.
The data they obtained for a series of immunoglobin modules,
for their homopolymers and heteropolymers, were compared
with those obtained on the same systems by chemical
denaturation in solution extrapolated to Om denaturant
(guanidinium chloride). They found a very close agreement
between the SFM and the solution data. Both sets of data
suggested that the unfolding force is not governed by their
thermodynamic stability, but rather by the unfolding activa-
tion energy.

Those similarities between mechanically, thermally, or
chemically driven pathways could throw doubt upon the
importance of keeping doing experiments on single mole-
cules. What can these experiments add to the traditional bulk
ones?

Ensemble-Averaged and Single-Molecule Methods

Single-molecule measurements can be used to record rare
events, fluctuating or stockastic behaviors, and can explore
properties not detectable with traditional, ensemble-averaged
methods. One clear example was very recently provided by
Fernandez et al.: by examining the fidelity of mechanical
refolding by repeatedly unfolding and refolding an extra-
cellular matrix protein, they captured a “skip” misfold which
could significantly affect the function of that protein.5®!

4254
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Single-molecule measurements, which overcome the limi-
tation of solution methods of the averaging experimental
parameters on the entire ensemble of presumably identical
molecules, provide information on the distribution of the
observables rather than just their average values. This can give
crucial insights, as shown by a constantly increasing number of
papers. For instance S. Chu et al. found that identical DNA
molecules under identical conditions follow a multitude of
paths as they are extended in elongation flows.””) On imaging
by SFM the diffusion of individual E. coli RNA polymerase
molecules along DNA chains, Bustamante et al. found that
several of the imaged molecules followed other mechanisms
of facilitated targetting, such as inter-segment transfer and
hopping.*! These mechanisms were demonstrated for the first
time by this single-molecule study. One further example is
provided by a force spectroscopy experiment on the coordi-
nation bond between a histidine tag and Ni-nta complex
(nta = nitriloacetate).[®! It revealed that their encounter may
lead, with markedly different probabilities, to at least two
types of complexes with different stability and with different
“energy landscapes” along their force-driven dissociation
pathway. All these kinds of information could not be accessed
by means of traditional experiments.

The importance of performing single-molecule experiments
is evidenced also by recent optical spectroscopy experiments,
which provide an unprecedented insight into static and
dynamic molecular inhomogeneity previously obscured by
ensemble averaging.[*!] Distributions and time trajectories of
physical observables connected to conformational states,
conformational dynamics, and activity of single biological
macromolecules can now be measured by fluorescence
spectroscopy on single molecules without the impossible need
to synchronize all the molecules in the ensemble.[*?

Single-molecule experiments reveal that nature is more
heterogeneous than we could so far figure out. For instance,
the present picture of the protein folding “landscape” is that it
resembles a funnel which guides the protein through many
different sequences of traps towards the low-energy folded
(native) structure. Why should only one structure be expected
at the end of the funnel? Another complex biological process
such as enzyme activity will most likely show in the future a
multiplicity of kinetics paths that only single-molecule experi-
ments may make possible to characterize.

Conclusion

Mechanochemical experiments are expanding chemistry into
new realms between biology and materials. The above-
mentioned works on the mechanochemistry of modular
proteins have already given important insights on the physical
origin of the elasticity of natural adhesives and muscle
proteins. On this basis mechanically complex modular pro-
teins, novel tissues, and fibers can be engineered.

A large numbers of molecular motors have been discovered
in recent years: they use chemical energy to carry out
mechanical processes. Most enzymes act as molecular motors
because large conformational changes are involved in their
catalytic activity. Their kinetics and thermodynamic proper-
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ties are affected by external forces. Their function and
mechanism could be explored on this basis by force spectros-
copy experiments.*!

The construction of nanosized bioelectronic circuits re-
quires methodologies for site-selective positioning and as-
sembly of single molecules. Methodologies of mechanical
manipulations of single molecules can crucially support the
construction of complex biocatalytic surfaces miniaturized to
the nanometer, and, afterwards, also map their functioning at
the single-molecule scale. These methodologies are develop-
ing very rapidly, and future advances will depend on technical
improvements in the time resolution of the measurements and
the mechanical and thermal stability of the manipulation
tools. Further advances in the theory are still necessary for
both the tailoring of the experiments and the interpretation of
the data.
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Halide Anion Recognition in Water by an Hexaprotonated
Octaaza-Cryptand: A Molecular Dynamics Investigation

Pierre Jost, Rachel Schurhammer, and Georges Wipff*[#]

Abstract: Based on molecular dynamics
simulations, we describe the F~ versus
Cl- complexation by an hexaprotonated
cryptand LS* in aqueous solution, in
order to elucidate their structures, sol-
vation properties and the status of
external halide counterions. In water,

and the accompanying counterions are
dissociated from the +5 charged com-
plex. A remarkable result is obtained for
the dissociated L% 3F-3Cl~ system,
where spontaneous complexation of F~
(the anion which forms the most stable
complex with L°*) takes place during the

dynamics. The resulting complex is of
facial type; this suggests that the equili-
brium involves multiple binding modes
and structures in aqueous solution. The
question of F~/Cl~ binding selectivity is
investigated by free energy perturba-
tions simulations which nicely reproduce

F~ and CI- simulated inclusive com-
plexes adopt a structure somewhat dif-

the spectacular preference for F~ over
CI~. Two different methodologies used

. Keywords: counterions - electro- )
ferent from the solid state structure of | for the treatment of electrostatics
. o ytes macrocycles molecular .
the F~ complex: The anion binding d ] ca (standard versus Ewald calculations)
ynamics + molecular recognition

involves two diammonium bridges only,

Introduction

Anion binding by macrocyclic hosts, early identified as a
founding theme of supramolecular chemistry,'™# received
relatively little attention, compared with cation binding.[>*!
The main reasons are presumably the limited choice of anion-
binding sites (hydrogen bonds or Lewis acids), the larger size
of the anions, and the role of solvent. In water, anions may be
complexed by topologically connected macro(poly)cyclic
ligands, whose ammonium-binding sites are positively charg-
ed, providing therefore, in addition to hydrogen bonding
interactions, a strong electrostatic driving force for anion
encapsulation. As far as modelling studies are concerned, the
field of anion complexation is relatively unexplored. A recent
review can be found in ref. ). Some molecular mechanics
studies dealt with the gas phase behavior of these com-
plexes,'13 while molecular dynamics (MD) simulations with
explicit solvent tackled the question of competitive hydration
and complexation processes.'"1?l The first paper on ion
recognition in solution by a macrocyclic host concerned the
Cl-/Br~ binding by a tetraprotonated SC24,4H*" tricyclic
host. For this system, the energy profile for Cl~ anion
inclusion has also been investigated by molecular mechanics

[a] Prof. G. Wipff, P. Jost, R. Schurhammer
Laboratoire MSM, UMR 7551 CNRS, Institut de Chimie
4, rue B. Pascal, 67000 Strasbourg (France)
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http://www.wiley-vch.de/home/chemistry/ or from the author.
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yield similar conclusions.

in the gas phase,l'* as well as by MD in aqueous solution.['> 1]
Halide anion complexation by a neutral calixarene in organic
solution has recently been reported.!'”)

This paper deals with the halide anion complexation by an
hexaprotonated bicyclic octaaza-cryptand (Figure 1), studied
experimentally by Lehn et al.l ¥l This ligand, referred to
later as L%, forms in acidic aqueous solution, a complex with
F~ of high stability (logK =10.55, according to Lehn et al.l's]
and 11.2 acording to Smith et al.?"!) and displays a spectacular
F-/Cl- selectivity (> 10%). The inclusive nature of the F-
complex, noted hereafter as LF**, is supported by NMR
spectroscopy in solution, and by an X-ray structure,!'8! where
the six ammonium N* sites form a quasi trigonal prismatic
arrangement with F~.-«N™ distances ranging from 2.76 to

N - éﬁ

NH,* NHy' c 1, NHy
] j Hn.. 0. 290H ’ ] j
h NIt N 002 NH," NH,*

Figure 1. Schematic representation of the inclusion halide complex of L+
(left) with atomic charges and AMBER atom types used for the simulations

(right).
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2.88 A. These distances, typical for strong hydrogen bonds, are
shorter than the two F~-.-N distances with bridgehead
nitrogens (3.28 and 3.37 A). The three *“NC—CN* dihedrals
are gauche (68, 74, and 74°, respectively), leading to a
converging orientation of the ammonium binding sites.
Due to the presence of the five other counterions (2F-, Cl-,
and 2PF,), the symmetry of LF°* is slightly distorted
from D;.

Whether stuctures observed in a crystalline environment
are representative of those present in aqueous solution is a
recurrent question, which will be addressed by MD simula-
tions. More specifically, we will first focus on the precise
location of the complexed F-, the conformation of the cage,
and the location of the five accompanying counterions.
Whether the structure with a given guest (F~) is a good
model for complexes involving larger guests (e.g. Cl7) will be
another matter of interest. Computer prediction of binding
selectivities, in principle feasible through alchemical pertur-
bations,?!! remains a challenge in computational chemistry,
especially in the LX>* system studied herein, where, due to the
high host—guest electrostatic forces, the selectivity likely
results from small differences between numbers larger than
those involved in ion complexation by neutral hosts. To our
knowledge, the thermodynamic components of AG have not
been determined for this system. However, based on the
analysis of anion complexation by an analogous hexaproto-
nated hexacycle,?> 2] where the entropic TAS component of
AG is larger than the enthalpic AH component, it may be
speculated that entropy effects also play a major role in the
halide complexation and recognition by L%, a feature which is
also quite challenging to account for computationally. Our
MD simulations deal with the electroneutral Lt 3F-3Cl-
system, where the two PF;~ anions of the solid state structure
have been replaced by Cl~ anions.

First, we want to describe the LF°* and LCI* inclusive
complexes in water and compare their structures with the
solid state analogue of LF>*. We then consider the uncom-
plexed state, from simulations which start with all anions
dissociated from LS. The main purpose is to examine the
conformation of L®" uncomplexed, in relation with its possible
preorganization. It will be shown that during the simulations,
one anion (F~) is spontaneously captured by the cryptand,
which adopts a conformation somewhat different from the
one in the solid state. The last section deals with the F~/CI~
recognition, based on free energy perturbation calculations.

Methods: The molecular dynamics (MD) simulations were
performed with the modified AMBERS software?! where the
potential energy U is given by:

U=Zonas K (r— req)2 +2angles Ky(0— geq)z + Zdincdratszn V(1 +cosne)
+ i [qigy/ Ry — 2e5(Ry*/Ry)® + e(Ry*/Ry) 2]

The electrostatic and van der Waals interactions between
atoms separated by at least three bonds are described within a
pairwise additive scheme by a 1-6-12 potential. Parameters for
the solutes were taken from the AMBER force field®! and
from previous studies.'” Atom types and charges are sum-
marized in Figure 1. The atomic charges on L5 were fitted

4258
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from ESP calculations.l'’! They were used without a special
scaling factor for 1-4 interactions. Noteworthy is the
N-030 H+034 polarity of the ammonium bonds, similar to the
values of Papoyan et al. (N-0% H®%).[2l The Lennard-Jones
parameters of the F~ and Cl- anions (R*;=1.850; R*y=
2495 A; ex=0.200; ¢q=0.107 kcalmol~!) have been fitted
to reproduce their relative free energies of hydration.?l The
water molecules were represented by the TIP3P model.?”)

Long range electrostatic forces are particularly important
for charged systems and may critically determine their
dynamic behavior.?®! This is why two types of simulation
conditions have been compared. The first one (noted 15-std)
uses a standard treatment of electrostatics with a 11/15 A twin
cutoff distance. The second one (noted 11 +PME) uses the
PME (particle mesh Ewald) treatment of electrostatics, as
implemented in AMBERS, in conjunction with a residue
based cutoff of 11 A. Each anion and L were considered as
single residues. Discontinuties in the potential energy may
translate into spurious values and fluctuations of temper-
atures. Thus, after several tests (Supporting Information,
Table S1), we decided to separately couple the solvent and
solute parts of the system to a thermal bath at 300 K, based on
the Berendsen algorithm® with a relaxation time 7 of 0.1 ps.
In all cases, the average temperature (7T) was 300 £3 K for
water as for the whole system, but displayed significant
variations and fluctuations for the anions at a temperature of
about 320+90 K in the 15-std calculations and 290 +90 K
with the 11 +=PME. We also tested the effect of a reaction
field correction® with a 11/15 A twin cutoff, and found the
temperatures of the ligand and anions are close to those
obtained with the 11 + PME conditions. Thus, the 15-std and
11 + PME simulations correspond to models where the anions
are either “cold” and “warm”. In all simulations, the pairlists
for non-bonded interactions were updated every 10 fs.

The solute was immersed in a “cubic” box of about 45 A
length, containing about 2600 water molecules (see Figure 2
and Table 1). This corresponds to a ligand concentration of

S .
=]

Figure 2. Simulation box with the starting structure of the L, 3F-, 3Cl~
system.

o

X

- Z

1.9 x 102 mol L, about ten times more concentrated than in
the complexation experiments reported by Lehn et al.l'8! or
Smith et al.?%. After 4000 steps of energy minimization with
conjugate gradients, 20 ps of MD were performed keeping the
solute rigid (BELLY option of AMBER),! allowing for
water relaxation. Then, MD was run without constraints for
timescales ranging from 0.4 to 1.3 ns (Table 1). The simulated
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Table 1. Simulation conditions of the L*, 3F-, 3Cl" systems. evolution of the shortest L6 ... X~ distances, obtained with

System Cutoff [A] Time [ns] Boxsize (xxyxz) [A]] Ny the 11+PME methodology. The corresponding 15-std results
LF. 2F.3CI  11+PME LIS 475 % 44.9 % 42.0 2647 a're displayed in Flgure?s S1 tQ S3 in the Supporting Informa-

15-std 0.9 47.5 % 44.9 % 42.0 2647  tion. Although most simulations have been performed with
LCP*, 2F,3Cl- 11+PME 1.0 47.5 % 44.9 x 42.0 2647  both 15-std and 11 + PME methodologies, with mostly focus

15-std 0.4 47.5x44.9 x42.0 2647 on the 11 +PME results, obtained from longer simulations
L%, 3F, 3Cl- 11+PME 13 442 x 442 x 442 2501

(=1ns).
15-std 0.6 442 x 442 x 442 2501

solvent systems are described in Table 1. All C—H, N—H,
O—H, H---H bonds were constrained with SHAKE, using a
step of 1 fs.

Binding selectivity and free energy calculations: The differ-
ence in Gibbs free energies (AG) between systems A (F~) and
B (CI") were calculated with the free energy perturbation
(FEP) method in the standard simulations (no Ewald) while
the thermodynamics integration (TI) method was used for
calculations using PME. Indeed, PME is not implemented in
AMBERS for FEP calculations. Both FEP and TI methods
were combined with a windowing technique, based on the
following equations:

TI method:

U
o[ ()
A=0 6/1 i

FEP method:

U,-U
AG=3AG, and AG,,:RTlog<expM>
A

RT
At each window (i.e., at each 1), 2 ps of equilibration and 3 ps
of data collection were performed. The mutations were
achieved in 21 or 51 equally spaced windows.

The variations of the potential energy U, were calculated
using a linear combination of the ¢; and R;* parameters of the
initial state (A =1) and the final state (1 =0):

e(1)=2e(1)+(1-2) £(0) and R*(A)=A R*(1)+ (1 — 1) R*(0)

For FEP mutations, the AG values were accumulated
“forward” and “backward”. We report the average values.

Analysis of results: Average structural features and energy
components were analyzed from the trajectories saved every
picosecond using the MDS and DRAW software.”!l The
interaction energies between the different groups and the
solvent were recalculated from the trajectories. The average
hydration characteristics were obtained by radial distribution
functions “RDFs” of water around selected centers. The
“center of the cage” (CM) was calculated at each step as the
center of mass of its non-hydrogen atoms.

Results
The main structural and energy features simulated complexes
are summarized in Table 2. Figure 4, Figure 6 and Figure 7

display selected structures along the dynamics, with the time
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The LF5" and LCF* “inclusive” complexes in water and the
structures, hydration and status of accompanying counterions:
All simulations of the LF°* and LCI’* inclusive complexes
started with the solid state structure of the inclusive F-
complex, adding either 2F~ or 3Cl™ neutralizing the counter-
ions (Figure 3). One anion was initially at the center of the
cryptand’s cavity, the others being at 3.7, 4.1, 4.5, 8.4 and 7.4 A
from the center of L as in the solid state structure of the

LF** complex.['®!

O O

Figure 3. The LF°* inclusive complex. Solid state structure (orthogonal
views) where the two external PF,~ anions have been replaced by Cl-
anions in the simulations (0 ps). From ref. [18].

We first discuss LF°*. Interestingly, during the first 200 ps,
an anion exchange is observed, where the inclusive F~ moves
to facial position of the ligand, and is replaced by another
facial F~ anion at the center of L (Figure 4). An intermedi-
ate state is observed, where each of the three F~ anions sits on
a face of L+, at about 2.5 A from the cavity which is empty
(Figure 4). Thus, during the first 0.5 ns, the three fluoride
anions are in contact with, or complexed by L%, while the
three chlorides slowly dissociate beyond the cutoff distance.
Further dissociation of two uncomplexed F~ anions takes
place at a later stage, at 0.5 and 0.7 ns, respectively. Analysis of
the trajectories reveals that their dissocation requires the
assistance of at least three hydrogen bonded water molecules.
The final state of LF°* corresponds to fully dissociated
counterions and to a complex somewhat different from the
one in the solid state, where F~ is more “facial”, at 0.8 0.1 A
from the center of L%, bound by two bridges only of the
cryptand. The corresponding "NC—CN* dihedrals are of
gauche type (86 +14°), while the third diammonium moiety,
not involved in the anion binding, is more open (134 + 14°)
and points its NH," protons outwards. The complex is thus of
about C,, symmetry. There are four F~-.- N* distances of 2.95
t03.00 A, about 0.3 A longer than in the crystal, and two F~ -«
N+ distances at 4.7+0.2 A. The size of the cage, defined by
the Niigaehead *** Noridgehead distances is 6.4 £0.2 A, ie. about
0.2 A shorter than in the crystal. The plot of the NH*++. F~
distances during the last 0.2 ns of the simulation (Figure 4)
shows that F~ is hydrogen bonded to four NH," groups, each
of them with one proton at 2.1 A and another proton at 3.7 A
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Figure 4. a) The LF°*, 2F~, 3Cl- complex simulated in water (11 +PME
calculations). Snapshots after 88, 484, and 1034 ps with selected first shell
water molecules (orthogonal views). b) Time evolution of the distances
(shorter than 15 A) between the anions and the cavity center of LS+,
c) Distances between the complexed anion and the 12NH protons during
the last 200 ps.

from F-, while the four NH* 25

cules is mostly determined by the positive charge of L*: the
first F~+«+ O and F~---H,, ., peaks are at about 3.9 and
48 A, respectively. The four NH* protons pointing to F~ are
not hydrated, while all others are hydrogen bonded by about
1.7 water molecules (at a NH*-.- O, distance of 1.82 A).

The structure obtained with the 15-std conditions is similar
as far as the inclusive binding of F~ is concerned. During
0.80 ns, one external F~ anion remained facially bound to the
ligand, at about 3 A from the center of LF** (Figure S1), but
finally dissociated to bulk water like the other anions.

The chloride complex LCI**, simulated with the 11 + PME
method, showed a behavior similar to LF°* (Figure 6). The
complexed anion remained more or less inside the cavity of
the ligand while the three other Cl~ and two F~ counterions
also dissociated from L. Interestingly, the complexed Cl-
was at the center of the cavity of the ligand for the first 0.6 ns,
but then moved to a facial position, at about 1.0 A from the
center. Finally, the "NC—CN* dihedrals are more open (124°,
121°, and 127 +15°) than in the fluoride complex, in relation
with the larger size of the guest. The strain induced by CI~ can
be seen in the smaller difference between CI™+++ Nygpencad
(3.4 A) and Cl-..-N* distances (from 3.3 to 3.5 A). Again,
Cl™ is facially coordinated by four NH" protons (at about
2.9 A, their geminal protons being at 4.3 A) of two diammo-
nium bridges. The NH* protons of the third bridge are more
remote (5.4 A). According to the analysis of the RDF values,
the complexed Cl~ is also fully shielded from water. The first
peak is observed at about 3.9 A for the F~+--O,,. RDF,
which indicates that water dipoles are oriented by the positive
charge of the ligand; this leads therefore to repulsive
interactions with the anionic guest.

The energy component analysis on the LF* and LCI**
inclusive complexes (Table 2) indicates that, intrinsically, the
former is about 20 kcalmol~! more stable, mostly due to the
enhanced ligand-anion interactions (AE =70 kcalmol™),
while the ligand within the complex is less stable (AE=
50 kcalmol~'; Table 2). Both LF°+ and LCI* species display
similar interactions with water. Interestingly, the anion—wa-
ter interactions are repulsive in both systems (about 177 with
F- and 165 +12 kcalmol~! with CI-), which indicates that
solvation of the complex is dominated by its 45 charge and is
antagonist to the anion hydration. Upon complexation, the
anion hydration becomes unfavorable and this energy penalty
contributes to the overall binding selectivity (vide infra). This
may be a specific feature of ion binding by positively charged
ammonium binding sites, compared with the anion binding by
neutral hosts, which likely translates into marked entropy
changes due to solvent reorganization.

2.5

protons of the “unbound

bridge” are too far (5.2 A) to

bind F-. B a

Concerning the hydration of

LF°+, the radial distribution 05 i

functions (Figure 5) show that T
the complexed anion is fully
shielded from water, and that
the orientation of water mole-

4260

LY, 2F, 3cT”

Figure 5. The LF°* and LCI°* complexes and the uncomplexed ligand in water. H,, (full line) and O,, (dotted line)
RDF values around the complexed anion and around the center of L%+ (11-PME calculations).
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Figure 6. a) The LCI’*, 2F~, 3Cl- complex simulated in water (11+ PME
calculations). Snapshots after 150, 260, and 700 ps with selected first shell water
molecules (orthogonal views). b, ¢) See Figure 4. A color version of this Figure

is available as Suppporting Information (Figure S4).

Again, comparison of 11 +PME and 15-std results (Fig-
ure S2 and Table 2) leads to similar structural and energy
features.

Simulation of L (uncomplexed), 3F-, 3 Cl- leads to
spontaneous capture and recognition of F~ by the cryptand:
The uncomplexed L cryptand was simulaled in the presence
of the six neutralizing counterions, initally placed at 9 to 14 A
from the center of the cavity, with 11 +PME and 15-std
methodologies. In both simulations, due to its internal
electrostatic strain, the cryptand rapidly underwent a swelling

Chem. Eur. J. 2000, 6, No. 23
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distortion and conformational changes, while all six NH,*
groups moved to “diverging” orientations and the "TNC—CN™
dihedrals became nearly trans. At the beginning of the
dynamics, all anions diffused in water, some of them remain-
ing far beyond the cutoff distances, while others moved inside
the cutoff distance of L%+,

In the 11 + PME simulation, two remarkable events took
place. The first one began at 0.38 ns, where one Cl~ anion was
attracted by L6, at about 4.2 A from the center of the ligand.
As shown in Figure 7, this anion was loosely coordinated on
one face of the cryptand, and remained there for about 50 ps.
Despite the high electrostatic attraction with L%, it then fully
dissociated to the bulk solution at about 0.8 ns. This dissoci-
ation was concomitant with the approach of one F~ anion
from the bulk solution, to a short contact distance with the
ligand. From 0.8 to 1.3 ns, this anion was progressively
captured by L°*, to form a stable inclusive complex (Figure 7).
This simulation thus reveals the spontaneous selection of F-
by the ligand in the presence of Cl- competiting species. The
final structure differs, however, from the structures of LF>*
described above: One "NC-CN* dihedral is trans (180 £+ 10°),
one is 117 & 8° and the third one, more involved in the fluoride
binding, is nearly gauche (— 80 £ 8°). Finally, F~ is hydrogen
bonded to two NH' protons at 2.10 A, the two geminal
hydrogens being at 3.7 A and the remaining eight NH™ being
at 4.5 to 5.0 A. The F~ anion is somewhat less shielded from
water than in the structure obtained at the end of the
simulation of the “inclusive complex”. According to the F~ -«
H,..r radial distribution function, it is hydrogen-bonded to 0.4
water molecules.

Performing the simulation with the 15-std conditions (no
Ewald) similarly led to the spontaneaous complexation of one
F- anion, but earlier (at about 0.4 ns) than with the 11 + PME
calculations (Figure S3). Again, excursions to “precomplex-
ation processes” of both types of anions could be recognized,
but only F~ was captured. The final conformation of the
complex was again somewhat different. Two *NC—CN*
dihedrals were frans (180+7°) and the other was gauche
80+ 10°. As complexation seemed to rigidify the ligand, the
simulations were stopped 300 ps after the complex was
formed, while retaining a constant conformation and anion
binding mode. Here, F~ binds to two NH* of one bridge only
(at 2.1 A). The two geminal ones are at 3.6 A, and the eight
remaining NH™ at are 4.5 to 5.2 A.

The energy component analysis (Table2) shows that
this fluoride complex displays weaker anion-host interac-
tions than the LF°* inclusive complex described above
(AE =38 kcalmol™!), but is better hydrated (by about
40 kcalmol ™).

The CI- versus F- binding selectivity from free energy
perturbation calculations: The Cl~ versus F~ binding selec-
tivity by the cryptand, defined experimentally as AAG.=
AG, — AG,, was obtained computationally by the “alchemical
route” as AAG,=AG;— AG,, where AGj; corresponds to the
difference in hydration free energies of F~ versus Cl-, and
AG, corresponds to the difference in free energies between
LF>* and LCI>* complexes, in the presence of the neutralizing
counterions X~ in solution.
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Table 2. Average structural features and energy components of the L, 3F~, 3 Cl~ systems simulated in water. 15-std and 11 + PME results. Average are over

the last 200 ps.

X-ray LF*, 2F-, 3Cl- LCPP+, 2F-, 3Cl- L+, 3F-, 3Cl-
11+PME 15-std 11+PME 15-std 11+PME 15-std
Geometry parameters!?
X~ —CMP! 0.064 0.76 £0.13 0.80+£0.24 0.96 £0.15 0.29+0.12 0.71+£0.14 0.65+0.11
X —-N, 2.762 2.97+0.10 2.93+0.12 336+0.14 3.51+0.22 4.00+0.15 3.90+0.10
X —N; 2.875 2.95+0.10 2.95+0.12 3.49+£0.25 3.49+0.23 3.92+0.15 3.85+£0.10
X~ —N;j 2.783 3.00+£0.10 2.93+0.11 3.34+0.10 3.57+0.26 451+0.16 3.36+£0.10
X~ —Ng 2.821 2.95+0.20 2.97+0.10 3.36+£0.15 3.60£0.25 4.46+0.14 329+0.11
X" —N; 2.841 4.66 +0.20 4.62+0.27 4.79+£0.16 3.40+£0.29 2.98 £0.10 4.00+0.11
X~ —Ng 2.856 4.67+0.22 4.60+0.24 4.79+0.15 3.52+0.23 2.95+0.10 4.14+0.10
N, —N, 6.644 6.39+0.22 6.44+0.20 6.50£0.16 6.81£0.15 62 £02 6.20£0.16
(X~(out) — CM) 5.612 156 +0.9 115 £08 1743 1.6 £07 1943 13+1
"N,C — CN;* 74 86+ 12 90+ 15 124 £21 135+20 180 +8 —118+9
N;C — CNg* 68 87+12 82+12 121 +£21 137 £24 117+8 8148
*N,C — CNg* 73 134 £ 16 120£10 127 £10 130+ 30 —81+8 —179+7
Energy components!!

EL) 1180 £ 18 1175+ 11 1130+8 1150+ 76 1120+7 1125+7
E(L/X)] —561+8 —565+9 —490+7 —511+10 —523+15 —525+4
E (X/water) 177 +£13 213+18 165+12 195+12 172 £12 211+10
E (L/water) — 1180+ 50 — 1580+ 80 — 1150 +£50 —1380+70 —1220+80 — 1540+ 80

[a] Distances in A and dihedral angles in degrees. [b] Distance between the complexed anion X~ and the center of mass CM of L. [c] Average distance
between the five uncomplexed anions and the center of L°*. [d] In kcalmol!. [e] Interaction energy between L°* and the complexed anion X.

Foel®,5x ™ 5% P sx -
4Gy i ¢ AG,
o185 5x " A%, LcPt sx -

FEP simulations were performed with the 11+PME
methodology, but the 15-std conditions was tested in some
cases. The results are reported in Table 3. The AG; energies
were first calculated on the isolated anion (CI-/F~). The
corresponding values (274 with 15-std and 28.2 kcalmol~!
with 11 +PME), are similar and close to the experimental
value of 29.8 kcalmol ;2 this shows that they are little
influenced by the treatment of “long range electrostatics”. A
second set of mutations was performed on one external F~
anion of the LF**, 2F~, 3CI~ system, which was mutated to CI.
The AG; values were within 0.1 kcalmol~! identical to those
obtained with the isolated anion, with the 11 + PME and 15-
std methods.

The AG, energies were obtained from four independent
runs where the complexed F~ anion was mutated to Cl-, or
vice versa. In all cases, the anion remained encapsulated,
bound by two diammonium bridges of the cryptand only. We
first perfomed two LCI* — LF>* mutations starting from the
same state (1 ns of 11 + PME dynamics on the LCI°* complex)
and using identical sampling (21 windows). The first one used
the 15-std and second one used 11 +PME conditions. They
led to somewhat different AG, values (—479 and

Table 3. Results of free energy perturbation simulations in water (AG
in kcalmol1).

Mutation Simulations conditions Windows AG; AG,

F-—Cl- 15-std 21 27.4

F—Cl- 11+PME 21 282

F-—Cl- 11+PME 51 414
Cl-—F- 15-std 21 —47.9

Cl-—F- 15+PME 21 —41.7

Cl-—F- 11+PME 51 —42.6

4262 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

—41.7 kcalmol™!, respectively). Repeating the 11+PME
mutations with enhanced sampling (51 windows) led to
similar results as with 21 windows (—42.6 kcalmol!), which
indicates that the sampling was sufficient. In order to check
for possible hysteresis, we also mutated LF°* — LCI>* with the
11 + PME method, starting after 1.15ns of MD. The AG,
energy change was 41.4 kcalmol™!, indicating that there
should be no problem of hysteresis. Thus, all 11 +PME
results, a priori more satisfactory than the 15-std ones, are
quite close to each other.

Combining the AG; (28.2 kcalmol™!) and average AG,
(42.0 kcalmol ') values obtained consistently with 11 +PME
leads to a selectivity AAG, of 13.8 kcalmol~!. As noted above,
two somewhat different stability constants have been report-
ed for the fluoride complex (logK(F~)=10.55!"81 and 11.2%,
likely in relation to the difference in supporting electrolytes
(0.1m (Me,N)TsO and 0.1m KNO;, respectively). Similarly,
logK(Cl™) for the hexaprotonated chloride complex can be
estimated to be <1.522% and < 2!"8]. Considering the average
experimental values leads to logK(F~)=10.9 and
logK(Cl~) =1.75, which translates to the AAG, energy differ-
ence of 12.3 £0.7 kcalmol~'. Our calculated selectivity is in
good agreement with this result.

Discussion and Conclusion

We report a MD study on the aqueous solution behavior of an
hexaprotonated cryptand and its halide complexes. A first
question, which stimulated our study, deals with the role of
external counterions and of hydration on the precise structure
of the LF°* complex, as in the crystalline form, several
counterions make short contacts with the positively charged
LF>* species. During the dynamics the external anions fully
dissociate to the bulk solution, leaving LF°* fully hydrated.
This feature is observed with two different treatments of the
electrostatics, and for F~ and Cl~ anions as guests. This may a
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Figure 7. a) The uncomplexed L%+, 3F~, 3Cl" system simulated in water (11 +
PME calculations). Snapshot at 373, 771 and 1100 ps with selected first shell
water molecules (orthogonal views). b, ¢) See Figure 4. A color version of this
Figure is available as Suppporting Information (Figure S5).

posteriori justify the neglect of external counterions in the
previous studies of anion complexes of highly charged ligands
such as SC24,4H*113:16 or [24]-NO,°*!2l. As our simulated
systems are more concentrated than those studied experi-
mentally by Lehn et al.l'®! or Smith et al.,?” ion dissociation
should be still more effective in these experimental condi-
tions. In the solid state, the two external facially coordinated
F~ anions likely lock the cryptand in a nearly threefold
symmetrical arrangement, where a F~ guest is encapsulated.
In aqueous solution, dissociation of external anions is
followed by a conformational transition of the fluoride or
chloride complexes, where the anion is held by two diammo-

Chem. Eur. J. 2000, 6, No. 23 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0623-4263 $ 17.50+.50/0

nium moieties of the ligand only. The third diammonium
bridge adopts a diverging orientation, due to main effects:
This somewhat reduces the internal electrostatic strain of the
ligand, and enhances its hydration. We also notice that water
interacts repulsively with the complexed anion. When the
latter moves from the fully encapsulated position (as in the
solid state structure) to a less symmetrical form, it also
becomes somewhat accessible to water. There are thus several
arguments in favor of a less symmetrical structure in water,
compared with the solid state. In principle, if the simulations
were long enough, the role of the three diammonium briges
should intervert, leading to an average structure of threefold
symmetry. This does not occur on the nanosecond timescale,
however, likely because the energy barrier for anion exchang-
ing from one face to the other may be too high.

The relaxation times of highly charged systems may be
larger than in neutral ligands and simulations have to be
carried out long enough. Each simulation with Ewald was run
for at least one nanosecond and such a duration was essential
to observe the spontaneous capture of one of the anions. This
is, to our knowledge, the first report of spontaneous ion
binding by a polycyclic ligand. Noteworthy is also the anion
selection, as pre-complexation of a chloride anion was
observed during the simulation, but turned out to be non-
productive.

Concerning the simulated anion binding mode, we notice
that it is achieved locally through “linear” charge-dipole X .-
+H-N interactions, as in the solid state structure, rather than
by bridging interaction involving the two NH,™ protons. This
leaves the second proton free to hydrogen bond to nearby
water molecules. Somewhat different conformations were
observed for the structures obtained from the inclusive
complex, or from the spontaneaous complexation. As they
did not interchange at the simulated timescales, it is not
possible to conclude on which one is the most stable. It may
also be suggested that anion complexation involves somewhat
different binding modes and conformations in solution,
different from the solid state analogue. Additional ions from
the supporting electrolytes (which are about 100 times more
concentrated than the cryptand) may also modulate these
structures.

Our free energy calculations successfully account for the
high F~/CI~ binding selectivity, which mostly stems from the
higher interactions with the cryptand (AG, energy compo-
nent). Although enthalpy and entropy components cannot be
assessed from our simulations, we notice that AG, is
dominated by the larger anion-host interactions which are
partly compensated, however, by the somewhat higher strain
of the ligand and more repulsive hydration in the complexed
F~ anion.

The success of the calculations is quite encouraging and
illustrates the utility of molecular dynamics simulations with
explicit solvation and using well known force fields, to gain
microscopic insights into host—guest complexes and their
environment.

Note added in proof: We recently repeated two MD
simulations to explore the role of internal electrostatic strain
on the structures in solution. For this purpose, the 1-4
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electrostatic interactions of the ligand were divided by 2.0
(SCEE =2.0), while the above-reported results correspond to
SCEE =1.0. We used the PME method with a 12 A cut-off.
The first simulation started with the solid-state structure of
the complex and was run for 0.7 ns. The Cl~ anions moved to
the bulk, while the three F~ anions remained facially
coordinated to L%, instead of dissociating when SCEE =1.
The second simulation of 0.4ns started with the fully
dissociated counterions. One F~ was captured (at 0.22 ns),
leading to a structure similar to the one observed with
SCEE = 1. Thus, scaling down the internal electrostatic strain
by 2.0 confirms the conclusions obtained with SCEE = 1.
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Novel Metal-to-Metal Silyl-Migration Reactions in Heterometallic Complexes

Pierre Braunstein,*!*! Michael Knorr,' 4 Georg Reinhard,™ Ulrich Schubert,™

and Thomas Stiahrfeldt!?!

Dedicated to Professor J. Amaudrut, on the occasion of his 60th birthday

Abstract: An unprecedented, intramo-
lecular metal-to-metal silyl ligand mi-
gration reaction has been discovered in a
series of phosphido-bridged iron-plati-
num complexes and which may be
triggered by an external nucleophile.
Thus, reaction of solutions of [(OC);-
(RiSi)Fe(u-PR?’R%)Pt(1,5-COD)] (1a
R!'=0Me, R?=R?*=Ph; 1b R!=OMe,
R2=R3=Cy; 1¢ R'=Ph, RZ2=R*=Ph;
1d R!=Ph, RZ=R*=Cy; 1e R!'=Ph,
R2=H, R*=Ph) in CH,Cl, with CO
rapidly afforded the corresponding com-
plexes [(OC),Fe(u-PR*R3*)Pt(SiR})-
(CO)] (2a—e) in which the silyl ligand
has migrated from Fe to Pt, while two
CO ligands have been ligated, one on
each metal. When 1a or 1c¢ was slowly
treated with two equivalents of tBuNC
at low temperature, quantitative dis-
placement of the COD ligand was ac-
compagnied by silyl migration from Fe
to Pt and coordination of an isonitrile
ligand to Fe and to Pt to give [(OC);-
(tBuNC)Fe(u-PPh,)Pt{Si(OMe);}-

(CNrBu)] (3a) and [(OC);(tBuNC)-
Fe(u-PPh,)Pt{SiPh;}(CN7Bu)] (3¢). Re-
action of 2a with one equivalent of
tBuNC selectively led to substitution

of the Pt-bound CO to give [(OC),-
Fe(u-PCy,)Pt{Si(OMe);}(CNtBu)] (4b),
which reacted with a second equivalent
of tBuNC to give [(OC),Fe(u-PCy,)-
Pt{Si(OMe);}(CNrBu),] (5b) in which
the metal-metal bond has been
cleaved. Opening of the Fe—Pt bond
was also observed upon reaction of 3a
with BuNC to give [(OC);(tBuNC)-
Fe(u-PPh,)Pt{Si(OMe);}(CNzBu),] (6).
The silyl ligand migrates from Fe, in
which it is trans to u-PR2?R3 in all the
metal - metal-bonded complexes, to a
position cis to the phosphido bridge on
Pt. However, in 5a,b and 6 with no
metal —-metal bond, the Pt-bound silyl
ligand is trans to the phosphido bridge.
The intramolecular nature of the silyl
migration, which may be formally
viewed as a redox reaction, was estab-
lished by a cross-over experiment con-
sisting of the reaction of 1a and 1d with
CO:; this yielded exclusively 2a and 2d.
The course of the silyl-migration reac-
tion was found to depend a) on the steric
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properties of the —SiR} ligand, and for a
given u-PR’R® bridge (R?’=R*=Ph),
the migration rate decreases in
the sequence Si(OMe); > SiMe,Ph >
SiMePh, > SiPh;; b) on the phosphido
bridge and for a given silyl ligand (R!=
OMe), the migration rate decreases in
the order u-PPh, > u-PHCy; c) on the
external nucleophile since reaction of 1¢
with two equivalents of P(OMe)s,
P(OPh); or Ph,PCH,C(O)Ph led solely
to displacement of the COD ligand with
formation of 1la-e¢, respectively,
whereas reaction with two equivalents
of rBuNC gave the product of silyl
migration 3c. Reaction of [(OC);-
{(MeO),Si}Fe(u-PPh,)Pt(PPh;),] (7a)
with fBuNC (even in slight excess)
occurred stereoselectively with replace-
ment of the PPh; ligand trans to u-PPh,,
whereas reaction with CO led first
to [(OC)3{(MeO);Si}Fe(u-PPh,)Pt(CO)-
(PPh;)] (8a), which then isomerized to
the migration product [(OC)Fe(u-
PPh,)Pt{Si(OMe);}(PPh;)] (9a). Most
complexes were characterized by ele-
mental analysis, IR and 'H, 3'P, 3C, and
»Si NMR spectroscopy, and in five cases
by X-ray diffraction.

Introduction

The increasing interest in organosilicon chemistry has been
triggered by recent synthetic and mechanistic discoveries of
fundamental importance and by advanced applications.'*] A
rich and versatile chemistry is not unexpected for an element

like silicon, which can be surrounded in its compounds by a

number of neighbors ranging from one (e.g., Si=O) to ten
(e.g., Si(CsMes),). Synthetic and reactivity studies on metal —
silicon bonds have become a major research area in organo-
metallic chemistry and although the first transition metal silyl
complex [Cp(OC),Fe-SiMe;] was reported more than 40 years

ago,” the nature of the metal —silicon bond is still the subject

of thermodynamic, spectroscopic, and theoretical studies.['!
In this context, it is interesting that heterobimetallic silicon
chemistry has only recently become a well-identified research
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topic where novel and unexpected features can arise.’! In
focusing our interest on alkoxysilyl —Si(OR); and siloxysil-
yl=Si(OSiR;); derivatives, we have, for example, discovered
that these ligands are able to bridge between two adjacent

Abstract in French: Une nouvelle reaction chimique, la
migration intramoleculaire d’un ligand silyle d’'un metal vers
un autre, a ete observee et etudice dans une famille de
complexes heterobimetalliques Fe — Pt a pont phosphure. Cette
réaction peut étre declanchee par des reactifs nucleophiles.
Ainsi, la réaction de [(OC);(RLSi)Fe(u-PR*R’)Pt(1,5-COD)]
(Ia R"=0Me, R>=R3=Ph; 1b R"=0Me, RP>=R’=Cy; Ic
R!'=Ph, RR=R’=Ph; 1d R"=Ph, R>=R’=Cy,; 1e R' = Ph,
R>=H, R’=Ph) dans CH,Cl, avec CO conduit rapidement
aux complexes  correspondants  [(OC) Fe(u-PR’R?)Pt-
(SiR})(CO)] (2a-e) dans lesquels le ligand silyle a migre du
Fe au Pt alors que deux ligands CO ont ete coordines, un sur
chaque metal. La reaction de 1a ou 1 ¢ avec 2 eéquiv de tBuNC
d basse temperature conduit quantitativement au deplacement
du ligand COD et a la migration du groupement silyle du Fe
vers le Pt pour [(OC);(tBuNC)Fe(u-PPh,)Pt{Si(OMe);}-
(CNtBu)] (3a) et [(OC);(tBuNC)Fe(u-PPh,)Pt{SiPh;j}-
(CNtBu)] (3¢). La reaction de 2a avec 1 équiv de tBuNC
conduit selectivement a la substitution du CO li¢ au Pt pour
donner [(OC) Fe(u-PCy,)Pt{Si(OMe);}(CNtBu)] (4b), lequel
réagit avec un deuxieme équiv de tBuNC pour former
[(OC) Fe(u-PCy,)Pt{Si(OMe);}(CNtBu),] (5b) dans lequel
la liaison metal-metal a ete ouverte. La reaction of 3a avec
tBuNC conduit egalement a I'ouverture de la liaison Fe— Pt
pour [(OC);(tBuNC)Fe(u-PPh,)Pt{Si(OMe)}-
(CNtBu),] (6). Dans le cas des complexes a liaison metal-
metal, le ligand silyle migre du fer, oui il se trouve en trans du
pont u-PR?R vers le platine, en position cis de ce pont. Par
contre, dans le cas de 5 a,b et 6 qui ne contiennent pas de liaison
metal-metal, the ligand silyle se retrouve sur le platine en
position trans du pont phosphuro. Cette réaction de migration
de silyle, qui peut formellement étre decrite comme une
réaction rédox intramoleculaire, deépend a) des proprietes
steriques du ligand -SiR% et, pour un pont u-PR’R® donné
(R?=R?’=Ph), la vitesse de migration décroit dans l'ordre
Si(OMe); > SiMe,Ph > SiMePh, > SiPh;; b) de la nature des
substituants sur le pont phosphuro et, pour un ligand silyle
donné (R' = OMe), la vitesse de migration decroit dans Uordre
PPh,> PHCy; (c) du nucleophile externe puisque la reaction
de 1c avec 2 equiv P(OMe);, P(OPh); ou Ph,PCH,C(O)Ph
n’a conduit qu’au deplacement du ligand COD et formation de
11a-c, alors que la reaction avec 2 equiv de tBuNC conduit,
apres migration de silyle, a 3c. La reaction de [(OC);-
{(MeO);Si}Fe(u-PPh,)Pt(PPh;),] (7a) avec tBuNC (méme
en léger exces) se deroule de maniere stereoséelective par
remplacement du ligand PPh; situe en trans de u-PPh, alors
que la réaction avec CO conduit d’abord a [(OC);{(MeO);-
Si}Fe(u-PPh,)Pt(CO)(PPh;)] (8a) qui s’isomerise ensuite en
[(OC) Fe(u-PPh,)Pt{Si(OMe);}(PPh;)] (9a). En general, les
complexes ont €te caracterises par analyse elementaire et
spectroscopies IR et RMN ('H, 3P, °C et %°Si) et par diffraction
des rayons X pour 5 d’entre eux.

donner
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metal centers by forming a 7?-u,-Si-O interaction in a four-
membered ring structure (Scheme 1).

M—M M—M M—M
\S | — (SL) ., \S f
Si— WS .Si—0
RO'T N RO “Nor RO/ N
RO R RO RO R

Scheme 1. Formation and dynamic behavior of a #?-u,-Si-O interaction.

An unprecedented lability of the dative SiO — M’ bond has
been observed in stable Fe-Pd complexes such as
[(OC)Fe{u-Si(OMe),(OMe)(u-dppm)Pd]  (X=Cl, Me;
dppm = bis(diphenylphosphino)methane), and we could take
advantage of the resulting masked coordination site available
on palladium to perform multi-insertion of organic isonitriles,
sequential CO/olefin insertion into the Pd-Me bond,7! or
catalytic dehydrogenative coupling of stannanes.®°! In the
course of our studies on the carbonylation of alkyl complexes,
we observed a bimetallic rearrangement involving migration
of the iron-bound alkoxysilyl or siloxysilyl ligand to the
oxygen atom of the palladium-bound acyl ligand, thus leading
to a rare example of bridging siloxycarbene ligand [Eq. (1)].01]

PhP” ~PPh, PhP™”  PPh,

13,
(OC)3Fe\ ——— I;‘d —Me —— (OC)sFe \—/Pd —3co (1)
oS0, c
~ M
Me,SiO SiMe3  (Me,SiOpRSI O T C

R = Me, OSiMe;

Whereas silyl-migration reactions can lead to the formation
of Si—C, Si—P or Si—O bonds,!'*"? the first example of 1,2-silyl
group migration from one metal to another was described by
our group only recently.'!]

Here we report investigations on a series of phosphido-
bridged heterometallic Fe—Pt complexes of the type
[(OC);(R1Si)Fe(u-PR?R?*)PtL'L?] that enabled us to identify
the factors leading to migration reactions of a silyl ligand from
iron to platinum. This required a general synthetic access to
this class of compounds in order to allow variations of R!, R?,
R3and L and study their respective influence on this reaction.
It will be shown that it is important to introduce a labile ligand
on platinum, such as COD (COD = 1,5-cyclooctadiene), that
can be subsequently easily displaced. The replacement of a
Fe—Si bond by a Pt—Si bond under mild conditions is
particularly notable, since platinum is known to be a key
element in catalysts for numerous reactions in silicon
chemistry.[1!

Results and Discussion

Heterodinuclear complexes of the type [(OC);(R1Si)-
Fe(u-PR?R?*)Pt(1,5-COD)] (1) were prepared in good yields
(75-90%) by reaction of a CH,Cl, or toluene solution of
[HFe(SiR})(CO);(PHR?R?)] with a stoichiometric amount of
[Pt(1,5-COD),] at 0°C (Scheme 2).

Two different reaction sequences leading to la—e are
conceivable, since oxidative addition across Pt could occur
first with the P—H and then the Fe—H bond (Scheme 2a) or
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R?R3P”
(OCuFe—H  + [Pt{1,5-COD))
|

SiRY

-1,5-COD
2 [ Rs”@
s

(OC)aFe Pt (OC)3Fe — Pt “
\/
R3SI R33I
B
L e b)
-H,
R3
_i:/
AN
(OC)3Fe’—/— pt=——/
RS Y

1a R'=0Me,R®=R*=Ph

1b R' = OMe, R?=R’= Cy

1c R'=Ph,R?=R%=

1d R'=Ph,R?=R%= Cy

1e R'=Ph,R?=H,R®=Ph
Scheme 2. Possible pathways to the formation of complexes 1la—e (see
text).

vice-versa (Scheme 2b). We believe that oxidative addition of
the P—H bond to Pt° occurs first, resulting in a phosphido-
bridged intermediate A and is followed by reductive elimi-
nation of H, to give the product. It is known from other
investigations that the P—H bond of coordinated secondary
phosphines is very reactive, notably in the case of PPh,H,
leading readily to phosphido-bridged complexes.*°! Silane
elimination was not observed although this is a conceivable
reaction which has been observed in bimetallic Fe - Rh!'7l and
Fe —Re complexes.['®l By analogy with the dinuclear oxidative
addition of molecular hydrogen across a metal —metal bond,
and in order to obey the microreversibility principle, reduc-
tive elimination of hydrogen from a dinuclear complex of the
type [L,(H)M-(u-PR,)-M'(H)L,,] can, in principle, occur
sequentially by hydrogen migration followed by reductive
elimination of H, from one metal center or by simultaneous
elimination from the two metal centers.'”! The role of the
electronic configuration of the metals has been analyzed
theoretically, but we are not aware of studies concerning
reductive elimination of H, from a d®-d® system resulting in
metal-metal bond formation or, conversely, oxidative addition
of H, to d’—d’ centers. The low symmetry of intermediate A
in Scheme 2 and its flexibility due to the absence of metal —
metal bonding could account for the observation that release
of H, is evidently faster than insertion of the 1,5-COD ligand
into the Pt—H bond, a step previously observed in the
synthesis of a Fe—Pt cyclooctenyl complex of the m-allylic
type.?”) Reaction intermediates could not be observed by
'H NMR spectroscopy owing to very fast reactions: the
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product is formed already after a few seconds at —60°C in
toluene.

Since a C=C double bond of the COD ligand in 1 is trans to
Fe and the other trans to the u-P atom, the '"H NMR spectrum
shows two singlets with Pt satellites for the olefinic protons,
as observed, for example, in [PtCI(CF=CF,)(1,5-COD)].2!
When the steric bulk of the silyl ligand increases, the singlet
corresponding to the protons of the C=C double bond trans to
u-P, which are closer to the silyl substituents, shifts to higher
field, whereas the other singlet remains unaffected. The
SP{'H} NMR chemical shift of the phosphido ligand is
strongly dependent on the phosphorus substituents, and this
resonance is shifted downfield by about 60 ppm on going from
u-PPh, to u-PCy, for both R'=0Me and Ph. The 'J(Pt,P)
coupling constant is approximately 3000 Hz in 1a—d and
3206 Hz in 1e.2! The three v(CO) absorptions observed for
la-e in solution are consistent with the meridional arrange-
ment of the CO ligands found in the solid state.?” The
coordination geometry about the Fe center may be viewed as
distorted octahedral or better, trigonal bipyramidal when the
metal—-metal bond is neglected. A comparison between
complexes 1d and le shows that the stronger electron-
donating ability of the u-PCy, bridge is felt by the iron center
and this causes a shift of the v(CO) bands toward lower
wavenumbers.

The reaction of solutions of complexes 1a—e in CH,Cl,
with  CO rapidly afforded the complexes [(OC),-
Fe(u-PR?R3)Pt(SiR})(CO)] (2a—e) as orange oily substances
which are soluble in pentane and difficult to crystallize
[Eq. (2)]. When the CO atmosphere was replaced with
nitrogen or when the solvent was removed under reduced
pressure, these complexes slowly decomposed and only two
derivatives, 2b and 2¢, could be isolated pure, and both were
characterized by X-ray diffraction (see below).

RZ R3 R2 R3
K P4 ol
PN +2C0 PLY SiRy
(OC)Fe—Pt=—/ . (OC)4Fe—>Pt\ @)
-1,5-COD
RS \N co
1a R'=0OMe, RZ=R3=Ph 2a R'=0Me,R?= R3=Ph
1b R'=0Me, R®=R%®=Cy 2b R'=0OMe, R?=R%=Cy
1¢ R'=Ph,R?=R®=Ph 2¢ R'=Ph,R? = R3—Ph
1d R'=Ph,R?=R%=Cy 2d R'=Ph,R?=R%=Cy
1e R'=Ph,R®=H,R®=Ph 2e R'=Ph,R? = HR3 Ph

The migration of the silyl ligand from Fe to Pt was
unambiguously established by #Si{'H} NMR spectroscopy.
The doublet observed for 1a at 0=73 (3J(PSi)=23 Hz,
2J(Pt,Si) =49 Hz) is shifted to —26.8 (3J(P,Si)=4 Hz) in 2a
with a strong 'J(Pt,Si) coupling of 2117 Hz. The small value of
4 Hz for *J(P,Si) is indicative of a cis arrangement of the u-P
and Si nuclei in 2a. For comparison, a 2%J(PSi) coup-
ling of 335Hz was observed in [(OC);{(MeO);Si}-
Fe(u-dppm)Pd(n*MeC;H,)] in which the P-Fe-Si angle is
almost 180°.12°1 The 'H, “C{'H}, and *Si{'"H} NMR data are
given in the Experimental Section and selected 3'P{!H} NMR
and IR v(CO) spectroscopic data are presented in Table 1.

The v(CO) vibration for the Pt-bound carbonyl in 2a—e
occurs around 2075 cm™! and those for the Fe-bound CO
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Table 1. Selected *'P{'H} NMR [0 in ppm and J in Hz] and IR data [cm~!] for the u#-phosphido complexes.

5 5 (PPhy) 2J(PP) 1(Ptu-P) 1J(P,P) »(CN) and »(CO)l
(u-PRy)
1a 140,90 3007 1983 (s), 1918 (s), 1901 (s)
1b 199,60 2961 1973 (s), 1905 (s), 1887 (s)
1c 152.90) 3054 1973 (s), 1912 (s), 1892 (s)
1d 209,71 2994 1964 (s), 1901 (s), 1882 (s)
le 113200 3206 1995 (s), 1939 (s), 1921 (s)
2a 125.16 2597 2079 (s), 2047 (s), 2004 (ssh), 1992 (vs), 1968 (w,sh)
2b 15041 2261 2072 (s), 2040 (s), 1986 (s), 1970 (s), 1949 (s,sh)
2¢ 12801 2755 2077 (s), 2047 (s), 2006 (s.sh), 1992 (s), 1974 (w.sh)
2d 15318l 2390 2069 (vs), 2039 (vs), 1986 (s), 1965 (m), 1950 (m,sh)
2e 7931 2521 2079 (vs), 2049 (vs), 2008 (s,sh), 2000 (vs), 1982 (m,sh)
3a 140.51 2687 2168 (s), 2143 (w,sh), 2009 (vs), 1956 (s), 1943 (s)
3¢ 139.8 2829 2166 (s), 2149 (w,sh), 2002 (vs), 1945 (s), 1936 (s)
4 14191 2314 2179 (s), 2036 (vs), 1968 (s), 1942 (s)
5a 49,21 1063 2199 (s), 2027 (s), 1945 (s), 1914 (vs)
5b 6178 1133 2188 (s), 2018 (s), 1934 (s), 1904 (vs)
6 6231 1056 2194 (vs), 2135 (s), 1959 (w), 1885 (s), 1872 (s)
8a 159,50 28.4 13 2657 3422 2061 (m), 1989 (m), 1928 (s,br)
b 163.60° 26.9 16 2589 3436 2055 (m), 1974 (m), 1910 (sh), 1902 (vs)
8¢ 167.60 277 15 2579 3439 2058 (m), 1975 (m), 1910 (sh), 1902 (vs)
8d 171.30 26.2 13 2625 3456 2060 (m), 1973 (m), 1915 (sh), 1902 (vs)
Se 14671 27.6 2290 3110 2047 (s), 2005 (vs), 1952 (s), 1938 (s)
9a 116.90 36.0 308 2125 3027 2040 (vs), 1975 (m), 1949 (s), 1927 (s)
9b 118.50 314 315 2324 3168 2034 (vs), 1972 (s), 1945 (s), 1920 (s)
9¢ 12178 31.2 314 2304 3136 2037 (vs), 1974 (s), 1947 (s), 1920 (s)
10 70.611 36.4 283 1829 3073 2042 (vs), 2004 (w), 1975 (s), 1952 (s), 1929 (s)
12a 153.00 24.4 7 2709 3618 2180 (s), 1969 (s), 1900 (brvs)
12b 13510 283 <3 2507 3541 2170 (m), 1995 (vs), 1935 (s), 1920 (s)
12¢ 15690 25.9 7 2695 3588 2177 (m), 1962 (s), 1897 (brvs)
12d 136.50 276 5 2443 3515 2139 (m), 1997 (vs), 1937 (s), 1922 (s)
12e 154,80 26.6 9 2622 3555 2140 (m), 1957 (m), 1890 (sh), 1875 (s)
12f 1617 26.3 9 2677 3570 2150 (s), 1966 (s), 1903 (vs), 1886 (vs)

[a] In CH,CL,. [b] In CDg. [c] In CDCl;. [d] In CD,CL,.

ligands are significantly shifted toward higher wavenumbers
relative to those in 1a—e, as the result of a decreased electron
density at iron. This is due to the replacement of the silyl
ligand by a m-acceptor CO ligand and of the COD ligand at Pt
by a silyl and a CO ligand.

The remarkable silyl-migration reaction leading to 2a—e
was too fast to allow any intermediate to be observed, such as
[(OC);(R}Si)Fe(u-PR*R*)Pt(CO),] which would simply result
from substitution of COD by two CO ligands. The crystal
structures of 2b and 2 ¢ were determined by X-ray diffraction
(Figures 1 and 2). Selected bond lengths and angles are given
in Tables 2 and 3.

L — |
Figure 1. View of the molecular structure of [(OC),Fe(u-PCy,)Pt-
{Si(OMe);}(CO)] (2b).

4268
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1
Figure 2. View of the molecular structure of [(OC),Fe(u-PPh,)Pt(SiPh;)-
(CO)] (2¢).

The Pt—Si bond length in these complexes is similar to that
found in the mononuclear complexes [HPt(SiH;)(PCys;),]
(238.2(3) pm),41 [Pt(SiMe,Ph)Cl(PMe,Ph),] (229 pm),I'™! or
[PtH{SiMe(CH,SPh),}(PPh;),] (235.6(1) pm), but shorter
than in [Pt{SiPh(SiMe;),}Cl(dcpe)]  (242.3(2) pm).2#-l
The value of the P-Pt-Si angle in 2b (98.07(5)°) and 2c¢
(105.17(6)°) reflects the increasing steric bulk of the silyl
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Table 2. Selected bond lengths [pm] and angles [°] in 2b. Ph /Ph Ph /Ph
Fe—Pt 272.33(7) Fe-P-Pt 73.28(3) LY +2 BUNG P SiRs
Fe—P 230.4(1) P-Fe-Pt 52.59(3) (OC)Fe—pt=— (OC)Fe—=Pt (3)
Pt-P 225.9(1) P-Pt-Fe 54.13(3) Risi ~oy - 1:8-CoD Cl e
Fe—C13 181.8(6) Cl4-Fe-C13 113.3(3) 3! ’ N
N Bu
Fe—Cl4 178.4(6) Cl4-Fe-C16 110.2(3) Bu
Fe—C15 177.8(6) C13-Fe-C16 136.5(3) 1a R' = OMe 3a R' =OMe
Fe—Cl16 179.9(6) P-Fe-C15 173.8(2) 1¢ R'=Ph 3¢ R'=Ph
Pt—C17 189.8(6) P-Fe-Cl4 89.9(2)
Pt-Si 231.9(2) P-Pt-Si 98.07(5)
Si—06 161.4(5) P-Pt-C17 167.3(2) the CO ligands in 2a—e that is due to a lower back-bonding
Si-07 161.0(5) Si-Pt-C17 92.7(2) ability of the Pt fragment.
Si—O8 163.6(6) Si-Pi-Fe 152.205) A view of the molecular structure of 3¢ is shown in Figure 3
and selected bond lengths and angles are given in Table 4. The

Table 3. Selected bond lengths [pm] and angles [] in 2c. SiPh; ligand is again cis with respect to the phosphido bridge,
Fe—Pt 271.76(9) Fe-P-Pt 73.81(5)
Fe—P 227.5(2) P-Fe-Pt 52.69(4)
Pt-P 225.1(2) P-Pt-Fe 53.50(4)
Fe—C32 178.7(8) C34-Fe-C35 96.3(4)
Fe—C33 179.2(8) C32-Fe-C35 97.2(4)
Fe—C34 179.1(8) C32-Fe-C34 166.3(4)
Fe—C35 178.4(8) P-Fe-C33 149.1(2)
Pt—C19 189.9(7) P-Fe-C35 102.6(3)
Pt-Si 236.4(2) P-Pt-Si 105.17(6)

P-Pt-C19 163.4(2)

Si-Pt-C19 90.7(2)

Si-Pt-Fe 157.98(5)

ligand. The Fe—Pt bond length in 2b (272.33(7) pm) and 2¢
(271.76(9) pm) is slightly longer than that in 1la
(259.40(7) pm). This may be related to the change in electron
density in this bond that results from the ligand rearrange-
ment observed. The position of the v»(CO) bands in the IR
spectrum of these complexes is very similar to that of
[Fe(CO),(PPh;y)] in CH,CI, [2049 (vs), 1974 (m), 1938 cm™!
(vs)].! A splitting of the E vibration mode is due to a slight
distorsion of the Fe moiety away from the C;, symmetry found
in [Fe(CO),(PPh;)]. This similarity suggests that the metal —
metal bonding in complexes 2a—e should be better described
as Fe(d®) — Pt(d®) with a formal dative bond between an Fe’
and a Pt center [Scheme 3 (I)] although the alternative
Fe(d’)-Pt(d°) situation [Scheme 3 (II)] may also contribute
to the actual bonding description of the complexes.

R? /R3 R? /R3
/i: /SiR‘3 /‘p\ S R,
(OC)Fe— Pt (OC)Fe——Pt
N ¢ N
S c

0 ()]

Scheme 3. Resonance forms for complexes 2a—e.

When solutions of complexes 1a or 1¢ were slowly treated
with two equivalents of fBuNC at low temperature, quanti-
tative displacement of the COD ligand was observed and
complexes 3a and 3¢ were isolated [Eq. (3)]. They are stable
in solution for a few days and 3¢ was characterized by X-ray
diffraction. Silyl migration from Fe to Pt also occurred in
these complexes and an isonitrile ligand is now bound to each
metal center. The »(CN) vibration of the Pt-bound isonitrile
ligand is found at about 20 cm~! higher than that of the Fe-
bound isonitrile ligand, a trend similar to that observed with

Chem. Eur. J. 2000, 6, No. 23

12

c13
Figure 3. View of the molecular structure of [(OC);(tBuNC)-
| — |
Fe(u-PPh,)Pt{SiPh;)(CNrBu)] (3¢).

Table 4. Selected bond lengths [pm] and angles [°] in 3¢c.
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Fe—Pt 271.9(1) Fe-P-Pt 74.64(7)
Fe—P 2252(2) P-Fe-Pt 52.36(6)
Pt-P 2233(2) P-Pt-Fe 53.00(6)
Fe—Cl 176(1) Cl-Fe-C2 97.5(6)
Fe—C2 175(1) C2-Fe-C4 165.3(5)
Fe—C3 178(1) Cl-Fe-C4 97.2(5)
Fe—C4 189(1) C1-Fe-C3 109.7(4)
Pt—C9 195.7(9) P-Fe-Cl 104.6(4)
C4-N1 114(1) P-Pt-Si 112.90(7)
N1-C5 146(1) P-Pt-C9 157.7(2)
C9-N2 116(1) Fe-C4-N1 177.5(8)
N2-C10 141(1) C4-N1-C5 176(1)
Pt-Si 233.3(2) Pt-C9-N2 172.9(8)
C9-N2-C10 170.7(9)

while the (u-P)-Pt-C9 angle involving the isonitrile ligand is
157.7(2)°. The isonitrile ligand bound to iron is orthogonal to
the Fe-(u-P)-Pt plane with a (u-P)-Fe-C(4) angle of 88.7(3)°;
this is likely to be due to steric reasons.

When complex 2b was treated with one equivalent of
tBuNC, selective substitution of the Pt-bound CO ligand was
observed to give 4b. The corresponding v(CO) vibration
around 2079 cm~! in the precursor is replaced by a v(CN)
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absorption at 2179 cm~!. Although the metal —metal bond in
complexes 2a,b was not opened by excess CO at one
atmosphere, it readily did so in the presence of two
equivalents of rBuNC to give the complexes [(OC),Fe(u-
PPh,)Pt{Si(OMe);}(CN7Bu),] (5a) (most likely via 4a which
was not observed) and [(OC),Fe(u-PCy,)Pt{Si(OMe);}-
(CNtBu),| (5b) in which the silyl ligand is now trans to the
phosphido bridge (see below) [Eq. (4)]. Similarly, the Fe — Pt
bond in 3a was opened by fBuNC to give complex 6 [Eq. (5)].

2 3
R2 /Rs + 1 equiv R—,_ /R .
/p\ /Si(OMe)3 BUNC p\ /Sl(OMe)3
(OC)4Fe—Pt (OC)4Fe —= Pt
¢ .co e
(o) N
Bu
2a R2=R%=Ph 4a R? = R? = Ph (not isolated)
2b R?=R%=Cy 4b RZ=R3=Cy

+ 1 equiv iBUNC

R? R® tBu
2 N
SN
(OC)sFe /P‘
N Si(OMe),
tBu
5a R2=R%=Ph
5b R2=R¥=cCy

)

-/ ¢

Nt e )
\CCO 1 Sgio

NC 5 h(‘: i(OMe);

Bu
6

3a + BuUNC —

The easy opening of the metal-metal bond in these
reactions is consistent with its formal dative character (vide
supra). This is accompanied by a characteristic high-field shift
of the 3'P{'"H} NMR resonance for the phosphido ligand and a
decrease of the J(P,Pt) coupling constant (ca. 1100 Hz). For
comparison, the 'J(P,Pt) coupling for the P atom trans to the
silyl ligand is 1626 Hz in cis-[Pt(SiHMe,),(PEt;),].? The
BC{'H} NMR resonance for the Pt-bound isonitrile carbon
atoms in Sb is observed at d =130.6 with \J(C,Pt) =1434 Hz.
These values are typical for such a ligand bound to platinum;
in the Pt° cluster [Pt;(u-CN7Bu);(CNtBu),] values of 6 = 161.4
and 'J(C,Pt) =1935 Hz are found.?”! The isomerization ob-
served for the silyl ligand from cis to u-P in 2 or 3 to trans in §
or 6 is noteworthy and was clearly established by an X-ray
diffraction study of 6. A view of the molecular structure is
shown in Figure 4 and selected bond lengths and angles are
given in Table 5.

The separation of 373.1(1) pm between the metals indicates
complete opening of the metal—metal bond. The coordina-
tion geometry around the Fe center is trigonal bipyramidal
and that around Pt is square planar. There is very little
distorsion away from ideal geometries due to the widening of
the Fe-(u-P)-Pt angle (105.7(2)°). The Fe—P bond length
(227.6(3) pm) is not significantly affected when compared to
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C42

Figure 4. View of the molecular structure of [(OC);(tBuNC)Fe(u-
PPh,)Pt{Si(OMe),}(CNtBu),] (6).

Table 5. Selected bond lengths [pm] and angles [°] in 6.

Fe-P 227.6(3) Fe-P-Pt 105.7(2)
P-Pt 240.3(4) P-Pt-Si 169.6(1)
Fe—C4 186(1) P-Pt-C9 93.0(5)
C4-N1 1142) P-Pt-Cl4 92.7(4)
N1-C5 147(2) C9-P-Cl4 172.5(5)
Pt—C9 199(1) Pt-C14-N3 176(1)
C9-N2 112(1) C14-N3-C15 177(1)
N2-C10 149(2) Pt-C9-N2 177(1)
Pt—Cl4 200(1) C9-N2-C10 172(1)
C14-N3 112(1) P-Fe-Cl 91.9(4)
N3-C15 150(2) C1-Fe-C4 90.8(6)
Pt-Si 235.5(4) Fe-C4-N1 178(1)
Si—04 164.0(9) C4-N1-C5 178(1)
Si—05 164(1) Cl-Fe-C2 116.7(7)
Si—06 163(1) C1-Fe-C3 118.8(6)
C2-Fe-C3 124.5(7)

the other structures in this work, whereas a lengthening of the
Pt—P bond length (240.3(4) pm) is observed. This is consistent
with the trans-influence of the silyl ligand.

Factors governing the silyl-migration reaction: In order to
assess the inter- or intramolecular nature of this unprece-
dented silyl-migration reaction, the following cross-experi-
ment was conducted. A mixture of complexes 1a and 1d was
treated with carbon monoxide and the reaction monitored by
SP{'H} NMR spectroscopy (see Figure 5). The only products
detected were 2a and 2d, respectively. This should be
confidently taken as evidence for an intramolecular mecha-
nism, that is, this silyl-migration reaction may be considered as
an intramolecular redox rearrangement. In contrast, irrever-
sible intermolecular silyl-transfer reactions have been report-
ed with [Hg(SiMe;),]?%1 or [Cd(SiFs),].!

The fact that the Pt—Si bond is usually stronger than the
Fe—Si bond!"®l probably explains the direction of the silyl
migration, although a complete energetic balance must take
into account the loss of a Pt—CO (or Pt—CNR) bond and the
formation of a Fe—CO (or Fe—CNR) bond. Although a
stepwise, nonconcerted mechanism cannot be strictly ruled
out (see below, Scheme 5), it appears reasonable to suggest a
concerted, dyotropic-type rearrangement for this reaction (a
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These last results nicely support our
mechanistic considerations about the mi-
gration of silyl ligands from one metal to
another. On the basis of NMR experi-
ments, Akita et al.’3] and Girolami et al.l*!
have independently concluded that the
silyl ligand could reversibly flip from one
metal center to another in dinuclear
SiMe;-substituted Ru—Ru complexes via
a u,-SiR; intermediate [Eq. (7)]. Howev-
er, no intermediate complex could be
isolated.
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The dynamic behavior of Girolami’s
diruthenium complex was explained by
reversible migration of the silyl group
between the two Ru centers in the low-
temperature regime [Eq. (8a)] and rever-

T T T T T T T T Y T

230 200 180 160 140 ppm 120 100

Figure 5. 3'P{'H} NMR cross-over experiment between a) 1a and 1d yielding only b) 2a and 2d.

type of [1,2]*>-migration),?” with an intermediate (or transition
state) that involves a bridging silyl ligand (2e-3c bond) and a
bridging carbonyl, or bridging isonitrile in the case of
Equation (3), as depicted in C (Scheme 4). This species would

2 3 2 3
R R R R
P ) P
(OCuFé—Pt* — | (0C) 3Fe A L
Ry Si C /\
3\
E e
E=0;L=CO, PR, c
E=NR;L=CNR
Phy
P .
isomerization S\ _SiRs
(OC)s(EC)Fe —= Pt

([1,21%migration)
L

Scheme 4. Dyotropic-type concerted mechanism of silyl migration (see
text).

then be isolobal with [Fe,(CO),]. Although bridging silyl
ligands have rarely been considered, this bonding situa-
tion has been structurally characterized in boranes,?” in
Li(THF),[CusCl,{Si(SiMe;);},],B" and very recently in
[(iPr;P)Rh(H)(u-Cl)(u-SiPh,)(u-SiPh;)Rh(H)(PiPr;)], which
was prepared according to [Eq. (6)].5%%

Arg
SiArs S|
ArsSI\\ < AN VAR H 7\ H
——Rh” —— R3P"’Rh—Rh‘_PR3 (6)
/ \ /N -AH /
RsP Cl PR3 Sl cl

Ary
Ar = Ph, CgHg-p-F
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80 60 sible migration to the bridging methylene
group in the high-temperature dynamic

process [Eq. (8b)].04

H Me
/cf SiMey MG Si P Mesi /gf
Cp*Ru = RuCp* - Cp*Ru— RuCp* == Cp*Ru = RuCp* (8a)
CI CI Cl
Hy SiMe3 Hy
/C\ .SiMe3 HC_ /C\
Cp*Ru\—~/RuCp Cp*Ru — RuCp ==Cp*'Ru \::/ Ru\Cp* (8b)
cl ‘ol Cl SiMe;

Recent studies with diruthenium complexes®® analogous
to those in Equation (7) and with heteronuclear Mo—Re
complexesP! have shown that an —SnMe; or —SnPh; ligand,
respectively, can also reversibly migrate from one metal to
another.

Influence of the substituents at silicon: Whereas for 1a—e the
rates of the CO-induced 1,2-silyl-migration reaction leading to
[(OC),Fe(u-PR?R?)Pt(SiR})] (2a—e) [Eq. (2)] were too fast
(irrespective of the stereoelectronic properties of the SiR}
ligand or of the phosphido bridge) to allow detection of any
intermediate (see above), the isomerization Kkinetics of
[(OC);(R}Si)Fe(u-PPh,)Pt(PPhs),] (7a—d) was found to
strongly depend on the substituents at silicon [Eq. (9)].
When CO was bubbled through a CH,Cl, solution of
[(OC);{(MeO);Si}Fe(u-PPh,)Pt(PPh;),] (7a), the PPh; ligand
trans to the phosphido bridge was stereoselectively and
quantitatively substituted within ten minutes to afford 8a.
This species rearranged in solution within approximately 1 h
to its isomer [(OC),Fe(u-PPh,)Pt{Si(OMe),}(PPh;)] (9a).l'!
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Similarly, when [(OC);(PhMe,Si)Fe(u-PPh,)Pt(PPh;),] (7b)
was treated with CO, [(OC);(PhMe,Si)Fe(u-PPh,)Pt-
(CO)(PPh;)] (8b) was rapidly and quantitatively formed. It
took, however, about 5h for 8b to isomerize to 9b. The
derivative 8¢ could similarly be isolated in 83 % yield after
purging a solution of 7¢ with CO, but the silyl migration
leading to 9¢ took three days for completion (monitored by
IR and *'P{'H} NMR spectroscopy). The SiPh;-substituted
derivative 8d, which has been structurally characterized,?*"!
showed no tendency to rearrange, even after several days in
solution. Therefore, for a given phosphido ligand, u-PPh, in
this series, the sequence of decreasing migration ability for the
silyl ligand appears to be: Si(OMe); > SiMe,Ph > SiMePh, >
SiPh;. These findings demonstrate that the steric require-
ments of the SiR} group rather than the electronic properties
of the substituents R! on silicon are decisive for the ease of
silyl migration in these complexes. If electronic effects were
dominating, one would expect a different trend: a SiPh; ligand
bearing three electron-withdrawing phenyl groups is of course
less electron withdrawing than an alkoxysilyl group, but more
than a SiMe,Ph. By analogy with the cone angle concept
established for PR; ligands,! a SiPh, ligand evidently exhibits
a significantly larger steric bulk than a Si(OMe); or a SiMe,Ph
group. Recall, however, that migration of an SiPh; ligand was
described above [Eq. (3)].

Influence of the CO pressure: In order to qualitatively
evaluate the influence of the CO pressure we monitored by
IR (»(CO) region) and 3'P{'H} NMR spectroscopy the
transformation of the SiMePh,-substituted derivative 8¢ in a
steel autoclave at ambient temperature under a CO pressure
of 45 atm. A significant rate enhancement was observed, since
after 18 h about 90% of 8¢ has been isomerized to 9¢ and
after 24 h no 8¢ could be detected anymore, whereas three
days were required under 1 atm of CO. Since displacement of
the Pt-bound PPh; ligand trans to u-P by CO is a very facile
reaction, it is not this step that is rate-controlling and on which
CO pressure would have made such a difference. If the silyl-
migration reaction was to occur in a stepwise manner, as
shown in Scheme 5, in contrast to the concerted mechanism
discussed above, one would expect the 16e Fe center of the
first intermediate that results from formal reductive elimi-
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Scheme 5. Alternative mechanism involving stepwise silyl migration (see
text).

nation to readily coordinate CO under pressure to give the
coordinatively saturated product [(OC),Fe(u-PPh,)Pt(Si-
MePh,)(CO)(PPh;)] (see below the transformation of 7e to
10 [Eq. (10)]). This was not observed during the 3'P{'"H} NMR
monitoring. Furthermore, CO pressure would also be ex-
pected to slow down or completely prevent decoordination of
CO from Pt, which represents a required step for the
formation of the metal-metal bond in 9c¢. We therefore
believe that the concerted, dyotropic-type mechanism sug-
gested above in Scheme 4 is the most likely.

Influence of the phosphido group: The reactivity of the
complexes [(OC);(R1Si)Fe(u-PR?R?)Pt(PPh;),] is further-
more influenced by the substituents at the phosphido bridge.
After purging a CH,Cl, solution of 7e [*Si NMR: 6 =10.2
(dd, 2J(P,Si) =40 Hz, 3/(PSi) =15 Hz] with CO for approx-
imately 50 min, monitoring by IR and *'P{'"H} NMR spectros-
copy revealed that the PPh; ligand trans to the u-PHCy
bridge was again selectively substituted to afford 8e

[Eq. (10)].

H QY H Gy
P
\_ _-PPhs +cO 7 \_ - PPhs
(OC)sFe — Pt\

{(MeO)3Si PPh;
Te 8e

CO |slow (10)

H Oy
oo ’P\Pt /Si(OMe)3
e
4 AN
ot PPhs

10

The proton-coupled 3P NMR spectrum of 8 e consisted of a
doublet at 6=146.7 with a 'J(PH) coupling of 363 Hz
(J(Pt,P)=2290 Hz) and a broadened singlet at 6=27.6
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assigned to the PPh; ligand cis to the phosphido bridge
(YJ(Pt,P) =3110 Hz). The presence of the liberated PPh; was
confirmed by the observation of a broad signal at 6 = —4.3. In
contrast to the stable derivatives 8a—d, the platinum-bound
carbonyl ligand of 8e [v(CO)=2047 cm™! (s)] was reversibly
replaced by PPh; after concentration of the solution under
reduced pressure, thus regenerating 7e. We therefore did not
succeed in isolating 8e in pure form. However, when a
solution of 8e was purged for several hours with a gentle
stream of CO, transfer of the Si(OMe); ligand from iron to
platinum, cleavage of the metal —metal bond and coordina-
tion of a carbonyl ligand on iron gradually occurred
[Eqg. (10)]. The ligand arrangement in the dinuclear silyl
complex 10 was deduced from multinuclear NMR studies.
Characteristic for a dinuclear u-PR, complex without a
metal —-metal bond, the phosphido signal at 6=70.6 is
drastically shifted to high field relative to those of 7e (0 =
169.4) or 8e (0 =146.7). In contrast to 5a,b which have the
silyl group trans to u-PR, the Si(OMe); group in 10 is cis to
both the bridge and the PPh; ligand (6 =364, J(Pt,P)=
3073 Hz) and whose large 2J(PP) coupling of 283 Hz is
diagnostic for the trans-P-Pt-P arrangement. The high-field
shift of the signal centered at 0 =—24.9 in the *Si INEPT
NMR spectrum of 10 confirms the migration of the alkoxysilyl
ligand from iron to platinum (}J(Pt,Si) =2523 Hz), and the
small 2J(P,Si) coupling of 15 Hz (most likely with the PPh,
ligand as coupling with u-P is very small) is also in accordance
with the structure drawn. The presence of a Pt—Si bond leads
to the observation of a 3J(Pt,C) coupling of 19 Hz for the
Si(OMe); signal. As known for mononuclear iron complexes
of the type [Fe(CO),(PR;)],?! the four carbonyl ligands of the
iron moiety of 10 are fluxional at ambient temperature and
give rise to a doublet at 6 =210.2, due to a 2J(P,C) coupling of
13 Hz. Despite of a long data-acquisition time, we could not
detect any signal due to the Pt-bound carbonyl ligand in the
anticipated 0 180-190 region. The presence of a Pt-bound
carbonyl ligand is, however, inferred unambiguously from the
IR spectrum, which displays, in addition to four v(CO)
stretches [2004 (w), 1975 (s), 1952 (s), 1929 cm~! (s)] stemming
from the Fe(CO), moiety, a fifth intense vibration at
2042 cmL

The much more difficult silyl-migration reaction in com-
plexes with a u-PHCy bridge as opposed to u-PPh,, under
similar conditions, could be explained by invoking the
Thorpe —Ingold effect.?1 Bulkier geminal substituents on
the u-P atom would promote the formation of transition-state
or intermediate structures that contain additional bridging
ligands and thus facilitate their transfer from one metal to the
other. The deviating behavior of u-PRH heterobimetallics as
opposed to their u-PR, analogues has also been noted in
compounds of the type [(OC)sM(u-PRH)Pt(H)(PPh;),] M=
Cr, Mo, W; R=Ph, Cy), which could not be converted to
the metal—metal-bonded complexes [(OC),M(u-PRH)Pt-
(u-H)(PPh;)] by dissociation of a CO and a PPh; ligand,'%
a reaction well documented for [(OC);M(u-PPh,)Pt(H)-
(PPh,),].I5®1 The Thorpe —Ingold effect has also been put
forward to explain the suppression of intramolecular, inter-
metal transfer of CO in heteronuclear complexes of the type
[M(u-PR,)Pt] on going from u-PR, to u-PRH systems.!
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Influence of the nature of the added nucleophile: In order to
explore further the scope of donor ligands that promote this
unusual silyl-migration reaction, we reacted 1c with two
equivalents of the phosphites P(OMe); or P(OPh);, or of the
functional phosphine Ph,PCH,C(O)Ph in CH,ClI, or toluene.
Complexes 11a—c were rapidly formed in almost quantitative
yield and have been fully characterized [Eq. (11)].[2%

Ph Ph
4

(OC)3Fe/ \Pt/ (1)
\
PhySi L
11a L = P(OMe);
11b L = P(OPh)s
11¢ L = PhyPCH,C(O)Ph

+2L
1c
-1,5-COD Ph Ph
B4
P SiPh
N
(OC)sFe Pt

No silyl-migration reaction was observed in these cases,
whereas addition of two equivalents of ‘BuNC to 1a or 1c
yielded the products of 1,2-silyl migration 3a and 3e,
respectively [Eq. (3)]. Substitution of one of the PPh; ligands
of [(OC);(Ph;Si)Fe(u-PPh,)Pt(PPhs),] (7d) by PMe; occurred
stereoselectively, since only the PPh; ligand trans to the
phosphido bridge was substituted.?”] The reaction of 7a—d
with CO first led to [(OC);(R!Si)Fe(u-PPh,)Pt(CO)(PPh;)]
(8a-d), with again selective substitution of the phosphine
trans to the u-P atom, which then isomerized in the
case of 8a—c¢ to [(OC),Fe(u-PPh,)Pt(SiR})(PPh;)] (9a-c)
[Eq. (9)].00

The reaction of [(OC);(R}Si)Fe(u-PR?R?*)Pt(PPh;),] with
slightly more than one equivalent of tBuNC in CH,Cl, at
ambient temperature afforded within 15 minutes the yellow
stable compounds [(OC);(R!Si)Fe(u-PR*R?)Pt(PPh;)(CNrBu)]
(12a-c¢) in almost quantitative spectroscopic yield, irrespec-
tive of the nature of the SiR} and 4-PR2R3 ligands [Eq. (12)].
Monitoring the reaction of 7a by *'P{'H} NMR spectroscopy
in a NMR tube over several hours, even in the presence of
2.5 equivalents of tBuNC, showed no evidence for substitu-
tion of the remaining PPh; ligand, opening of the metal -
metal bond, or for silyl migration. A comparison of these
results with the behavior of 8a—d [Eq. (9)] shows that a
phosphine ligand bound to Pt (cis to u-P) significantly slows
down silyl migration relative to CO, as in the assumed
intermediate of Equation (2). Whereas silyl migration is still
possible when CO is bound to Pt, complete inhibition of the
reaction is caused by this phosphine when an isonitrile ligand
is also bound to Pt, as in 12a-f.

Reaction of [(OC);{(MeO);Si}Fe(u-PHCy)Pt(PPh;),] (7e)
with two equivalents of 2,6-dimethylphenyl isonitrile, a
better m-acceptor ligand than (BuNC, also exclusively
yielded the monosubstitution product [(OC);{(MeO),Si}-
Fe(u-PHCy)Pt(PPh;)(CNxylyl)] (12d). The selective substi-
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tution of the PPh; ligand trans to the phosphido bridge and the
conservation of the metal —metal bond in derivatives 12a—f
were deduced from the 3P{!H} NMR spectra, which exhibited
a weakly coupled doublet resonance in the 6=140-150
region due to the u-PR, ligand and a second doublet in the
0=27-28 region due to the PPh; ligand in relative cis
orientation to the bridge. Both resonances were flanked by
195Pt satellites with large 'J(Pt,P) couplings (Table 1). The
spectroscopic data obtained in solution for complexes 12a—f
are consistent with the results of an X-ray diffraction study of
12f. A view of the molecular structure is shown in Figure 6
and a perspective view along the Fe — Pt axis showing the core
structure is given in Figure 7. Selected bond lengths and angles
for compound 12 f are given in Table 6.

The general structural features are very similiar to
those obtained for [(OC);(Ph;Si)Fe(u-PPh,)Pt(CO)(PPh;)]
(84d).%1 As in the latter complex (Fe—Pt=262.0(1) pm), the
Fe—Pt separation of 263(1) pm is noticeably shorter than

structure  of

molecular
| —
Fe(u-PPh,)Pt(PPh;)(CNxylyl)] (12 f) (the Fe—Pt bond is masked).

Figure 6. View of the [(OC);(Ph;Si)-
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Figure 7. Perspective view of the core structure of [(OC);(Ph;Si)-
| E————
Fe(u-PPh,)Pt(PPh;)(CNxylyl)] (12 f) along the Fe —Pt axis.

Table 6. Selected bond lengths [pm] and angles [°] in 12f.

Fe—Pt 263.1(1) Fe-P1-Pt 72.24(7)
Fe—P1 220.0(2) C40-P1-C50 104.2(4)
Pt-P1 226.2(2) P1-Pt-P2 107.78(8)
Pt-P2 227.8(2) P1-Pt-C102 154.4(3)
Fe—Cl 176.7(9) P2-Pt-C102 97.6(3)
Fe—C2 177.9(9) P1-Pt-Fe 159.88(6)
Fe—C3 176(1) Fe-Pt-C102 101.78(8)
Fe-Si 233.1(2) P1-Fe-Si 175.1(1)
Pt-C102 196.2(9) Pt-Fe-Si 129.55(8)
N-C102 116(1) Pt-Fe-P1 54.96(6)
N-C103 139(1) Pt-Fe-Cl 81.5(3)
Pt-Fe-C2 75.9(3)
Pt-Fe-C3 142.0(3)
Cl-Fe-C2 132.2(4)
C2-Fe-C3 112.5(4)
C1-Fe-C3 111.3(4)

those in 2b,c and 3¢ (ca. 272 pm), consistent with a formally
rather covalent metal-metal bond. The phosphido bridge and
the SiPh; group are in mutual trans position (P1-Fe-Si
175.1(1)°), and the three carbonyls on iron have a meridional
arrangement. The coordination around Pt may be considered
as distorted square planar (see Figure 6). The P1-Pt-C102
angle of 154.4(3)° between the isonitrile ligand and the u-PPh,
ligand deviates considerably from the ideal trans orientation,
which may be a consequence, at least in part, of the steric bulk
of the PPh; ligand (P2-Pt-C102 =97.6(3)°). There is a small
deviation from linear isonitrile ligation, the Pt-C102-N angle
being 174.9(8)°. The Pt—C102 bond length of 196.2(9) pm is
somewhat longer than that of the Pt—C bond of [(OC);(Phs-
Si)Fe(u-PPh,)Pt(CO)(PPh;)] (8d; 191.6(6) pm), which re-
flects the less pronounced s-acceptor ability of the xylylisoni-
trile ligand compared to CO. The Fe—Si, Fe—P1, Pt—P1, and
Pt—P2 bond lengths of 233.1(2), 220.0(2), 226.2(2), and
227.8(2) pm compare well with those found for 8d (233.9(2),
219.6(2), 227.7(1), and 229.4(1) pm, respectively).

Finally, we note that complex 1a in CH,Cl, did not react
with PhC=CH, PhC=CPh, or MeO(O)CC=CC(O)OMe at
20°C even after 12 h. A similar behavior was observed for 7a.

Conclusion

We have described a family of phosphido-bridged bimetallic
Fe-Pt complexes that gives rise to unprecedented, intra-
molecular transformations involving 1,2-migration of a silyl
ligand from Fe to Pt with concomittant 1,2-migration of CO
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(or in some cases CNR) from Pt to Fe. We investigated the
influence of various parameters on this reaction, such as the
nature of the substituents on the silyl ligand or on the
phosphido bridge and that of the external nucleophile that
triggers this dyotropic-type rearrangement. We have found
that CO or CNR ligands are capable of promoting this silyl
migration, as opposed to phosphines or phosphites. Isonitriles
or CO can also lead to substitution reactions at Fe or open the
metal—metal bond. Our results show that relatively minor
changes in substituents are sufficient to completely modify the
reactivity of the bimetallic complexes. Our recent observation
that an iron-to-platinum silyl migration may also occur in bis-
dppm-bridged Fe —Pt complexesP”) suggests that silyl migra-
tion from one metal to another, a process that could have
implications in the metal-catalyzed silicon chemistry, may
occur more easily than previously thought owing to the small
energy changes involved.

Experimental Section

All reactions were performed in Schlenk-tube flasks under purified
nitrogen. Solvents were dried and distilled under nitrogen before use:
toluene, pentane and hexane over sodium, dichloromethane from P,O,.
Nitrogen was passed through BASF R3-11 catalyst and molecular sieve
columns to remove residual oxygen or water. Elemental C, H and N
analyses were performed on a Leco Elemental Analyser CHN 900. Infrared
spectra were recorded in the 4000-400 cm~! region on Bruker IFS66
spectrometer. The 'H, 3P{'H} and *C{'H} NMR spectra were recorded at
200.13, 81.01, and 50.32 MHz, respectively, on a Bruker ACP200 instru-
ment and at 300.13, 121.50 and 75.48 MHz, respectively, on a Bruker
AC300 instrument. Phosphorus chemical shifts were externally referenced
to 85% H;PO, in H,O, with downfield shifts reported as positive. »Si
chemical shifts were measured on a Bruker ACP200 instrument
(39.76 MHz) and externally referenced to TMS, with downfield chemical
shifts reported as positive. NMR spectra were recorded in pure CDCl;,
unless otherwise stated. The presence of CH,Cl, of solvation in 9 ¢ has been
determined from the 'H NMR spectrum. The reactions were generally
monitored by IR spectroscopy in the v(CO) region. 2,6-Xylylisonitrile and
tert-butylisonitrile were obtained from Fluka and Aldrich and used as
received. The following complexes were prepared as described in the
literature: 1a—e,??1 7a—e 221 8a,b,l'!1 8d,20 9a b, 11a,b,12% and 11 ¢.[2%!
— _____ 1
[(OC),Fe(u-PPh,)Pt{Si(OMe);}(CO)] (2a): CO was slowly bubbled
through a solution of complex 1a (0.2 mmol) in CH,Cl, (5 mL) at ambient
temperature. Monitoring by IR and 3P NMR spectroscopy indicated a
complete conversion after a few seconds. After removal of all volatiles
under reduced pressure, an orange oil, which is very soluble in pentane, was
obtained. The spectroscopic yield is quantitative. Compound 2a is stable in
CO-saturated solution, but any attempt of isolation leads to degradation.
'"H NMR (200.13 MHz, CDCl;): 6 =7.82-7.26 (m, 10H; phenyl), 3.45 (s,
4J(Pt,H) =2.7 Hz, 9H; Si(OMe);); *C{'H} NMR (100.62 MHz, C¢D): 6 =
207.8 (d, 2J(P,C)=11Hz, %J(Pt,C) =32 Hz, FeCO), 198.0 (brs, PtCO),
134.5-128.5 (m, phenyl), 50.1 (s, 3J(Pt,C) =12 Hz, SiOMe); *Si NMR
(C¢Dy): 6 =—26.8 (d, 2J(P,Si) =4 Hz, 'J(Pt,Si) =2117 Hz).
| E———

[(OC),Fe(n-PCy,)Pt{Si(OMe);}(CO)] (2b): Preparation analogous to 2a;
orange crystals, obtained from 1b, were highly soluble in cyclohexane; the
spectroscopic yield was quantitative. The product was very soluble in
pentane and could be recrystallized from a concentrated pentane solution
at —20°C to afford single crystals suitable for X-ray analysis. Elemental
analysis calcd (%) for C,H3 FeOgPPtSi (709.45): C 33.86, H 4.40; found C
34.41, H 4.48; 'H NMR (200.13 MHz, CDCL): 6=3.56 (s, */(Pt,H)=
3.0Hz, 9H; SiOMe), 2.30-0.85 (m, 22H; Cy); “C{'H} NMR
(100.62 MHz, C4Dg): 6 =208.4 (d, %/(P,C) =11 Hz, 2J(Pt,C) =37 Hz, Fe-
CO), 196.0 (brs, PtCO), 50.0 (s, J(Pt,C)=19 Hz, SiOMe), 39.3 (d,
1J(P,C) =39, 2J(Pt,C) =49 Hz, Cy, C(P)), 33.1-32.5 (m, Cy, C,,), 27.8—
276 (m, Cy, C,.10), 25.9 (s, Cy, Cpura)-
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| ——
[(OC),Fe(u-PPh,)Pt(SiPh;)(CO)] (2¢): Preparation analogous to 2a;
orange crystals, obtained from 1e¢, were highly soluble in pentane or
hexane; the yield was spectroscopically quantitative. Compound 2 ¢ could
be recrystallized from a concentrated pentane/cyclohexane solution at
—20°C to afford orange single crystals suitable for X-ray analysis.
Elemental analysis caled (%) for Cs;sH,sFeOsPPtSi (835.59): C 50.31, H
3.02; found C 50.07, H 3.15; 'H NMR (200.13 MHz, CDCl;): 6 =7.49-7.11
(m, phenyl).

| —————
[(OC),Fe(u-PCy,)Pt(SiPh;)(CO)] (2d): Preparation analogous to 2a;
deep orange oil, obtained from 1d, was highly soluble in pentane; the
spectroscopic yield was quantitative. Compound 2d was stable in CO-
saturated solution, but attempts of isolation led to degradation. 'H NMR
(300.13 MHz, CDCl3): 6 =7.59-7.32 (m, 15H; phenyl), 1.83-0.88 (m, 22 H;
Cy).

| — |
[(OC),Fe(u-PHPh)Pt(SiPh;)(CO)] (2e): Preparation analogous to 2a;
deep orange oil, obtained from 1e, was highly soluble in pentane; the
spectroscopic yield was quantitative. Compound 2e was stable in CO-
saturated solution, but any attempt of isolation leads to degradation.
'H NMR (300.13 MHz, CDCl,): 6 =7.70-7.12 (m, 20H; phenyl), 5.25 (d,
YJ(PH)=3975, 2J(Pt,H) =93.7 Hz, PH).

|
[(OC);(rBuNC)Fe(n-PPh,)Pt{Si(OMe);}(CNsBu)] (3a): tert-Butyl isoni-
trile (27 mg, 0.32 mmol) was added to a solution of 1a (120 mg, 0.16 mmol)
in CH,Cl, (5 mL). After the mixture was stirred for 15 min, the yellow
solution was concentrated under reduced pressure to about 1 mL and the
orange product was precipitated by addition of pentane. Yield: 110 mg,
0.14 mmol, 85%; m.p. 89°C; elemental analysis calcd (%) for C,sHs,Fe-
N,O¢PPtSi (807.60): C 41.64, H 4.62, N 3.67; found C 41.90, H 4.68, N 3.44;
'"H NMR (300.13 MHz, CDCl,): 6 =7.87-7.26 (m, 10H; phenyl), 3.48 (s,
9H; SiOMe), 1.61 (s, 9H; PtCNrBu), 0.91 (s, 9H; FeCNrBu).
| —

[(OC);(rBuNC)Fe(u-PPh,)Pt{SiPh;)(CNrBu)] (3¢): Compound 3¢ was
prepared as described for 3a from 1c¢ (140 mg, 0.16 mmol) in CH,Cl,
(S5mL). Yield: 130 mg, 0.14 mmol, 87%; orange powder; m.p. 96°C;
elemental analysis calcd (%) for C,;3H,FeN,O;PPtSi (945.82): C 54.61, H
4.58,N 2.96; found C 54.23, H 4.50, N 2.84; '"H NMR (200.13 MHz, CDCl,):
0=754-701 (m, 25H; phenyl), 1.18 (s, 9H; PtCNsBu), 0.95 (s, 9H;
FeCNrBu).

| —
[(OC)Fe(u-PCy,)Pt{Si(OMe);}(CNsBu)] (4b): Compound 4b was pre-
pared from 2b (160 mg, 0.21 mmol) in CH,Cl, (6 mL) by addition of one
equivalent of fert-butyl isonitrile at ambient temperature. Yield: 130 mg,
0.17 mmol, 81 %; orange powder; m.p. 88°C; elemental analysis calcd (%)
for C,,H,FeNO,PPtSi (764.57): C 37.70, H 5.27, N 1.83; found C 37.84, H
5.27, N 1.80; '"H NMR (300.13 MHz, CDCl;): 6 =3.52 (s, 9H; SiOMe),
2.38-1.65 (m, 16H; Cy), 1.59 (s, 9H; PtCN¢Bu), 1.41-0.85 (m, 6 H; Cy);
BC{'H} NMR (75.47 MHz, CsD¢): 6 =210.5 (d, 2J(P,C) =12 Hz, 2J(Pt,C) =
38 Hz, FeCO), 49.8 (s, *J(Pt,C) =19 Hz, SiOMe), 38.5 (d, 'J(P,C) =20 Hz,
2J(Pt,C) =54 Hz, C,,, Cy), 32.9-32.3 (m, C,,, Cy), 30.1 (s, 1Bu), 27.7—
276 (m, C,0ar Cy), 26.1 (s, Cppr Cy).
[(OC)Fe(u-PPh,)Pt{Si(OMe);}(CNsBu),] (5a): Compound Sa was pre-
pared from 2a (110 mg, 0.15 mmol) in CH,Cl, (5 mL) by addition of two
equivalents of fert-butyl isonitrile. Yield: 95 mg, 0.11 mmol, 78 %; orange
powder; m.p. 102°C; elemental analysis calcd (%) for C,0H;,FeN,O,PPtSi
(835.61): C 41.68, H 4.46, N 3.35; found C 41.83, H 4.55, N 3.38; 'H NMR
(300.13 MHz, CDCL;): 6 =7.78-720 (m, 10H; Ph), 3.55 (s, 9H; SiOMe),
1.22 (s, 18H; CNtBu).
[(OC)Fe(u-PCy,)Pt{Si(OMe);}(CNrBu),] (5b): Compound 5b was pre-
pared from 2b (180 mg, 0.24 mmol) in CH,Cl, (5 mL) by addition of two
equivalents of rbutyl isonitrile. Yield: 170 mg, 0.20 mmol, 85%; orange
powder; m.p. 112°C; elemental analysis calcd (%) for C,0H,FeN,O,PPtSi
(847.71): C 41.09, H 5.83, N 3.31; found C 40.89, H 5.83, N 3.20; 'H NMR
(300.13 MHz, CDCl;): 6 =3.54 (s, 9H; SiOMe), 2.31-1.68 (m, 16 H; Cy),
1.55 (s, 18H; CNrBu), 1.44-0.86 (m, 6 H; Cy); *C{'"H} NMR (75.47 MHz,
CsDg): 6=216.9 (d, J(P,C) =28 Hz, CO), 210.5 (brs, CO), 130.6 (brm,
J(Pt,C) = 1434 Hz, (Pt)C), 49.5 (s, SiOMe), 42.9 (s, Cy,,» Cy), 34.1-33.4
(m, Cyor Cy), 29.5 (s, Bu), 28.4-28.0 (m, C,,.p, Cy), 26.6 (s, C,r Cy).
[(OC);(rBuNC)Fe(u-PPh,)Pt{Si(OMe);}(CN7Bu),] (6): Compound 6 was
prepared from 3a (90 mg, 0.12 mmol) in CH,Cl, (5 mL) by addition of one
equivalents of fert-butyl isonitrile at ambient temperature. Yield: 95 mg,
0.11 mmol, 89 %; orange powder; m.p. 102 °C; elemental analysis calcd (%)
for C;3H,sFeN;O4PPtSi (890.73): C 44.50, H 5.21, N 4.72; found C 44.68, H
5.38, N 4.78; '"H NMR (300.13 MHz, CDCl;): d =7.85-7.24 (m, 10H;

0947-6539/00/0623-4275 $ 17.50+.50/0 4275





FULL PAPER

P. Braunstein et al.

phenyl), 3.55 (s, 9H; SiOMe), 1.40 (s, 9H; FeCNrBu), 1.18 (s, 18H;
PtCNrBu).

| ——

[(OC);(Ph,MeSi)Fe(u-PPh,)Pt(PPh;)(CO)] (8¢): CO was bubbled for
10 min through a solution of 7 ¢ (1170 mg, 1.0 mmol) in CH,Cl, (30 mL).
After completion of the reaction (monitored by IR and 'P NMR
spectroscopy), the solution was concentrated to about 5 mL and layered
with Et,0. After 24 h at —30°C a yellow powder precipitated, which was
filtered, washed with pentane (15mL), and then dried under vacuum.
Yield: 840 mg, 83 %; elemental analysis calcd (%) for C,;H;FeO,P,PtSi
(1007.78): C 56.02, H 3.80; found C 56.23, H 4.04; 'H NMR (200 MHz,
C¢Dg): 0=6.98-7.83 (m, 35H; phenyl), 1.18 (s, 3H; SiMe).

| —— |

[(OC),Fe(u-PPh,)Pt(SiMePh,)(PPh;)] (9¢c): CO was bubbled for 1h
through a solution of 7¢ (234 mg, 0.2 mmol) in CH,Cl, (10 mL). The
reaction mixture was kept under a CO atmosphere for 3d and the
rearrangement from 8¢ to 9 ¢ was monitored by IR and *P NMR
spectroscopy. After completion of the silyl migration, the solvent was
evaporated, and the residue rinsed with Et,O to remove PPh;. Recrystal-
lization from CH,Cl,/hexane at —30°C afforded yellow microcrystals,
which were dried under vacuum. Yield: 105 mg, 51 %; elemental analysis
caled (%) for Cy;HyFeO,P,PtSi- 0.5 CH,Cl, (1050.75): C 54.32, H 3.74 %;
found C 54.50, H 3.62; '"H NMR (300 MHz, CDCl;):  =6.63-7.71 (m,
35H; phenyl), 0.18 (s, 3J(PtH)=35Hz, 3H; SiMe); BC{H} NMR
(50.32 MHz, CDCly): 6=210.9 (d, 2/(P,C) =13 Hz, 2J(Pt,C) =46 Hz, Fe-
CO), 143.4-126.5 (m, phenyl), 5.2 (brs, 2J(Pt,C) =75 Hz, SiMe); *Si-
INEPT (HSi-HMQC) (CDCly): 6=-1.48 (dd, %/(Pt,Si)=10.9, 2.2 Hz,
1J(Pt,Si) = 1509 Hz). Decomposition of this complex in solution affords
inter alia Ph,MeSi—SiMePh,, characterized by its *Si-INEPT resonance at
0 =—21.40; this is particularly interesting since no siloxane was found.

[(OC),Fe(u-PHCy)Pt{Si(OMe);}(CO)(PPh;)] (10): A solution of 7e
(328 mg, 0.3 mmol) in CH,Cl, (15 mL) was purged by a gentle stream of
CO for 8 h and then stirred under a CO atmosphere overnight. The slow
conversion from the initially formed intermediate 8 e to 10 was monitored
by IR and *'P{'H} NMR spectroscopy. After evaporation of the solvent, the
residue was extracted with Et,O (10 mL); concentration of the solution and
addition of hexane led to precipitation of crude orange 10. Owing to the
formation of small amounts of O=PPh; (ca. 15%, 3P NMR: 6 =28.8)
which was formed during the CO-purge and could not be separated despite
several attempts, no satisfactory elemental analyses could be obtained.
BC{'H} NMR (75.48 MHz, CDCl;): 6 =210.2 (d, 2J(P,C) =13 Hz, FeCO),
134.5-127.4 (m, phenyl), 49.4 (s, 3J(Pt,C) =19 Hz, SiOMe), 38.7-22.9 (m,
CsH,y); ¥Si-INEPT (CDCL): 6 =—24.9 (d, /(Pt,Si) =15 Hz, 'J(Pt,Si) =
2523 Hz).

| ——

[(OC);{(MeO);Si}Fe(u-PPh,)Pt(PPh;)(CNrBu)] (12a): fert-Butyl isoni-
trile (10 mg, 0.1 mmol) was added to a solution of 7a (117 mg, 0.1 mmol)
in CH,Cl, (S5mL). After the mixture was stirred for 15 min, the bright
yellow solution was concentrated under reduced pressure to about 1 mL,
and the product precipitated upon subsequent addition of hexane (5 mL).
The yellow product was filtered and dried in vacuo. Yield: 96 mg, 97 %;
elemental analysis calcd (%) for C,;H,FeNOP,PtSi (986.13): C 49.91, H
4.39,N 1.42; found C 49.52, H 4.17, N 1.37; '"H NMR: 6 = 1.26 (s, 9H; tBu),
3.72 (s, 9H; SiOMe), 7.07-7.35 (m, 25H; phenyl).

| |
[(OC);{(MeO);Si}Fe(u-PHCy)Pt(PPh;)(CNrBu)] (12b): fert-Butyl isoni-
trile (10 mg, 0.1 mmol) was added to a solution of 7e (110 mg, 0.1 mmol) in
CH,CIl, (5 mL). After the solution was stirred for 15 min, all volatiles were
removed under vacuum, and the solid residue triturated with hexane
(5 mL) to remove PPh;. The yellow product was then dried under vacuum.
Yield: 87 mg, 95 %; elemental analysis calcd (%) for Cs;sH,sFeNO4P,PtSi
(916.7): C 45.86, H 4.95, N 1.53; found C 45.65, H 4.92, N 1.50; 'H NMR:
0="725-1775 (m, 15H; phenyl), 5.01 (dd, 'J(P,H)=355Hz, J(PH)=
4.1 Hz, 2J(Pt,H) =672 Hz, 1H; PH], 3.47 (s, 9H; SiOMe), 1.51-0.60 (m,
11H; C¢H,,), 1.30 (s, 9H; Bu).

| —

[(OC);(Ph,MeSi)Fe(u-PPh,)Pt(PPh;)(CNsBu)] (12¢): tert-Butyl isonitrile
(10 mg, 0.1 mmol) was added to a solution of 7¢ (117 mg, 0.1 mmol) in
CH,CIl, (5 mL). After the solution was stirred for 15 min, all volatiles were
removed under vacuum, and the solid residue triturated with hexane
(5 mL) to remove PPh;. The yellow product was then dried under vacuum.
Yield: 96 mg, 83 %; elemental analysis calcd (%) for C5;H,;FeNO;P,PtSi
(1062.9): C 57.63, H 4.46, N 1.32; found C 5753, H 422, N 1.24; 'H NMR:
0="707-735 (m, 35H; phenyl), 1.20 (s, 3H; SiMe), 1.09 (s, 9H; rBu).
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| |
[(OC)s{(MeO);Si}Fe(u-PHCy)Pt(PPh;)(CNxylyl)] (12d): Xylyl isonitrile
(14 mg, 0.1 mmol) was added to a solution of 7e (110 mg, 0.1 mmol) in
CH,C], (5 mL). After the solution was stirred for 15 min, the bright yellow
solution was concentrated under reduced pressure to about 1 mL, and the
product precipitated upon subsequent addition of hexane (5mL). The
yellow product was filtered and dried under vacuum. Yield: 87 mg, 90 %;
elemental analysis calcd (%) for CyH,sFeNOGP,PtSi (964.7): C 48.56, H
4.70, N 1.45; found C 48.92, H 4.91, N 1.38; '"H NMR: 6 =705-7.71 (m,
18H; phenyl), 5.05 (dd, }/(P,H) =357 Hz, 3J(P,H) =4 Hz, 2J(Pt,H) = 61 Hz,
1H; PH), 3.49 (s, 9H; SiOMe), 2.14 (s, 6 H; xylyl-Me), 1.52-0.56 (m, 11H;
Cy).

| ——
[(OC);(PhMe,Si)Fe(u-PPh,)Pt(PPh;)(CNxylyl)] (12e): Xylyl isonitrile
(131 mg, 1.0 mmol) was added to a solution of 7b (1180 mg, 1.0 mmol) in
CH,Cl, (50 mL). After the solution was stirred for 15 min, the bright yellow
solution was concentrated under reduced pressure to about 6 mL, and the
product was precipitated by addition of Et,O (20 mL). The yellow product
was filtered and dried under vacuum. Yield: 900 mg, 86 %; elemental
analysis caled (%) for Cs,H,sFeNO;P,PtSi (1048.88): C 57.26, H 4.32, N
1.33; found C 57.18, H 4.65, N 1.40; '"H NMR (200 MHz, C;Dg): 6 =8.34 -
6.91 (m, 33H; phenyl), 2.03 (s, 6H; xylyl-Me), 0.82 (s, 6 H; SiMe).

| —

[(OC);(Ph;Si)Fe(u-PPh,)Pt(PPh;)(CNxylyl)] (12f): Xylyl isonitrile
(132 mg, 1.0 mmol) was added to a solution of 7d (1304 mg, 1.0 mmol) in
CH,Cl, (50 mL). After 15 min the bright yellow solution was concentrated
under reduced pressure to about 6 mL, and the yellow product was
precipitated by addition of Et,O (20 mL), filtered, and dried under vacuum.
Yield: 1080 mg, 92 %; elemental analysis calcd (%) for C¢H,FeNO;P,PtSi
(1173.03): C 61.44, H 4.21, N 1.19; found C 60.98, H 4.22, N 0.96; '"H NMR
(200 MHz, CD,Cl,): 6 =8.44-6.61 (m, 43H; phenyl), 1.86 (s, 6H; xylyl-
Me).
X-ray structure analyses: A summary of crystal data, data collection, and
structure analysis for compounds 2b, 2¢, 3¢, 6, and 12 f are given in Table 7.
Data for 2b and 2¢ were collected on a Nonius CADA4-F diffractometer
with Moy, graphite monochromated radiation (1=71.069 pm). The
structures were solved by using direct methods and refined against | F|.
Hydrogen atoms were introduced as fixed contributors. Absorption
corrections derived from psi scans of seven reflections. For all computations
the Nonius OpenMoleN package!*! was used. For both structures, all non-
hydrogen atoms were refined anisotropically. The hydrogen atoms were
calculated and fixed in idealized positions (dc =95 pm, Uy = 1.3 Uy, for
the carbon to which it was attached).
For the structures of 3¢, 6, and 12 f, all measurements were done on an
Enraf-Nonius four-circle CAD4 diffractometer with Moy, radiation (1=
71.069 pm). The cell dimensions were determined by refinement of 25 high-
angle reflections from different areas of the reciprocal space. Data were
collected by the /26 scan method and corrected for Lorentz, polarization,
and absorption effects (empirical absorption correction). The structures
were solved by the Patterson method or direct methods, and refined by full-
matrix least-squares. Hydrogen atoms were included in calculated posi-
tions. The fert-butyl groups of 3¢ and 6 were disordered; several partially
occupied positions were located which were isotropically refined.

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-147167,
CCDC-147168, CCDC-148246, CCDC-148247, CCDC-148248. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail: deposit
@ccdc.cam.ac.uk).
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Silyl-Migration Reactions 4265-4278
Table 7. Summary of crystal data, data collection, and structure analysis.
2b 2¢ 3¢ 6 12f
formula CyH; FeOgPPtSi  C3sHpsFeOsPPtSi-0.5CH,,  C;3Hy;FeN,OsPPtSi Cy3HyFeN;OPPtSi CqoHyoFeNO;P,PtSi
M, 709.46 877.66 945.83 890.75 1173.03
crystal size [mm] 0.30x0.30 x0.20  0.40 x 0.40 x 0.10 0.20 x 0.20 x 0.10 0.30 x 0.50 x 0.20 0.10 x 0.20 x 0.15
crystal system triclinic monoclinic monoclinic monoclinic monoclinic
space group Pl C2/c P2/c C2lc P2i/n
a [pm] 1054.2(3) 3574(1) 1701.8(6) 3800.4(13) 1202.7(5)
b [pm] 1085.9(3) 982.7(2) 1064.2(3) 1117.2(3) 1817.9(4)
¢ [pm] 1224.2(3) 2007.6(6) 2354.9(3) 2042.1(5) 2382.0(9)
a [ 100.15(2) 90 90 90 90
AN 103.56(2) 93.69(2) 94.07(4) 112.13(4) 98.01(3)
v [°] 94.98(2) 90 90 90 90
z 2 4 4 8 4
Pealea [gem ] 1.773 1.657 1.477 1.473 1.510
T [K] 293 293 298 273 293
Vx10° [pm?] 1328 7037 42542 8031.4 5175
u(Moyg,) [em™] 59.998 45.433 37.613 39.852 31.472
20 range [°] 5-50 5-61 3-46 3-41 3-44
reflections collected 4681 9831 6520 8570 6947
data used [I>30(])] 3940 5515 6278 3454 6199
Rl 0.024 0.034 0.047 0.040 0.038
wR, "l 0.037 0.047 0.058 0.048 0.042
residual electron density [e A=3]  0.090 1.159 1.054 1.359 1.672
weighting scheme 4F2(0*(F?) + 4F2/(0X(F2) + w = 1/0(F)* w=1/0(F)? w=1/0(F)?
0.0036 F3) 0.0036 F?)

[a] Ri=Z|F,— F.|lZ| Fy|. [b] wRy=[Zw (|F, | = | F.| }/Zw(F,)*]'".
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S
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Activation and Desoxygenation of CO, CO,, and SO, with
Sulfur-Rich Azide and Amide [Ni(L)('S;")] Complexes
('S;"*~ = Bis(2-mercaptophenyl)sulfide (2 —))

Dieter Sellmann,* Franz Geipel, and Frank W. Heinemann'?!

Abstract: The azide and amide com-
plexes (NBuy)[Ni(N;)('S;)] (2) and
(NBu,)[Ni{N(SiMe:).}(S;)]  (4) were
found to react with CO, CO,, and SO,
under very mild conditions at temper-
atures down to —50°C. Depending on
the N oxidation state of the nitrogen
ligands, addition or partial to complete
desoxygenation of the oxides takes
place. The reaction between 2 and CO

nato, and

Introduction

The transition metal catalyzed activation and chemical
conversion of small molecules such as CO,, CO, SO,, or H,
are of considerable interest with regard to metal oxidoreduc-
tases,!! waste gas purification catalysts,”?! sequestration of
CO,,? production of hydrogen,! and the use of CO,/CO as
unlimited carbon sources for organic syntheses.P!

Our interest in this area mainly results from the search for
complexes that model the active sites and reactivity of metal
sulfur enzymes. With respect to CO,, CO, and H,, CO
dehydrogenases and hydrogenases are of prime interest, and
the discovery of nickel sulfur sites as active centers in these
enzymes accounts for much of the current interest in nickel
thiolate/thioether chemistry.[®7]

In this context, we have investigated the coordination
chemistry of [Ni"(L)('S;")] complexes and their Pd and Pt
homologues.!®!

The [Ni(L)('S;")] complexes, L=PR;, SR-, CN-, CI-, N5,
NSO-, NCS-, and HNPnPr; are diamagnetic and exhibit a

[a] Prof. Dr. D. Sellmann, Dipl.-Chem. F. Geipel, Dr. F. W. Heinemann
Institut fiir Anorganische Chemie der Universitét
Erlangen-Niirnberg
Egerlandstrasse 1, 91058 Erlangen (Germany)

Fax: (+49)9131-8527367
E-mail: sellmann@anorganik.chemie.uni-erlangen.de

Part 145: D. Sellmann, D. HauBinger, T. Gottschalk-Gaudig, F. W.
Heinemann, Z. Naturforsch. B 2000, 55, 723 -729.
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gives (NBu,)[Ni(NCO)('S;)] (3). The
reactions between 4 and CO, CO,, and
SO, afford selectively the cyano, isocya-
sulfinylimido
(NBuy)[Ni(X)('S;")] with X=CN~ (5),
NCO~ (3), and NSO~ (6). The silyl

Keywords: activation - N ligands -
nickel - S ligands
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groups act as oxygen acceptors. Mecha-
nisms are suggested which have in
common the formation of reactive five-
coordinate (NBu,)[Ni(L)(L')('S;)] in-
termediates. In these reactions, highly
activated L and L' react with each other.
The complexes were characterized by
standard methods, and (NBuy)-
[Ni(CN)('S5)] (5) was also analyzed by
X-ray crystallography.

complexes

INI(L)('S3")]

characteristic distorted coordination geometry, which is
neither planar nor tetrahedral.® ) They form from the parent
complex [Ni('S;)]; and the respective L, or by exchange
reactions of [Ni(Cl)('S;")]~ and [Ni(StBu)('S5")]~ with L. Five-
coordinate Ni species are probable intermediates in these
reactions.

It was recently proved that the phosphorane imine complex
[Ni(NHP#Pr;)('Sy’)] catalyzes the heterolysis of molecular
hydrogen and the H,/D™ exchange reaction,'”) which is a key
reaction of hydrogenases.'!l In this case, the 7>H, complex
[Ni(H,)(NHP#Pr;)('S5")] has been suggested to be the reactive
five-coordinate intermediate. [Ni(NHP#nPr;)('S;)] is the first
nickel complex modeling the nickel cysteinate site and
reactivity of [NiFe] hydrogenases.['"]

Here we want to report reactions of the azide and amide
complexes [Ni(N3)('S;)]” and [Ni{N(SiMe;),}('Sy')]~ with
CO,, CO, and SO, that result in addition or desoxygenation
of CO,, CO, and SO,.
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Results

The azide complex (NBu,)[Ni(N5)('S;)] (2) had previously
been obtained by treatment of the trinuclear parent complex
[Ni('S;)]; (1) with NBu,N; in THF (Scheme 1).

When we investigated the reactivity of 2, we also tried to
photolyze the azido ligand of 2 by UV irradiation. However, 2
proved totally inert towards UV photolysis, even over periods
of more than 24 h.

In the next experiment, we wanted to substitute the azido
ligand of 2 with CO, either thermally or by photoassisted
reactions, and so we replaced the protective atmosphere of
dinitrogen by carbon monoxide. To our considerable surprise,
the seemingly inert 2 started to react, even without the use of
heat or irradiation. The color of the solution of 2 in THF
slowly changed from purple to red, and within the course of
17 h, complex 2 transformed into the isocyanato derivative
(NBuy)[Ni(NCO)('S5)] (3). The reaction was monitored by
UV/Vis spectroscopy. The spectra exhibited two isosbestic
points at 460 and 520 nm, which indicated the complete
conversion of 2 into 3; this reaction did not yield any other
complex as a by-product (Figure 1a).

The IR spectroscopic monitoring afforded hints on the
pathway of the reaction (Figure 1b). In the region of 2300—
1900 cm™, the IR spectrum of 2 in THF under N, shows only
the v(N;) band at 2037 cm~!. After replacement of N, by an
atmosphere of CO, a small band at 2129 cm~! appeared. In the
course of the reaction, this band disappeared again, while
the v(N;) band of 2 decreased in size, and the »(NCO) band of
the resulting 3 simultaneously increased in size. The small
band at 2129 cm~! could be indicative of an intermediary
nickel carbonyl complex. Because we were never able to
detect the formation of a CO complex such as [Ni(CO)('S5)],
we assign the intermediary band at 2129 cm™' to the five-
coordinate CO adduct [Ni(CO)(N;)('Sy)]~, which is labile
and transforms under loss of N, into the final product
[Ni(NCO)('S)]-.

NBU4

Qs

o +NBugN; *Co_
Ni(sls  ———> sve T
1 Ot

2
+ NBu,Cl

(NBU4)INI(CI)('S 3] i—N(SiMes),

—Na CI

4
+50,

Scheme 1. Synthesis and reactions of azido and amido [Ni(L)('S;")] complexes.

4280

+CO,
NBU4
“|_
+ NaN(SlMe3 N +CO
—_—
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Abs.
0.6 —
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T% _,,_,....u,"“_\ ’/,—, N
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2227 2037
T I ]
2300 2000 1900
b) [em™]

Figure 1. Monitoring the reaction between (NBu,)[Ni(N;)('S;')] (2) and
CO in THF by a) UV/Vis and b) IR spectroscopy (line a: (NBuy)-
[Ni(N;)('S5)] (2) in THF; line b: in the presence of CO; line c: complete
formation of (NBu,)[Ni(NCO)('S5)] (3).

An analogous experiment with

NBET _ isotopically labeled *C further cor-

@\ roborated the assignment of the

\C§ 2129 cm~! band. With 3CO, the

$ 0 same reaction took place, but no

3 band at 2129 cm™! could be ob-

served. The v(CO) band of the

NBu," intermediary [Ni(**CO)(N,)('S;)]"

@S—l_ is expected in the region 2080-

S_,l"_CE 2085 cm 2! and thus it is obscured

@/é by the baseline of »(N;) band at

5 2037 cm~'. The »(NCO) band of the

[Ni(NBCO)('Sy)]- appeared at

NBu,* 2168 cm™! with an isotopic shift of

- 59cm~! to the corresponding

: »(NCO) band of [Ni(N"2CO)('S;)]~
S—'\lli—N§S¢o at 2227 cm~.

The remarkable reaction of 2

6 with CO prompted us to search for

other [Ni(L)('Sy)] complexes,
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which are able to react with CO. A promising complex in this
regard was the silylamido species [Ni{N(SiMe;),}('S;)] .
Attempts to obtain it from the trinuclear parent complex 1
and LiN(SiMe;), remained unsuccessful. However, the reac-
tion of (NBuy)[Ni(Cl)('S;’)], which contains a labile chloro
ligand, with NaN(SiMes), in THF yielded (NBu,)[Ni-
{N(SiMe;),}('S;")] (4). The formation of NaCl probably
provides the driving force of the reaction. Complex 4 is
extremely sensitive towards air and moisture. It is also
thermally labile and decomposes at temperatures above
—30°C. For these reasons, 4 could not be isolated in the solid
state, but was synthesized at — 50 °C and handled in solution at
temperatures between —50 and —78°C. The formation of 4
was indicated by the characteristic dark blue color of 4 and
could unambiguously be proved by 'H NMR spectroscopy.
When the violet suspension of (NBuy,)[Ni(Cl)('S;)] in THF
was combined with one molar equivalent of solid NaN-
(SiMe,), at —78°C and warmed to —50°C, a dark blue to
black blue solution resulted, from which NaCl precipitated.
Monitoring this reaction in [Dg]THF by 'H NMR spectros-
copy showed that the signal pattern of (NBu,)[Ni(CI)('S;)] in
the aromatic region was completely replaced by the signal
pattern of 4 (Figure 2).

! I I !
7.5 7.0 6.5

«~— &

Figure 2. Aromatic region of the 'H NMR spectra of
a) (NBu,y)[Ni(Cl)('S;y")] and b) after addition of NaN(SiMe;), and complete
formation of (NBuy)[Ni{N(SiMe;),}('S;")] (4) (in [Dg] THF at —50°C).

As discussed previously,®! this pattern of four multiplets in
the aromatic region is typical for [Ni('S;)] fragments and is
characteristically shifted by the respective coligands L. In
addition to the aromatic signals, the '"H NMR spectrum of 4 in
[Dg]THF exhibits the NBu, " signals and the N(SiMe;), singlet
of correct intensity at 6 =0.3. The reactivity of 4 was probed
with solutions of 4 in THF; solutions of 4 were freshly
prepared in situ. Color changes and IR spectra served for
monitoring the reactions.

When CO was introduced for one minute into the solution
of 4 in THF at —78°C, the color turned from dark blue to
yellow brown. The IR spectrum of the solution, recorded at
room temperature, exhibited a v(CN) band at 2113 cm™!
(Figure 3a). Storing the reaction mixture at —30°C for one
week afforded dark brown to black brown crystals in yields

Chem. Eur. J. 2000, 6, No. 23
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4279-4284
100 —
T%
2113 [Ni}-CN
60 I 1
2300 2000 1900
a) [em™1] b)
Figure 3. a) IR solution spectrum of the reaction between

[Ni{N(SiMe;),}('Sy)]- and CO, which yields [Ni(CN)('Sy)]” and
b) ORTEP plot of the anion of (NBu,)[Ni(CN)('S;)] (5) (50 % probability
ellipsoids; hydrogen atoms omitted). Selected bond lengths [pm] and
angles [°]: Nil—S1 217.2(2), Nil—S2 214.0(2), Nil—-S3 217.0(2), Nil—C1
188.7(8); S1-Nil-S3 163.4(1), S2-Nil-C1 168.8(2), S1-Nil-S2 90.2(1), S2-
Ni1-S3 90.2(1), S1-Nil-C1 91.1(2), S3-Nil-C1 91.7(2), Nil-C1-N1 176.2(8).

higher than 70%. The X-ray structure analysis of a single
crystal revealed the formation of (NBu,)[Ni(CN)('Sy)] (5).
Elemental analyses and routine spectroscopy (IR, 'H, and
BC NMR) proved the identity of single crystals and bulk
material. The anion of 5 exhibits practically identical molec-
ular parameters to the anion of (NMe,)[Ni(CN)('S;")], which
had previously been obtained from [Ni(’S;)], and NMe,CN.[%
Figure 3b depicts the molecular structure of 5 and lists
important bond lengths and angles.

The desoxygenation of CO by 4 to give cyano ligands under
very mild conditions also prompted us to probe the desoxy-
genation of CO,. When CO, was introduced into solutions of
4 in THF at —78°C, a color change from dark blue to red
occurred within the course of five minutes. The IR spectrum
of the reaction mixture, recorded again at room temperature,
exhibited the v(CO,) band at 2334 and, in addition, a band at
2227 cm~!, which was assigned to a v(NCO) band (Figure 4).

N

307 2227 [Ni]-NCO
0 | \
2334 CO;
I I 1
2600 2200 1900
[em™!]

Figure 4. IR solution spectrum of the reaction between (NBu,)[Ni-
{N(SiMe;),}('Sy)] (4) and CO,, which yields (NBu,)[Ni(NCO)('S;")] (3).

Work up of the reaction mixture gave (NBu,)[Ni(NCO)-
('S5)] (3) in yields of 87%. It was identified by standard
methods and proved to be identical to the complex obtained
from (NBuy)[Ni(N;)('S;")] (2) and CO.
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A reaction also took place between SO, and 4 in THF at
—78°C. Addition of a drop of liquid SO, or the introduction
of SO, gas into the solution caused an instantaneous color
change from dark blue to orange. Work up yielded the NSO
complex (NBu,)[Ni(NSO)('S;)] (6). Complex 6 was also
characterized by standard methods and, in addition, by
comparison with an authentic sample obtained previously
from (NBu,)[Ni(StBu)('S;")] and Me;SiNSO.!

Discussion

This paper describes reactions of CO, CO,, and SO, with
azido and amido complexes of the [Ni('S;")] fragment. Under
very mild conditions, they yield cyano, isocyanato, and
sulfinylimido [Ni(X)('S;")]” complexes. The mechanistic de-
tails of these reactions remain unknown, but plausible
suggestions can be made.

The thermal or photochemical conversion reactions of
azido complexes with CO and vice versa of carbonyl
complexes with azide ions to give NCO derivatives are
known.™ Examples are the thermal reactions between
[Pd(N3),(PPhs),] and CO that yield [Pd(NCO),(PPh;),]" or
the reaction between Cr(CO); and N;~ to give
[Cr(NCO)(CO)s]~.I] The thermal reactions are suggested
to proceed via a five-coordinate [Pd(CO)(N;),(PPh;),] spe-
cies, and the latter reaction probably occurs by a nucleophilic
addition of N;~ to a metal-bound CO. In photochemical
reactions involving metal azido complexes, frequently metal
nitrene intermediates are invoked, which subsequently can
react with CO to give [M—NCO] groups.!'*!

The inertness of (NBu,)[Ni(N5)('S;)] (2) towards UV
irradiation excludes the occurrence of a free “nitrene”
intermediate such as [Ni(N)('Sy)]- that could give
[Ni(NCO)('S5)]~ upon reaction with CO. The formation of
(NBuy)[Ni(NCO)('S5)] (3) is more plausibly explained by an
associative mechanism, which was originally suggested by W.
Beck et al. for square-planar d® complexes of Pd", Ptf, Rh!,
and IrL.0%1 In accordance with this mechanism, we propose in
Scheme 2 that [Ni(N;)('Sy")]~ first adds CO to give the labile
five-coordinate species A. The subsequent intramolecular
nucleophilic addition of N;~ to the cis-CO group via the
species B gives the acylazide species C, which releases N, to
give the acylnitrene D. Species D rearranges to the stable
NCO complex E.

O O
77 /—‘_‘\ —|_ - s
S— S S i
<~S NI\Ng — (,s\NI\N’NZ e (_,?Nl\
A B (o]

This mechanism is equivalent to an intramolecular N ligand
substitution by CO converting a labile five-coordinate species
into stable four-coordinate Nil! species. The small interme-
diary band at 2129 cm~' (see above) supports the existence of
species A.

An analogous mechanism in Scheme 3 can be proposed for
the reaction between (NBu,)[Ni{N(SiMe;),}('S;")] (4) and CO.
In the N(SiMe;),  ligand, however, the N atom is in a lower
oxidation state than the N atoms of the azide ion, and the
Me;Si groups are suited as oxygen acceptors.

According to Scheme 3, the primary step is again the
formation of a CO adduct F, in which the coligands CO and
N(SiMe;), are labilized. The N(SiMe;),~ ligand adds nucleo-
philically to the cis-CO group; this leads, via G, to the
insertion product H. Desoxygenation of H by the removal of
O(SiMe;), finally gives the cyano complex [Ni(CN)('S;)] .
Thus, the N(SiMe;), /CO reaction gives CN-,l'7) while the N5~/
CO reaction, which involves two electrons less, yields NCO™.

Addition and insertion reactions of CO, and SO, to or into
metal ligand bonds have been described on many occasions.!'®!
Desoxygenation reactions under mild conditions, however,
are rare. For example, complexes such as [Ln{N(SiMe;),}s]
reversibly react with CO, without the formation of either
O(SiMe;), or NCO groups.['l Furthermore, CO, and SO, also
react directly with alkaline salts of N(SiMe,),, for example,
NaN(SiMe,),. These reactions unselectively lead to a large
number of products and give, for example, carbodiimide,
silylated carbodiimides, cyanate, and carbonate, or in the case
of SO,, compounds such as Na,SO;, S(NSiMes),, and
N(SiMejs);, but no Na[NSO]. In this regard, the reactions
of CO, and SO, with [Ni{N(SiMe;),}('S;')]~, which occur at
temperatures as low as —50°C and selectively yield single
products, are remarkable and indicate a considerable CO, and
SO, activation.

It is therefore tempting to suggest mechanisms for these
reactions that are analogous to those for the CO reactions,
which include labile five-coordinate adducts, insertion, and
rearrangement reactions. These mechanisms, of course, are
only tentative and do not exclude alternative possibilities.

Scheme 4 suggests an end-on coordination for CO,. In-
sertion into the Ni—N bond gives a species with two CO single
bonds and strongly negative O atoms; this favors the
formation of O(SiMe;),. Rearrangement of the Ni—CON
species gives [Ni(NCO)('S;y")]". The sulfur lone pair might
favor the SO, binding by the sulfur atom.?!! The subsequent

Scheme 2. Proposed mechanism for the reaction between (NBu,)[Ni(N3)('S;)] (2) and CO.
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Scheme 3. Proposed mechanism for the reaction between (NBu,)[Ni{N(SiMe;),}('S;")] (4) and CO.
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Scheme 4. Proposed mechanisms for the reactions between (NBu,)[Ni{N(SiMe;),}('S;")] (4) and CO,, or SO,.

steps are analogous to the CO, steps. It is noteworthy that
(NBuy)[Ni(NSO)('S;")] (6) is the first metal NSO complex
directly obtained from SO,.??

Conclusion

This paper has shown that CO, CO,, and SO, react under very
mild conditions with sulfur-rich Ni! complexes, which contain
the 'Sy~ ligand and N3~ or N(SiMe;),” coligands; these
reactions yield [Ni(X)('S;')]” complexes with X=CN-,
NCO-, and NSO~. The reactions of [Ni{N(SiMe;),}('S;)]~
with CO, CO,, and SO, lead to complete or partial desoxy-
genation of the oxides. Mechanisms have been suggested for
these reactions, which have in common the formation of
reactive five-coordinate [Ni''(L)(L)('S;’)]~ intermediates. In
these intermediates, L as well as L’ are activated such that
they can react with each other in the coordination sphere of
the [Ni('S;")] fragments.

Experimental Section

General methods: Unless noted otherwise, all reactions and spectroscopic
measurements were carried out at room temperature under nitrogen using
standard Schlenk techniques. Solvents were dried and distilled before use.
As far as possible, reactions were monitored by IR, UV/Vis, and NMR
spectroscopy. Spectra were recorded on the following instruments: IR (KBr
discs or CaF, cuvettes with compensation of the solvent bands): Perkin
Elmer 983, 1620 FTIR; NMR: JEOL-JINM-GX 270, EX 270 with the
protio-solvent signal used as an internal reference. Chemical shifts are
quoted on the O scale (downfield shifts are positive) relative to tetra-
methylsilane (*H, BC{'H} NMR); UV/Vis: Shimadzu UV3101 PC spec-
trometer (The cuvette was connected by means of a glass tube with a flask
containing the CO gas.); elemental analyses: Carlo ErbaEA 1106 or 1108
analyzer. NaN(SiMe;), was purchased from Aldrich. The gases CO, CO,,
and SO, were used as received in commercial steel pressure cylinders.
[Ni(S)]; (1), (NBup[Ni(Ny)(Sy)] (2), and (NBu,)[Ni(CI)(Sy)] were
prepared by literature methods.*"!

Syntheses and reactions

(NBuy)[Ni(NCO)('S5)] (3) from (NBu,)[Ni(N;)('S;)] (2) and CO: Without
stirring, a purple solution of 2 (330 mg, 0.56 mmol) in THF (50 mL) was
kept under an atmosphere of CO for 17 h, during which time a dark red
solution of 3 formed. It was concentrated in volume to approximately
10 mL and layered with iPr,O (10 mL). Dark red crystals precipitated,
which were separated after five days, washed with iPr,O, and dried in
vacuo. Yield: 307 mg (93%). '"H NMR (269.7 MHz, [D¢]acetone): 6 =7.65
(d,2H; CH,), 721 (d, 2H; CH,), 7.03 (m, 2H; C¢H,), 6.89 (m, 2H; CH,),
3.47 (m, 8H; NCH,), 1.81 (m, 8H; NCH,CH,), 1.43 (m, 8H; N(CH,),CH,),
0.90 (t, 12H; N(CH,);CH,); C{'H} NMR (67.7 MHz, [Dg]acetone):

Chem. Eur. J. 2000, 6, No. 23
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0=130.4 (NCO) (This signal could be observed only when complex 3
had been prepared from 2 and isotopically labeled CO.), 154.5, 134.0,
129.5,128.9,128.1, 122.1 (C¢H,), 59.3, 24.5, 20.4, 13.9 (NC,4Hs6); IR (KBr):
7=2227 cm~! (NCO); elemental analysis calcd for C,o0HyN,NiOS; (591.55)
(%): C58.88, H 7.50, N 4.74, S 16.26; found: C 58.53, H7.77, N 4.74, S 16.21.

'H NMR spectroscopic characterization of (NBuy)[Ni{N(SiMe;),}('S;)]
(4): At —78°C, solid NaN(SiMe;), (24.0 mg, 0.12 mmol) was added to a
violet suspension of (NBu,)[Ni(Cl)('S;")] (58.5 mg, 0.10 mmol) in [Dg]THF
(2 mL). "H NMR spectra were recorded of the resulting dark blue solution.
'H NMR (269.6 MHz, [Dg]THF, —50°C): 6 =747 (d, 2H; CH,), 7.26 (d,
2H; C¢H,), 6.83 (m, 2H; C¢H,), 6.62 (m, 2H; C;H,), 3.10 (m, 8H; NCH,),
1.56 (m, 8H; NCH,CH,), 1.35 (m, 8H; N(CH,),CH,), 0.94 (t, 12H;
N(CH,);CHj3), 0.30 (s, 18 H; SiCH,).

(NBuy)[Ni(L)('S;)] with L=NCO~(3), CN(5), and NSO~(6) from
(NBuy)[Ni{N(SiMe;),}('S;)]1 (4) and CO,, CO, or SO,: Whilst stirring at
—78°C, an equimolar amount of NaN(SiMe;), was added to violet
suspensions of (NBu,)[Ni(Cl)('S;y)] in THF (30 mL). In order to achieve
the complete formation of 4, the reaction mixtures were warmed to a
maximum of —50°C for 15 min. Dark blue solutions resulted, which were
recooled to —78°C and subsequently treated with CO,, CO, or SO,. The
color of the solutions changed after corresponding times. The complete
formation of 3, 5, or 6 was monitored by IR spectroscopy. After warming to
room temperature, precipitated NaCl and traces of other undissolved
materials were removed by centrifugation. Removal of all volatile
components in vacuo gave residues, which were digested with Et,O (ca.
10 mL), separated, washed with Et,0O, and dried in vacuo.
(NBu,)[Ni(NCO)('S;)] (3): Starting from (NBu,)[Ni(Cl)('S;")] (252 mg,
0.43 mmol) and NaN(SiMe;), (83 mg, 0.43 mmol); 5 min CO, gas; dark red
powder. Yield: 221 mg (87%). This material was spectroscopically
identified and had identical NMR and IR spectra to compound 3 obtained
from (NBu,)[Ni(N;)('S;")] (2) and CO (see above).

(NBuy)[Ni(CN)('S;)] (5): Starting from (NBu,)[Ni(Cl)('S;)] (417 mg,
0.71 mmol) and NaN(SiMe;), (137 mg, 0.71 mmol); 1 min CO; brown
single crystals were grown from the mother liquor stored at —30°C for one
week. Yield: 300 mg (73%). '"H NMR (269.7 MHz, [D¢]acetone): 6 =7.78
(d,2H; C¢Hy), 7.26 (d, 2H; C¢H,), 7.04 (m, 2H; CH,), 6.92 (m, 2H; C,H,),
3.46 (m, 8H; NCH,), 1.80 (m, 8H; NCH,CH,), 1.41 (m, 8H; N(CH,),CH,),
0.93 (t, 12H; N(CH,);CH;); *C{'H} NMR (67.8 MHz, [D¢]acetone): d =
156.3, 133.3, 130.0, 128.7, 128.3, 124.9, 122.1 (C¢H,, CN), 59.4, 24.4, 20.2,
13.9 (NC;4H3); IR (KBr): #=2110 cm~! (CN); elemental analysis caled for
C,oH N, NiS; (575.55) (%): C 60.52, H7.71, N 4.87, S 16.71; found: C 60.25,
H 8.35, N 4.52, S 16.64.

(NBuy)[Ni(NSO)('S;)] (6): Starting from (NBuy)[Ni(C1)('S;)] (306 mg,
0.52 mmol) and NaN(SiMe;), (100 mg, 0.52 mmol); a drop of condensed
SO,; orange powder. Yield: 248 mg (78%). 'H NMR (269.6 MHz,
[Dg]THF): 6=759 (d, 2H; C¢H,), 719 (d, 2H; CH,), 6.95 (m, 2H;
CsH,), 6.81 (m, 2H; CsH,), 3.41 (m, 8H; NCH,), 1.65 (m, 8H; NCH,CH,),
1.35 (m, 8H; N(CH,),CH,), 0.85 (t, 12H; N(CH,);CH;); “C{'H} NMR
(67.8 MHz, [Dg|THF): 6 =155.8, 134.1, 129.9, 1284, 128.2, 121.5 (C¢H,),
59.6, 25.0, 20.7, 142 (NC;¢Hs); IR (KBr): #=1230cm™! ,,,(NSO),
1030 cm ™ ,,(NSO); elemental analysis caled for CysH,N,NiOS, (611.60)
(%): C54.99,H725,N 4.58, S 20.97; found: C 54.75, H 722, N 4.21, S 20.28.

Crystal structure analysis of (NBu,)[Ni(CN)('Sy')] (5): A suitable single
crystal (0.55 x 0.40 x 0.30 mm®) obtained directly from the reaction so-
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lution was sealed in a glass capillary under N,. Orthorhombic, Pna2,
(n0.33), Z=4, a=1622.8(4), b=1307.8(2), c =1441.0(2), V=3058(1) A3,
Peaica=1.250 gem 3, and ¢ = 0.859 mm~'. Data were collected at 200 K on a
Siemens P4 diffractometer using Moy, radiation (1 =71.073 pm), a graphite
monochromator, and w-scan technique (8°min~!, 4° <26 <54°). There
were 4558 measured reflections and 4037 unique reflections of which 2804
were observed (F, > 40(F)).

The structure was solved by direct methods (SHELXTL 5.03).%% Full-
matrix least-squares refinement was carried out on F? (SHELXTL 5.03),
final R values R1=0.0532, wR2=0.1416 for 320 refined parameters. All
non-hydrogen atoms were refined anisotropically. The hydrogen atoms
were geometrically positioned with isotropic displacement parameters
being 1.5 times U(eq) of the preceding carbon atom.?!l
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Sulfone-Linked Paracyclophanes via Macrocyclic Aromatic Thioethers:
Synthetic and Structural Investigations

Ian Baxter,”! Abderrazak Ben-Haida,”' Howard M. Colquhoun,*!! Philip Hodge,*!"!
Franz H. Kohnke,*™ 9 and David J. Williams*!?!

Abstract: Reaction of 4,4'-sulfonylbis-
(benzenethiol) with 4,4’-dichlorodiphe-
nylsulfone under pseudo-high-dilution
conditions leads to macrocyclic thio-
ethersulfones [-S-Ar-SO,-Ar-], (Ar=1,4-
phenylene). These include a highly
strained [1+1] cyclodimer (n=2), a

(“tennis-ball-seam™) symmetry. The
same type of reaction is successful using
4,4'-thiobis(benzenethiol) instead of
4 .4'-sulfonylbis(benzenethiol) and af-
fords macrocycles with a higher ratio of
thioether to sulfone linkages. Exhaus-
tive oxidation of macrocyclic thioether-

sulfones with hydrogen peroxide affords
a series of sulfone-linked paracyclo-
phanes, [-Ar-SO,-];, [-Ar-SO,-]s, [-Ar-
SO,-]s and [-Ar-SO,-];,. Single crystal
X-ray analysis reveals [Ar-SO,-], to be a
near-perfect square box, whilst the cyclic
hexamer [-Ar-SO,-]; adopts a much

cyclotrimer resulting from thioether-
exchange reactions, and a [242] cyclo-
tetramer which can adopt two entirely
different conformations in the crystal-
line state, one having molecular D,,

Introduction

There is considerable and growing interest in the synthesis and
ring-opening polymerisation of macrocyclic aromatic ethers and
thioethers such as 1 and 2.2 The very low melt-viscosities of
such macrocycles and the absence of by-products during poly-
merisation offer new possibilities for microfabrication of high-
performance materials and the production of fibre-reinforced
composite structures.®! Furthermore the in situ ring-opening
polymerisation of macrocyclic oligomers may allow the
fabrication of crystalline polymers which are currently
intractable because of extreme insolubilty and/or a melting
point which exceeds the polymer decomposition temperature.
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more irregular conformation, and [-Ar-
SO,-g displays a “double-box” structure

macrocycles -
clearly related to that of [Ar-SO,-],.

The crystalline melting point of poly(1,4-phenylenesulfone)
is reported to exceed 500°C,* and we have thus sought to
develop routes to macrocyclic oligomers of this material
(sulfone-linked paracyclophanes, 3), to investigate their
potential for ring-opening polymerisation. An additional
point of interest is that the strongly electron-withdrawing
and exceptionally rigid nature of the diarylsulfone unit, with
its preferred “open-book” conformation,P! suggests that such
macrocycles, if they can be synthesised, may behave as m-
electron deficient molecular receptors. Unlike analogous
systems based on the cationic 4,4'-bipyridinium unit, they
would not require counterions and should, in addition, afford
a high degree of pre-organisation in any non-covalent
complexation process.

In the present paper we report synthetic and crystallo-
graphic studies of the first sulfone-linked paracyclophanes,
sulfur-based analogues of, for example, [1.1.1.1]paracyclo-
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phane and [1.1.1.1.1.1]paracyclophane.”l The new macrocycles
are obtained by a three-step synthesis, which involves
i) nucleophilic cyclocondensation of an aromatic dithiol with
4,4'-dichlorodiphenylsulfone, ii) chromatographic separation
and purification of the resulting family of macrocyclic
thioethersulfones, and finally iii) oxidation of the thioether
groups to sulfone linkages with hydrogen peroxide in acetic or
trifluoroacetic acid. Part of this work has been reported in
preliminary communications.® °]

Results and Discussion

Our initial attempts to generate macrocyclic thioethersul-
fones involved nucleophilic polycondensation between so-
dium sulfide (Na,S) and 4,4"-difluorodiphenylsulfone (4a) in
dimethylacetamide (DMAc) under heterogeneous, high-dilu-
tion conditions. Analysis of the product mixture by HPLC
indicated that a series of oligomers was indeed formed in this
reaction, but MALDI-TOF and FAB mass spectrometry
suggested that these were predominantly /inear rather than
macrocyclic species. This was confirmed by preparative
chromatographic fractionation, which led to the isolation,
albeit in low yield, of four linear fluorine-ended oligomers
5a-5d, together with trace amounts of a compound even-
tually identified as the cyclic tetramer 6c.

|o 1
F ISA< >7$ : 4< >7F
(0]

4a(n=0),5a(n=1),5b (n=2),5c (n=3),5d (n=4)

—n=0

hle]

(0] (0]
8 51 4 1 <:> I C
F ﬁ S ﬁ F
7:6 o 3:2 o
H H H H
5a
(0] (o] o
12 9lls 5 4 1 |l I
F ﬁ S ﬁ S ﬁ F
110—<10 5 7 6 3 2
H H °© H H H H °© °©
5b
f
S ﬁ S
; § (0] 5 ;
O0=S=0 6c 0=S=0

OO

(e}

Oligomers 5a-5d and 6¢ were fully characterised by 'H
and C NMR spectroscopy and by FAB-MS, and the
structures of the linear trimer 5b and cyclic tetramer 6¢ (as
its benzene solvate, hereafter referred to as form I) were
determined by single crystal X-ray methods. The X-ray
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analysis of 5b showed that the molecule has an extended,
sinusoidal conformation with crystallographic C, symmetry
about an axis passing through the central sulfone group
(Figure 1, top). There are significant deviations from the
normal “open-book” conformation for the two independent
diarylsulfone units, both of which display distinctly skewed
geometries. The combined effect of these conformational
features is to impose a helical twist upon the oligomer chain as
a whole producing an F(1)-S(8)-S(8A)-F(1A) molecular
torsion angle of 57°. Analysis of the packing of the oligomer
chains reveals an electrostatic interaction between each of the
central sulfone oxygen atoms of one oligomer and ring A of
another (interaction a in Figure 1, bottom). The distance

0(22A)

Figure 1. Top: The molecular structure of Sb. The in-chain angles [°] at the
sulfur atoms are: S(8) =105.9(2), S(15)=103.6(2), S(22) =104.1(2). The
mean torsional twists [°] in the molecular backbone are C(5)—S(8) =76,
S(8)—C(9) =62, C(12)—S(15) =36, S(15)—C(16) = 60 and C(19)—S(22) =71.
Bottom: Interactions between adjacent molecules of 5b in the crystal. The
geometries of the interactions are: a: O ---ring-centroid 3.17 A; vector
inclined by 86° to ring plane; b: centroid---centroid separation 4.95 A;
rings inclined by 77°; c: O +++ ring-centroid 3.59 A; d: $=O .-+ F separation is
3.08 A.

between the sulfone oxygen and the aromatic ring centre is
only 3.17 A, with the O -+ ring-centroid vector being inclined
by 86° to the ring plane. This contact is directly analogous to
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those previously observed between oxygen atoms and para-
substituted tetrafluorophenylene rings,'”! and is in fact very
close to the minimum of the distribution of ring---oxygen
distances observed for the latter type of interaction.

It seemed possible that our initial attempts to generate
significant quantities of macrocyclic oligomers might be due
to unfavourable reaction kinetics associated with the very low
solubility of sodium sulfide in DMAc. We therefore changed
our approach to one involving reactants which are fully
soluble in the reaction medium, namely 4,4'-dichlorodiphe-
nylsulfone (4b), 4,4"-sulfonylbis(benzenethiol) (7a), and 4,4'-
thiobis(benzenethiol) (7b) (Schemes 1 and 3).
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n
W
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Scheme 1. Synthesis of sulfone-linked paracyclophanes. a) K,CO;, DMAc,
150°C, 48h. b) H,0,/AcOH, 60°C.

A dimethylacetamide solution containing equimolar quan-
tities of 4b and 7a (0.13 M each) was added through a syringe-
pump over a period of 48h to a refluxing suspension of
potassium carbonate in a mixture of dimethylacetamide and
benzene. Water formed as a by-product was continuously
removed from the reaction mixture by azeotropic distillation.
After a further 2 h the reaction mixture was cooled and the
products were precipitated by adding the solution to water.
Analysis by FAB-MS demonstrated that a family of macro-
cyclic oligomers [-S-Ar-SO,-Ar-], (Ar=14-phenylene, n=
2-6) had been formed in about 30 % total yield (Scheme 1).
The major macrocyclic product (15% yield) is the cyclic
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trimer 6b, which was an initially surprising result since
macrocycles where n is an odd number cannot be built
directly by condensation of 4b and 7a, and must therefore
arise by redistribution or “backbiting” reactions (Scheme 2).

s
o LT TLe 54
0=5"%" s=o Z 6b

:sj oo —
e g

6C

Scheme 2. Formation of macrocyclic thioethersulfones 6¢ and 6b, by end/
end ring-closure and by “backbiting”, respectively.

Although “ether-scrambling” is a well-established feature of
polyethersulfone chemistry,'!l this is the first evidence for
analogous processes occurring in a thioethersulfone system.

Extraction of the reaction mixture with chloroform fol-
lowed by gradient-elution column chromatography on silica
gel with dichloromethane/ethyl acetate as eluent allowed the
isolation of several macrocyclic oligomers as pure crystalline
compounds; these included cyclodimer [-S-Ar-SO,-Ar-], (6a),
cyclotrimer 6b, and cyclotetramer 6¢ (in two crystallograph-
ically distinct forms, I and II, see below). The individual
macrocycles were identified by 'H, *C NMR and by FAB
mass spectrometry. The cyclic trimer and tetramer give
'H NMR spectra virtually identical to that of the linear
polymer [-S-Ar-SO,-Ar-],, which shows a well-resolved
AA'BB’ system at 6 =7.85, 7.82, 7.44 and 7.41.”] In contrast,
'"H NMR resonances for the cyclodimer 6a, where the effects
of ring-closure are likely to be greatest, occur in a very
much narrower range at 0 =7.61, 7.58, 7.55, and 7.52. The
structures of 6a, 6b, and the two cyclotetramer forms 6 c(I)
and 6 ¢(IT) were investigated by single crystal X-ray methods
(Table 1).

The cyclic dimer 6a (Figure 2, top) has a C;-symmetric, box-
like geometry in the solid state, with the four sulfur atoms
coplanar and the phenylene spacer groups aligned almost
orthogonally (88° for ring A and 81° for ring B) to this plane.
Although this “open-book” type of conformation is well
established in diarylsulfones,®! diarylthioethers have until
now invariably displayed a “skewed” conformation, even in
the closely related cyclic oligomer [-Ar-S-],.%1 It thus appears
to be the conformational preferences of the sulfone linkage
which dominate the present structure. Ring strain results in
each of the sides of the “box” being noticeably bowed, the
S—Ar bonds associated with each ring being mutually inclined
by about 9°. The rather low yield of cyclodimer 6a (<2%)
clearly reflects the high strain energy associated with for-
mation of a cyclic thioethersulfone oligomer with only two
repeating units. As a consequence of the different valence
angles at the thioether and sulfone sulfur atoms [96.4(2)° at
S(7) and 101.4(2) at S(1)], a slight rthombic distortion of
the macrocycle is observed, the transannular thioether-.-
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Table 1. Crystal data, data collection and refinement parameters.[?

Data 5b 6a 6b 6¢c() 6¢(I)
formula Ci6HaiF,06Ss CuH0,S, C36H2406S6 CysH3,045g CysH3,045g
solvent - - 3CHCL 5C¢H, 5CHCl;-0.5 CH,Cl,

formula weight 750.9 496.6 1103.0 1383.8 1632.5
colour, habit colourless needles colourless blocks colourless plates colourless needles colourless plates
crystal size [mm] 0.03 x 0.07 x 0.67 0.13x0.27 x 0.53 0.13 x0.43 x 0.73 0.03 % 0.03 x 0.23 0.10x 0.33 x 0.33

lattice type monoclinic monoclinic monoclinic triclinic triclinic
space group, no. C2/e, 15 P2/c, 14 Ia, 9 P12 P12

T [K] 293 203 203 203 203

cell dimensions

a[A] 35.365(3) 9.912(1) 11.355(1) 8.289(2) 15.147(1)
b [A] 9.494(1) 13.085(1) 32.209(2) 13.049(1) 15.892(2)
c[A] 9.801(1) 10.007(1) 13.475(2) 16.705(2) 16.591(2)
a[’] - - - 103.58(1) 72.68(1)
A 1°] 96.02(7) 117.67(1) 105.00(1) 101.88(1) 66.14(1)
v [°] - - - 90.85(1) 79.81(1)
V [A3] 3272.7(5) 1149.7(2) 4760.5(10) 1714.9(5) 3479.3(6)
VA 4[b] 2lel 4 1lel 2

D, [gem ™3] 1.524 1.435 1.539 1.340 1.558
F(000) 1544 512 2232 722 1646
radiation used Cuy, 9 Cuy, Cuy, Cug, 4 Cug,

u [mm™1] 3.78 4.05 7.67 2.87 8.44

0 range [°] 2.5-60.0 5.0-62.0 2.7-62.5 2.8-63.0 2.9-60.0
no. of unique refl.

measured 2438 1799 3861 5492 9496
observed!®] 1911 1558 3489 4002 5967

no. of variables 222 146 560 425 937

R1IF] 0.0500 0.0398 0.0693 0.0565 0.0894
wR2l 0.1205 0.1003 0.1833 0.1347 0.2135
largest diff. peak, hole [e A=%] 0.25, —0.32 0.28, —0.28 0.79, —0.64 0.42, —0.35 0.79, —0.55
Data 3a 3b 3¢ 8b

formula CyuH 160484 C36H2401,56 CisH3,0455s CysH3,0,Sg

solvent 2(CH;),SO 2.5(CH,),CO 6(CH;),SO 1.5 CH,Cl,

formula weight 716.9 986.1 1574.0 1056.6

colour, habit
crystal size [mm)]

colourless prisms
0.13x0.13 x 0.27

colourless needles
0.13 x 0.23 x 0.57

colourless plates
0.03 x 0.17 x 0.57

colourless plates
0.08 x 0.26 x 0.47

lattice type monoclinic orthorhombic triclinic monoclinic
space group, no. P2/c, 14 Pbca, 60 Pi,2 P2,/n, 14
1[K] 293 293 203 293

cell dimensions:

a[A] 9.966(5) 11.220(3) 11.479(2) 11.534(1)
b [A] 18.003(5) 29.432(3) 11.583(2) 10.750(1)
c[A] 10.391(4) 29.860(4) 15.936(3) 19.366(2)
a[’] - - 80.34(2) -

BI°] 118.22(2) - 78.63(2) 95.04(1)
v ] - - 62.78(1) -

V[A3] 1642.7(11) 9861(3) 1840.0(6) 2391.9(4)
7 2le] 8 1lel 2l

D, [gem ™ 1.449 1.328 1.421 1.467
F(000) 744 4096 820 1086
radiation used Cug, Cug, Cuy, Cuy, 9

u [mm~1] 431 3.10 4.42 5.37

0 range [°] 4.9-62.2 3.0-62.0 2.8-60.0 43-64.0
no. of unique refl.

measured 2419 7741 5401 3760
observed!®] 1461 3718 3969 2864

no. of variables 235 605 452 316

R11 0.0793 0.0778 0.0821 0.0576
wR2le] 0.1968 0.2037 0.2156 0.1471
largest diff. peak, hole [e A’3] 0.75, —0.52 0.62, —0.24 1.06, —0.84 0.25, —0.35

[a] Details in common: Graphite monochromated radiation, w scans, Siemens P4 diffractometer, refinement based on F2. [b] C, symmetry. [c] C; symmetry.
[d] Rotating anode source. [e] |F,| > 40(|F,|). [f] Rl =Z||F,| — |F.|[/Z|F,|. [g] wR2 = V{Z[w(FZ — F2)?IZ[w(F2)]}.

thioether and sulfone---sulfone distances being 9.00 and
8.81 A, respectively. The molecules pack to form slightly
stepped m—m stacks, with ring B of one molecule overlaying
its symmetry related counterpart in the next (the mean

interplanar and centroid -+ centroid separations are 3.41 and
3.89 A, respectively). Adjacent stacks are arranged in a
parquet-like pattern to form a pseudo-close-packed-hexago-
nal array (Figure 2, bottom).
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Paracyclophanes

4285-4296

Figure 2. Top: The solid state structure of the cyclic dimer 6a. The in-chain
angles [°] at the sulfur atoms are: S(1) 101.4(2) and S(7) 96.4(2). The mean
torsional twists [°] about the S—C bonds are: S(1)—C(1) 88, C(4)—S(7) 88,
S(7)—C(8) 81, C(11)—S(1A) 81. Bottom: The pseudo-hexagonal-close-
packed, parquet-like array of molecules of 6a in the solid state.

The cyclotrimer 6b and cyclotetramer 6¢ were isolated in
much higher yields (ca. 15% and 10 %). In the solid state the
cyclotrimer 6b (Figure 3, top) has a distinctly folded geometry
which approximates to a flattened and twisted tennis-ball-
seam conformation. There is, however, a significant free
pathway (ca. 4.6 A) through the macrocycle. The six-mem-
bered ring constructed by linking the sulfur atoms has a twist-
type conformation (Figure 3, bottom). The C-S-C bond angles
at thioether and sulfone are compressed by about 8 and 3°,
respectively from their normal open-chain values. Two of the
diarylsulfone units, those containing S(15) and S(29), adopt
geometries that approximate to the conventional open-book
conformations whilst the third [centred on S(1)] has a skewed
geometry with torsional twists of about 50° about the two
S—Ar bonds. Similarly, two of the diarylthioether units have
typical near-orthogonal geometries between their ring sys-
tems whilst the third [based on S(22)] is skewed. Accompany-
ing the orthogonal geometries are characteristic enlargements
and contractions of the external angles at the carbon atoms
C(9) and C(33) analogous to those observed in diaryl
ethers." With the exception of ring A, where the thioether
and sulfone sulfur atoms lie approximately equidistant above
and below the aromatic ring plane, each of the other rings

Chem. Eur. J. 2000, 6, No. 23
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S(29)

Figure 3. Top: The molecular structure of 6b. The in-chain angles [°] at the
sulfur atoms are: S(1) 105.7(4), S(8) 101.5(4), S(15) 106.5(4), S(22) 101.1(5),
S(29) 105.1(5), S(36) 103.0(5). The mean torsional twists [°] about the S—C
bonds are: S(1)—C(2) 50, C(5)—S(8) 88, S(8)—C(9) 7, C(12)—S(15) 87,
S(15)—-C(16) 75, C(19)—S(22) 40, S(22)—-C(23) 62, C(26)—S(29) 78,
S(29)—C(30) 84, C(33)—S(36) 7, S(36)—C(37) 77, C(40)—S(1) 49. Bottom:
The twist conformation of the S6 ring in 6b.

exhibit small degrees of bowing, as their associated S—Ar
bonds subtend angles between 3 and 5°.

The packing of the molecules is to some extent influenced
by the presence of three chloroform molecules per macro-
cycle. There are C-H--- O hydrogen bonds to five of the six
sulfone oxygen atoms: one of them from a chloroform solvent
molecule, and the other four involving aromatic hydrogens
(the C-H .- O distances range between 2.29 and 2.42 A).

The cyclic tetramer 6¢ is found to crystallise in two distinct
forms (I and II) both of which are heavily solvated. The first
form, I, crystallised from benzene, has an open, extended, C;-
symmetric conformation (Figure 4, top) and contains two of
the five solvating benzene molecules, which appear to be held
within the macrocycle by C-H:-- 7 interactions. The “eight-
membered ring” constructed by linking the sulfur atoms has a
chair-like conformation (Figure 4, bottom) with deviations of
up to 2.27 A from the mean plane of the eight sulfur atoms.
The packing of the molecules in 6¢(I) is complex and
dominated by m-m and C-H-.-m interactions between
symmetry-related tetramers and with the entrapped mole-
cules of benzene (both the molecules located within the
macrocycle and those positioned between macrocycles). The
principal interaction between the macrocycles is a parallel t—
7 interaction between rings B to form stacks; the centroid---
centroid and interplanar separations are 4.01 and 3.76 A.
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Figure 4. Top: The molecular structure of 6¢ (form I) showing also the included benzene molecules. The
geometry of the C-H -+ interaction a is: H++m=2.85 A, C-H+.- 1 =144°, the H.+-  vector inclined by 82° to
ring-plane. The in-chain angles [°] at the sulfur atoms are: S(1) 105.1(2), S(8) 104.5(2), S(15) 103.2(2), S(22)
104.8(2). The backbone torsion angles [°] are C(26A)—S(1) 85, S(1)—C(2) 88, C(5)—S(8) 2, S(8)—C(9) 79,
C(12)—S(15) 88, S(15)—C(16) 88°, C(19)—S(22) 11, S(22)—C(23) 53. Bottom: The chair-like conformation of the S8

ring of macrocycle 6¢ (form I).

Form II of the cyclic tetramer 6 ¢, obtained by crystallisation
from dichloromethane/chloroform, has a tennis-ball-seam-
like conformation with approximate D,, symmetry (Figure 5,
top). The eight-membered ring constructed by linking the
sulfur atoms (Figure 5, middle) has S(8), S(22), S(36), and
S(50) coplanar within 0.04 A, with S(1) and S(29) lying 4.00,
3.83 A above and S(15) and S(43) 3.58, 3.79 A below this
plane, respectively. The four diarylsulfone units all have
almost ideal open-book conformations while the diarylthio-
ether components are skewed. Despite the very different
conformation adopted by 6c¢ in form II compared with that in
form I there is still a significant free pathway (of ca. 4.0 A)
through the macrocycle. This cavity is filled by one of the
included, but disordered, chloroform molecules. The cavity is
capped by a sulfone group [based on S(29)] of a symmetry-
related molecule, which is held in place by C-H -+ O hydrogen
bonds [a-c in Figure 5, bottom].

A second series of macrocyclic thioethersulfones 8 was
obtained by cyclocondensation of 4,4’-dichlorodiphenylsul-
fone (4) with 4,4'-thiobis(benzenethiol) (7b) (Scheme 3)
under conditions very similar to those described above for
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synthesis of the macrocycles 6.
Analysis of the product mixture
by FAB-MS gave evidence for
cyclic oligomers ranging from
the [1+1] cyclic monomer 8a
to the [5+5] cyclic pentamer
8e. The relative proportions of
macrocycles 8 a, 8b, 8¢, 8d and
8e were quantified by GPC (in
chloroform) as 1:7.5:4.7:2.6:2.4.
Fractionation of the mixture by
gradient chromatography (di-
chloromethane/ethyl acetate as
eluent) afforded all five macro-
cycles as pure compounds, with
the highest yield for the eight-
ring cyclic dimer 8b. Note that,
although “backbiting” is cer-
tainly possible in this system,
the central thioether linkage in
4 4'-thiobis(benzenethiol) (7b)
is essentially non-activating to-
wards nucleophilic aromatic
substitution. As a result, the
macrocycles 8 formed by back-
biting are indistinguishable
from those arising by end/end
ring-closure (Scheme 3), in con-
trast to the synthesis of macro-
cycles 6 discussed above, in
which the major product, 6c,
can only arise from backbiting
(Scheme 2) or other type of
redistribution reaction. After
exhaustive desolvation under
high vacuum, macrocycles 8a—
8¢ were found to be crystalline
by DSC, but the higher macro-
cycles 8d and 8e, containing sixteen and twenty aromatic
rings, respectively, proved to be amorphous glasses.

The [2+2] cyclodimer 8b has an open, Ci-symmetric
conformation (Figure 6, top) with the three unique diaryl-
thioether units adopting near-orthogonal geometries, while
the diarylsulfone fragment is skewed. All four unique S-Ar-S
units are bent, the folding being greatest for rings A and D
where the S—Ph bonds subtend angles of 11°. The central void
within the macrocycle is occupied by disordered dichloro-
methane molecules. Despite the geometrical differences in
the diarylthioether and diarylsulfone components the chair-
like conformation of the “eight-membered ring” formed by
the sulfur atoms (Figure 6, bottom) is very similar to that
observed in form I of macrocycle 6¢ (Figure 4, bottom). The
macrocycles pack in stepped stacks, with adjacent “chains”
linked by C-H .- interactions between the C(18) protons in
one chain and rings B (B’) in the next (the H---m distance is
2.77 A and C-H -+ angle 175°).

Peroxide-oxidation of the macrocyclic dimer 6a and trimer
6b in glacial acetic acid at 60 °C (with sonication) afforded the
sulfone-linked paracyclophanes 3a and 3b. However, the
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Figure 5. Top: The molecular structure of 6 ¢ (form II). The in-chain angles
[°] at the sulfur atoms are: S(1) 103.7(4), S(8) 104.5(4), S(15) 104.9(3), S(22)
104.3(4), S(29) 103.9(3), S(36) 104.0(3), S(43) 104.6(3), S(50) 106.3(3). The
torsional twists [°] about the S—C bonds are: S(1)—C(2) 89, C(5)—S(8) 27,
S(8)—C(9) 44, C(12)-S(15) 85, S(15)—C(16) 85, C(19)—S(22) 42, S(22)—
C(23) 28, C(26)—S(29) 86, S(29)—C(30) 87, C(33)—S(36) 40, S(36)—C(37) 33,
C(40)—S(43) 84, S(43)—C(44) 87, C(47)-S(50) 26, S(50)—C(51) 33,
C(54)—S(1) 88. Middle: The tennis-ball-seam-like conformation of the S8
ring observed in form II of 6¢. Bottom: The stacked dimer pairs of
molecules of form II of 6 ¢, showing also the entrapped CHCI; solvent. The
C-H .-+ O geometries are, H -+ O distance [A] and C-H +-- O [*]: a: 2.34, 168,
b:2.44, 165, c: 2.65, 170.

oxidation of 6 ¢ could not be driven to completion under these
conditions (nor by extending the reaction time to 24 h and
increasing the temperature to 90 °C). The reaction in fact, for
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reasons discussed below, ceases at the heptasulfone-sulfoxide
stage 3¢’ rather than affording the expected cyclic octasul-
fone. For macrocycles 6a and 6c¢ the reaction mixture
remained heterogeneous throughout the oxidation process,
but the oxidation of 6b gave a homogeneous intermediate
solution from which the hexasulfone 3b finally precipitated as
a microcrystalline powder.

The symmetrical aromatic substitution pattern in macro-
cycles 3a and 3b results in the observation of only a single
'H NMR resonance (6 =8.21) for each compound, replacing
the AA'BB’ pattern associated with the 1,4-thioether-sulfone
substitution patterns of 6a and 6b. However, in keeping with
the presence of a sulfoxide linkage in 3¢/, the 'H NMR
spectrum of this compound comprises a weak AA'BB’ system,
which gives two aromatic rings equivalents, together with a
strong singlet resonance at ¢ 8.21 for the remaining six rings;
this signal is superimposed on the lower field component of
the AA’BB’ system. Confirmation that compound 3¢’ is a
single oxidation product was provided by the constant ratio of
the integration values from its 'H NMR spectrum upon
repeated recrystallisation from dimethylacetamide, and by
MALDI-TOF mass spectrometry (dithranol matrix, LiBr as
cationising agent) which showed a strong parent ion at m/z =
1111 for [(C¢H,SO,),(CsH,SO) - Li]*.

All three macrocyclic sulfones have very high melting
points. For example, DSC analysis of the cyclic hexamer 3b
revealed an endothermic crystal —crystal (solid state) transi-
tion at 442 °C, followed by melting peak at 495 °C, and finally a
strong exothermic transition at 502 °C associated with decom-
position. The very close proximity of melting and decom-
position temperatures would seem to rule out any possibility
of achieving melt-phase ring-opening polymerisation of this
macrocyclic sulfone. The solubilities of macrocycles 3a and 3¢
in conventional organic solvents are very low indeed and,
although 'H and '*C NMR spectra of 3a were obtained (with
some difficulty) in [D¢]DMSO solution, a solvent mixture of
trifluoroacetic acid and CD,Cl, was required to obtain NMR
spectra of compound 3¢'. The cyclic hexamer 3b, in contrast,
is moderately soluble in acetone, CS, and DMSO.

Subsequent work established that replacement of acetic
acid by trifluoroacetic acid as the solvent in the peroxide-
oxidation of the macrocyclic thioethersulfones enabled more
rapid and complete oxidation to be achieved. Thus, for
example, oxidation of 8b in trifluoroacetic acid gave the cyclic
octasulfone 3¢, as evidenced by the presence of only a single
resonance (0=38.0) in its 'H NMR spectrum (CDCly/
CF;COOH). Oxidation of 8¢ under similar conditions gave
an extremely insoluble compound believed to be 3d, the cyclic
dodecamer of poly(1,4-phenylenesulfone). A very weak
singlet resonance at d=8.16 could be observed in its
'H NMR spectrum (CDCIl/CF;COOH), but no mass
spectrum or other analytical data have yet been obtained
for this highly intractable material. Neither 3¢ nor 3d
showed any evidence of a crystal melting transition below
550°C.

In order to establish the conformational characteristics of
the diarylsulfone unit as a function of ring size, single crystal
X-ray structures were determined for 3a (DMSO solvate), 3b
(acetone solvate), and 3¢’ (DMSO solvate). The p-phenyl-
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Scheme 3. Cyclocondensation of 4,4'-dichlorodiphenylsulfone with 4,4'-thiobis(benzenethiol), and subsequent

oxidation.

enesulfone cyclotetramer 3a has a Cji-symmetric box-like
structure (Figure 7) in the solid state. The four sulfur atoms
are coplanar and rings A (A’) and B (B’) are inclined by 86
and 89° to this plane. The transannular A--«A’ and B---B’
centroid —centroid distances are 6.64 and 6.54 A, respectively.
The rhombic distortion seen in the thioether-sulfone analogue
6a is now almost eliminated, the internal angles at S(1) and
S(8) being 98.7(3) and 100.4(3)°, respectively. Both of
the crystallographically independent SO,-Ar-SO, units are
bowed, their S—Ar bonds subtending angles of 11° (ring A)
and 9° (ring B), respectively. The molecules pack to form
continuous st—7t stacks that extend in the crystallographic ¢
direction, with ring B of one molecule partially overlaying
ring B’ of the next, the mean interplanar separation being
3.54 A. Viewed down the ¢ axis the stacks are arranged in
herring-bone fashion. The crystal is solvated with DMSO, the
disordered molecules of which are located between adjacent
stacks, leaving the central region within each macrocycle
vacant. The cyclic oligomer 3a thus provides a rare example of
a structurally characterised organic molecular square.[">] The
mutually orthogonal orientation of the four aromatic rings
results in a cylindrical free pathway through the macrocycle
(based on van der Waals surfaces) of a diameter of about
3.3 A. The presence of this electrophilic binding site suggests
the possibility of complexation with first-row anions such as
fluoride or cyanide, and pseudo-rotaxane formation with
linear, electron-rich species such as the polyalkynes. Com-
plexation studies with 3a are currently in progress.

X-ray analysis of the p-phenylenesulfone hexamer 3b
shows an open conformation for the macrocycle (Figure 8,
top, middle) with a central free pathway about 52 A in
diameter. The SO,-Ar-SO, units all exhibit varying degrees
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bowed in towards the macro-
cyclic centre whilst the other
three are folded outwards. Al-
though there are no intermo-
lecular m-m stacking interac-
o tions there is evidence for the

S formation of “embryonic” ho-
1l
© [ ;L o
-
o7

8a,8b,8c (n =1,2 and?3)

modimers (Figure 8, bottom)
similar to those seen in form II
of 6¢; this is analogous to those
observed for the very much
larger cyclic trimer of bisphe-
nol-A polysulfone.l') In the
structure of 3b, the sulfone
group based on S(29) of one
molecule is inserted into the
cavity of its centrosymmetric
related counterpart (and vice
versa), this geometry being sta-
bilised by a pair of weak aro-
matic---aromatic edge-to-face
interactions between ring E in
one molecule and ring D in the next (and vice versa); the
centroid -+« centroid separations are 5.26 A.

The pseudo-octamer 3¢’ has a C;-symmetric “double-box”
or “figure-of-eight-like” conformation in the solid state
(Figure 9) in which all the diarylsulfone units adopt near-
open-book conformations. The in-chain angles at the four
independent sulfur atoms are in the range 101.4(3) to 103.(3)°,
values that are significantly contracted from those observed in
the hexamer (see above). Three of the four independent
diphenylsulfone units are bowed outwards by between 1 and
7°, the fourth (that associated with ring D is planar. The
“waisting” of the macrocycle results in a transannular S(22) «--
S(22') separation of 536 A and a contact distance
of 3.27 A between their two inwardly directed sulfone oxygen
atoms. This conformation is stabilised by the cooperative
action of four weak transannular C-H-.-O hydrogen bonds
between the inwardly directed ortho hydrogen atoms of
rings C, D, C' and D’ and the inwardly directed sulfone
oxygen atoms; the H---O distances are 2.51 and 2.63 A with
angles at H of 176 and 170°, respectively. It is remarkable
that the observed structure in fact represents that of the
originally anticipated cyclo-octa(p-phenylensulfone) (3¢). It
appears that when oxidation reaches the heptasulfone-sulf-
oxide stage the present compound is able to adopt the
crystal lattice of the octasulfone. The vacancy associated
with the missing oxygen atom is then disordered over all
sixteen possible sites. At this point crystallisation from acetic
acid prevents final oxidation to the “true” octasulfone. In
keeping with this idea, refinement of the occupancies of the
sulfone oxygen atoms converged to a value (0.96) which
compares well with the figure of 0.94 expected for 15/16
occupancy.

(o]
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S(22A}
? S{15A)

Figure 6. Top: The molecular structure of 8b. The in-chain angles [°] at the
sulfur atoms are: S(1) 106.9(2), S(8) 104.3(2), S(15) 102.7(2), S(22) 102.9(2).
The backbone torsion angles [°] are C(26A)—S(1) 75, S(1)—C(2) 38,
C(5)—S(8) 3, S(8)—C(9) 74, C(12)—S(15) 14, S(15)—C(16) 86, C(19)—S(22)
76, S(22)—C(23) 10. Bottom: The chair-like conformation of the S8 ring in
the structure of 8b.

Figure 7. The solid state structure of the cyclic tetramer 3a. The in-chain
angles [°] at the sulfur atoms are: S(1) 98.7(3) and S(8) 100.4(3). The mean
torsional twists [°] about the S—C bonds are: S(1)—C(2) 85, C(5)—S(8) 82,
S(8)—C(9) 90, C(12)—S(1A) 89.
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Figure 8. Top: The molecular structure of the phenylsulfone hexamer 3b.
The in-chain angles [°] at the sulfur atoms are: S(1) 106.1(3), S(8) 105.1(3),
S(15) 106.4(4), S(22) 102.0(4), S(29) 104.8(4), S(36) 105.3(3). The mean
torsional twists [°] about the S—Ph bonds are: S(1)—C(2) 65, C(5)—S(8) 81,
S(8)—C(9) 76, C(12)—S(15) 88, S(15)—C(16) 45, C(19)—S(22) 69, S(22)—
C(23) 76, C(26)—S(29) 8, S(29)—C(30) 71, C(33)—S(36) 66, S(36)—C(37) 80,
C(40)—S(1) 86. Middle: The conformation of the S6 ring in 3b. Bottom: An
“embryonic” homodimer formed by centrosymmetrically related pairs of
cyclic hexamers in the crystal of 3b.
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Figure 9. The solid state structure of the pseudo-octamer 3¢’. The in-chain
angles [°] at the sulfur atoms are: S(1) 101.4(3), S(8) 102.1(3), S(15)
101.8(3), S(22) 103.3(3). The backbone torsion angles [°] are C(26A)—S(1)
67, S(1)—C(2) 86, C(5)—S(8) 77, S(8)—C(9) 88, C(12)—S(15) 69, S(15)—C(16)
83, C(19)—S(22) 79, S(22)—C(23) 85.

Conclusion

Macrocyclic oligomers of poly(1,4-phenylenesulfone), the
first sulfone-linked paracyclophanes, have been obtained by
cyclocondensation of 4,4'-dichlorodiphenylsulfone with aro-
matic dithiols, followed by fractionation and oxidation of the
isolated and purified thioethersulfone macrocycles with
hydrogen peroxide. Crystallographic analyses of sulfone-
linked paracyclophanes suggest that the smaller macrocycles,
containing four or six aromatic rings, have significant poten-
tial for complexation of electron-rich species. These cyclo-
phanes are, however, somewhat intractable, with very high
crystal melting points restricting their potential for ring-
opening polymerisation.

Experimental Section

General methods and instrumentation: All chemicals were standard
reagent grade and were used without further purification. All air-sensitive
and/or moisture-sensitive reactions were conducted under a dry argon or
nitrogen atmosphere. Thin layer chromatography (TLC) was conducted on
Polygram SIL G/UV,s, Macherey —Nagel GmbH silica gel coated plastic
plates. Compounds were visualised with iodine or by examination under
UV light. Column chromatography was conducted on Aldrich silica gel,
230-400 mesh, 60 A. "H and C NMR spectra were recorded on Varian
Gemini-200, Varian Unity Inova-300 and Varian Unity-500 spectrometers.
Conventional mass spectra (EI/CI/FAB) were run on a Kratos Concept
spectrometer, and MALDI-TOF MS analyses were obtained on Kratos
Kompact and Micromass Tofspec instruments. Elemental analyses were
provided by the analytical service of Manchester University. Differential
scanning calorimetry (DSC) was performed under nitrogen using a Mettler
DSC20 system. Conditions for HPLC analyses were: Perkin— Elmer LC-
480 diode-array system, phenosphere silica gel column 8 mm x 10 cm,
eluent 5% EtOAc in CH,Cl,, flow rate 2 mLmin~.
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Reaction of 4,4-difluorodiphenylsulfone with Na,S to prepare linear
oligomers 5: Hydrated sodium sulfide, Na,S-9H,0 (2.83 g, 11.8 mmol),
was added to DMAc (150 mL) and toluene (50 mL) in a flask fitted with a
Dean —Stark apparatus. The mixture was heated under nitrogen to remove
the water and allowed to cool to room temperature before 4,4'-difluor-
odiphenylsulfone (3.00 g, 11.8 mmol) was added in one portion. The
mixture was heated at reflux for 24 h and allowed to cool before adding
water (500 mL). The pale yellow precipitate was filtered off, dried and
extracted with CH,Cl, (3 x 100 mL; each time the insoluble material was
filtered off and used in the subsequent extraction). The combined organic
extracts were washed with water, dried and concentrated to give a residue
(0.730 g) which was subjected to column chromatography (CH,CL/EtOAc;
0 to 5% EtOAc) to give, in order of elution:['”]

Compound 5a (0.042 g, 1.4%); m.p. 196°C (MeOH); 'H NMR (CD,Cl,,
300 MHz, 25°C, TMS): 6 =7.12 (t,4H; H-7), 7.34 (d, 4H, H-2), 775 (d, 4H,
H-3), 7.85 (m, 4H, H-6); *C NMR (CD,Cl,, 75 MHz, 25°C, TMS): 6 =
116.4 (d, 2Jcp=23 Hz, C-7), 127.7 (C-3), 129.8 (d, 3Jr= 10 Hz, C-6), 130.5
(C-2), 136.6 (C-5), 139.8/140.5 (C-1, C-4), 164.8 (d, Jcr=256 Hz, C-8);
anal. caled (%) for C,,H4F,0,S;: C 57.36, H 3.21; found C 57.33, H 3.20;
HR-MS: m/z: 502.0179; found 502.0182 [M]*.

Compound 5b (0.105 g, 3.5%); m.p. 239.6 °C (DSC, from CH,Cl,/hexane);
'"H NMR (CDCl;, 300 MHz, 25°C, TMS): 0 =7.12 (t, 4H, H-11), 7.31-7.37
(m, 8H, H-3,6), 776-7.81 (m, 8H, H-2,7), 788 (m, 4H, H-10); 3C NMR
(CD,Cl,, 75 MHz, 25°C, TMS): 6 =116.7 (d, 2Jcp=23 Hz, C-11), 128.4/
1285 (C-2.7), 131.0/131.3 (C-3.,6), (d, Jcr = 10 Hz, C-6), 130.5 (C-2), 136.6
(C-5), 139.8/140.5 (C-1, C-4), 164.8 (d, 'Jr =256 Hz, C-8); anal. calcd (%)
for C;H,,F,04Ss: C 57.58, H 3.22; found C 57.56, H 3.27; HR-MS: m/z:
750.0144; found 750.0142.

Compound 5¢ (0.128 g, 4.3%); m.p. 213.1°C (DSC, from CH,CL/EtOAc);
T,=105.0°C (DSC); 'H NMR (CD,Cl,, 300 MHz, 25°C, TMS): 6 =7.21—
728 (br, 4H, H-15), 745-749 (d, 12H, H-2,710), 7.89-791 (d, 12H,
H-3,6,11), 7.96-8.01 (m, 4H, H-14); C NMR (CD,Cl,, 75 MHz, 25°C,
TMS): 6 =116.4 (d, ’J =23 Hz, C-15), 1275, 127.7, 127.8 (C-3,6,11), 129.8
(d, 3Jcp=10 Hz, C-14), 130.4, 130.5, 130.6 (C-2, 7, 10), 136.6 (C-13), 139.5,
139.6, 140.0 140.3, 140.6, 140.8 (C-1,4,5,89,12), 164.9 (d, Jor=256 Hz,
C-8); anal. caled (%) for C;gH3,F,04S,: C 57.70, H 3.23, S 22.46; found C
5779, H 3.15, S 22.51; FAB-MS: m/z: 999 [M]*, 1021 [M + Na]*.

Compound 5d (0.127 g, 4.3%); 'H NMR (CDCL, 300 MHz, 25°C, TMS)
0=715-720 (br, 4H, H-19), 7.37-741 (m, 16H, H-3,6,11,14), 7.82-7.87
(m, 16H, H-2,7,10,15), 792-795 (m, 4H, H-18); 3C NMR (CD,Cl,,
75 MHz, 25°C, TMS, selected resonances): 6 =116.8 (C-19), 128.3, 128.5,
128.6, 128.6 (C-2,7,10,15), 130.5 (C-18), 131.0, 131.2, 131.3, 1314 (C-
3,6,11,14), 140.1, 1403, 1404, 140.7, 140.9, 1412, 1413, 1415 (C-
1,4,5,8,9,12,13,16); anal. caled (%) for C4HyF,008,,: C 57.69, H 3.21;
found C 58.04, H 3.57; FAB-MS: 1247 [M]*, 1269 [M + Na]*.

Cyclic oligomers 6: 4,4'-Dichlorodiphenylsulfone (4b) (5.0 g, 17.4 mmol)
and 4,4'sulfonylbis(benzenethiol) (7a) (4.8 g, 17.4 mmol) were dissolved in
DMACc (135 mL) and added with a syringe pump over 48 h to a refluxing
suspension of K,CO; in DMAc (500 mL) and benzene (66 mL) under
nitrogen in a flask fitted with a Dean—Stark apparatus. The heating was
maintained for further 2 h, and then the mixture was allowed to cool before
adding water (1500 mL). The precipitate was filtered off, dried and
extracted with chloroform in a Soxhlet apparatus. A sample taken before
extraction was analysed by FAB-MS which revealed the presence of [M +
1]* molecular ions at m/z: 497, 745, 993, 1242, and 1490, corresponding to
cyclodimer, -trimer, -tetramer, -pentamer and -hexamer. The chloroform
extract was concentrated to dryness and the solid re-extracted into CH,Cl,
(ca. 100 mL) before being subjected to column chromatography (CH,Cl,/
EtOAc 0 to 5% EtOAc) to give, in order of elution:

Compound 6a (0.06g, 0.7%); m.p. >375°C (from CH,CL/EtOAc);
'H NMR (CDCl;, 300 MHz, 25°C, TMS): 6 =7.52,7.55,7.58, 7.61 (AA' BB’
system, 2 x 8H, H-ortho(-SO,-,-S-)); *C NMR (CD,Cl,, 75 MHz): 6=
1279 (CH ortho(-SO,-)), 135.1 (CH ortho(-S-)), 142.0 (Cq), 143.6 (Cq);
EI-MS: anal. calcd for C,,H,40,S,: 495.9931; found 496 [M]*; CIMS: found
514 [M +NH,]*; HRMS: found 495.9943. Crystals suitable for X-ray
analysis were grown from solution in dichloromethane/ethyl acetate.

Compound 6b (1.47 g, 17 %); m.p. 412.1°C (DSC, from CHCL;); '"H NMR
(CDCl;, 300 MHz, 25°C, TMS): 6 =741, 7.44, 7.82, 7.85 (AA’BB’, 2 x 8H,
H-ortho(-SO,-,-S-)); BC NMR (CDCl;, 75 MHz, 25°C, TMS): 6 =128.6
(CH ortho(-SO,-)), 131.5 (CH ortho(-S-)), 140.0 (Cq), 141.0 (Cq); anal.
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caled (%) for C3H,,04Ss: C 58.04, H 3.24, S 25.82; found C 58.09, H 3.22, S
26.01; FAB-MS: m/z: 744.9682; found 745 [M +1]*, 898 [M + mNBA]";
crystals suitable for X-ray analysis were obtained from chloroform.

Compound 6¢ (0.786 g, 9% ); m.p. 441.4°C (by DSC, form I+1I); 'H NMR
(CDCl;, 300 MHz, 25°C, TMS): 6 =739, 7.42, 7.84, 787 (AA' BB’ system,
2 x 8H, H-ortho (-SO,-,-S-)); BC NMR (CDCl;, 75 MHz, 25°C, TMS): 6 =
128.6 (CH ortho (-SO,-)), 131.0 (CH ortho(-S-)), quaternary carbons not
detectable because of the low solubility of the compound; anal. calcd for
CysH3,04S5: C58.04, H 3.24, S 25.82; found C 57.70, H 3.51, S 25.84. Crystals
suitable for X-ray analysis were obtained by slow evaporation of a solution
in CH,Cl,/CHCI; (form II) and by vapour diffusion of benzene into CHCl,
(form I). The DSC trace of 6¢(Il) shows a complex set of curves
(corresponding to loss of solvent and recrystallisation) before the final
melting point is reached. The melting point thus appears to be independent
of the solvent of crystallisation.

Cyclic oligomers 8: 4,4’-Dichlorodiphenylsulfone (4b) (2.47 g, 8.63 mmol)
and 4,4'-thiobis(benzenethiol) (7a) (2.16 g, 8.63 mmol) were dissolved in
DMAc (100 mL) and added dropwise over 5h to a stirred, refluxing
(145°C) suspension of K,CO; in DMAc (200 mL) and toluene (40 mL)
under nitrogen, in a flask fitted with a Dean —Stark apparatus. At the end of
the addition, the temperature of the reaction was raised to 155°C by
removal of toluene and maintained at this temperature for a further 15 h.
The mixture was then allowed to cool before filtering to remove
precipitated salts. The filtrate was concentrated to about 60 mL and added
slowly to dilute hydrochloric acid (300 mL) with vigorous stirring. The
precipitate was filtered off, washed with water until the washings were
neutral, and then re-suspended in methanol at 60°C. After stirring for
30 min the solid was recovered by filtration and dried under vacuum at
70°C to yield 4.31 g of the product. Analysis by FAB-MS showed [M +1]*
molecular ions at m/z: 464, 929, 1393, 1857, and 2324, corresponding to
cyclomonomer 8a, -dimer 8b, -trimer 8¢, -tetramer 8d, and -pentamer 8e.
The product mixture was subjected to column chromatography (CH,Cl,/
EtOAc, 0 to 5% EtOAc) to give, in order of elution:

Compound 8a (0.01 g, 0.25%); m.p. 362°C; 'H NMR (CDCl;, 300 MHz,
25°C, TMS) 0=764 (d, J=8.8Hz, 4H, H-ortho(-SO,)), 7.54 (d, J=
8.8 Hz, 4H, H-meta(-SO,-)), 7.10 (s, 8H, H-ortho-/-meta-(-S-)); *C NMR
(CDCl;, 75 MHz, 25°C, TMS): 0=127.6, 127.7 129.9, 131.4, 134.9, 137.3,
138.5, 141.3; anal. calcd for C,,H;cO0,S,: C 62.04, H 3.47, S 27.60; found C
62.08, H 3.48, S 27.82; FAB-MS: m/z (%): 464 [M]* (100).

Compound 8b (0.35g, 9%); m.p. 378.4°C (DSC); 'H NMR (CDCl;,
300 MHz, 25°C, TMS): 6=7.75 (d, 8H, H-ortho(-SO,)), 744 (d, 8H,
H-meta(-SO,-)), 7.36 (d, 8H, H-ortho-/-meta-(-S-)), 7.18 (d, 8 H, H-ortho-/
-meta-(-S-)); BC NMR (CDCl;, 75 MHz, 25°C, TMS): 6=126.8, 127.8
129.7, 131.6, 135.0, 136.6, 138.2, 145.3; anal. calcd (%) for C,,H;40,S,: C
62.04, H3.47, S 27.60; found C 62.29, H 3.28, S 27.67 FAB-MS: m/z (%): 929
[M+H]* (100).

Compound 8¢ (0.18 g, 4.5%); m.p. 158.3°C (DSC); 'H NMR (CDCl;,
300 MHz, 25°C, TMS): 6=7.76 (d, 8H, H-ortho(-SO,)), 740 (d, 8H,
H-meta(-SO,-)), 7.35 (d, 8H, H-ortho-/-meta-(-S-)), 723 (d, 8H, H-ortho-/
-meta-(-S-)); ¥C NMR (CDCl;, 75 MHz, 25°C, TMS): 6 =1278, 1279
130.4, 131.7, 134.3, 136.3, 138.5, 144.8; anal. calcd (%) for C,yH;s0,S,: C
62.04, H 3.47, S 27.60; found: C 62.14, H 3.23, S 27.41; FAB-MS: 1394 [M +
H]* (100).

Compound 8d (0.04g, 1%); T,=134°C (DSC); 'H NMR (CDCl,,
300 MHz, 25°C, TMS): 6="7.78 (d, 8H, H-ortho(-SO,-)), 744 (d, 8H,
H-meta(-SO,-)), 7.38 (d, 8H, H-ortho-/-meta-(-S-)), 7.25 (d, 8H, H-ortho-/
-meta-(-S-)); ¥C NMR (CDCl;, 75 MHz, 25°C, TMS): 6 =1278, 1279
130.5, 131.8, 134.4, 136.4, 138.6, 144.9; anal. calcd (%) for C,,H;40,S,: C
62.04, H 3.47, S 27.60; found C 62.01, H 3.45, S 27.82; FAB-MS: m/z (%):
1859 [M +H]* (100).

Compound 8e (0.025g, 0.6%); T,=128°C (DSC); 'H NMR (CDCl,,
300 MHz, 25°C, TMS): 6=17.78 (d, 8H, H-ortho(-SO,-)), 743 (d, 8H,
H-meta(-SO,-)), 737 (d, 8H, H-ortho-I-meta-(-S-)), 7.25 (d, 8 H, H-ortho-/
-meta-(-S-)); ¥C NMR (CDCl;, 75 MHz, 25°C, TMS): 6 =1278, 1279
130.5, 131.8, 134.4, 136.4, 138.6, 144.9; anal. calcd (%) for C,,H;40,S,: C
62.04, H 3.47, S 27.60; found C 62.08, H 3.54, S 27.33; FAB-MS: m/z (%):
2323 [M + H]* (100).

General procedure for the oxidation of the cyclic oligomers 6 to give
oligomers 3: The cyclic oligomer (6a, 6b or 6¢) was suspended in glacial
acetic acid (2 mL acid for 50 mg compound) using a ultrasonic bath, and an
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excess of hydrogen peroxide (30 %, 1 mL for 50 mg compound) was added
to the suspension. In the cases of 6a and 6b the hydrogen peroxide was
added in one portion and the mixtures were sonicated at 50°C for 6 h. In
the case of the 6 ¢ the hydrogen peroxide was added in four portions over a
period of 24 h and the progress of the reaction was monitored by 'H NMR
spectroscopy. During this time the mixture was sonicated at 85-90°C. The
work-up consisted of the addition of water to the mixtures followed by
filtration, which afforded quantitative yields of the sulfonated macrocycles
3a and 3b and of the heptasulfone-sulfoxide 3¢'. These compounds were
recrystallised from DMSO, acetone and DMSO, respectively.

Compound 3a: M.p. >375°C (DMSO); '"H NMR ([D¢]DMSO, 300 MHz,
25°C, TMS): =821 (s, 16H); C NMR ([D¢]DMSO, 75 MHz, 25°C,
TMS): 6 =130.0 (C-H), 145.1 (Cq); anal. calcd for C,;H;,0,Ss: 559.9728;
EI-MS: m/z: 560 [M]"; HRMS: 559.9730; crystals suitable for X-ray
analysis were obtained by the slow cooling of a DMSO solution.

Compound 3b: M.p. 495.0°C (by DSC, acetone); 'H NMR ([Ds]DMSO,
300 MHz, 25°C, TMS) 6 =8.21 (s, 24H); *C NMR ([D¢]DMSO, 75 MHz,
25°C, TMS): 6 =129.6 (C-H), 144.6 (Cq); caled for C34H,,0,,S4: C51.42, H
2.87, S 22.87; found C 51.64, H 2.79, S 22.57; ES-MS (neg. KCl/acetone):
839.96; found 874 [M + Cl]~; crystals suitable for X-ray analysis were
obtained by very slow cooling of a solution in acetone.

Compound 3¢”: '"H NMR ([D¢]DMSO, 300 MHz, 25°C, TMS): 6 =8.21 (s,
24H), 824-8.16/778-790 (AA'BB’, 8H); "C NMR ([D¢]DMSO,
75MHz, 25°C, TMS): 6=129.4 (C-H), 144.7 (Cq); anal. calcd for
CsH;3,0458: 1103.95; MALDI-TOF: m/z: 1111 [M+Li]*, 1127 [M+
Na]*, 1143 [M +K]*; crystals suitable for X-ray analysis were obtained
by slow cooling of a DMSO solution.

General procedure for the oxidation of the cyclic oligomers 8 to give
oligomers 3: The cyclic oligomer [8b (0.25 g) or 8¢ (0.20 g)] was suspended
in trifluoroacetic acid (12mL) at 60°C and hydrogen peroxide (30%,
10 mL) was added dropwise to the stirred suspension over a period of
15 min. The temperature was then raised to 80°C and kept for 3 h, before
filtering the solid product, which was washed with water and then
methanol, and finally dried at 100°C under vacuum. The yields for 3¢
and 3d were essentially quantitative.

Compound 3¢: '"H NMR (CDCly/CF;COOD, 300 MHz): 6 =8.08 (s, 32H);
anal. caled for (%) C,sH;,046Sg: C 51.41, H 2.87, S 22.87; found C 51.20, H
2.69, S 22.52; m.p. >550°C (DSC).

Compound 3d: 'H NMR (CDCIy/CF;COOD, 300 MHz): 6 =8.16 (s, 48H);
anal. calcd for C,,H,30,,S,,: C 51.41, H 2.87, S 22.87; found C 50.67, H 2.42,
S 22.40; m.p. >550°C (DSC).

X-ray crystallography: Table 1 provides a summary of the crystal data, data
collection, and refinment parameters for compounds 5b, 6a, 6b, 6¢(I),
6¢(Il), 3a, 3b, 3¢/, and 8b. The data were corrected for Lorentz and
polarisation effects and for absorption (with y-scans). The structures were
solved by direct methods and refined anisotropically by full matrix least-
squares based on F2. Hydrogen atoms were placed in calculated positions,
assigned isotropic thermal parameters, U(H) =1.2U.(C), and allowed to
ride on their parent atoms. Major occupancy solvent molecules were
refined anisotropically, minor components isotropically. Computations
were carried out using the SHELXTL PC program system.'s!

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-182685,
-182970, -142878 (5b), -142879 (8b). Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB21EZ, UK (fax: (+44)1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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Efficient Resolution of a Dinuclear Triple Helicate by Asymmetric Extraction/
Precipitation with TRISPHAT Anions as Resolving Agents**

Jonathan J. Jodry and Jérome Lacour*!?!

Abstract: Tetradentate 1,2-bis[4-(4'-
methyl-2,2"-bipyridyl)]ethane ligand (3)
and Fe(NH,),(SO,),-6H,0 combine in
a 3:2 ratio to form the racemic helicate
[Fe,L;]* (4), as reported by Elliott et al.
We now show that the enantiomeric
purity of 4 can be efficiently measured
by 'H NMR by the use of the TRI-
SPHAT (1) salt as a chiral shift reagent.

asymmetric extraction was attempted:
addition of an organic solution of [cin-
chonidinium][4-1] salt (2 equiv) to an
aqueous solution of helicate 4-(SO,),
led, after vigorous stirring, to the ex-
traction of the homochiral diastereomer
[P-4][4-1], into the organic layer along
with the precipitation of the heterochiral
diastereomer [M-4][4-1], at the inter-

face (diastereomeric ratio>49:1 for
both processes). An enantioenriched
fraction of [P-4][SO,], remained in the
aqueous layer. To obtain only two frac-
tions of resolved helicate and develop
this procedure into an efficient resolu-
tion protocol, four equivalents of [cin-
chonidinium][4-1] salt were used as the
resolving agent. Chemically and diaster-

Large differences in chemical shifts
(AAS of up to 0.3 ppm, 20 % [Ds]DMSO
in CD;CN) are observed between the
enantiomers of 4 upon addition of
[nBu,N][4-1]. The resolution of 4 by

Introduction

Helicate derivatives formed by the self-assembly of poly-
dentate organic ligands and transition metal ions have
received much attention over the last two decades.'l Such
structures, in which the ligand strands are twisted around a
metal —metal axis, are usually chiral and the helical enan-
tiomers are characterized by their plus (P) or minus (M)
handedness. Each metal center of the helicate is stereogenic
and has, in general, the same intrinsic configuration, 4 or A,
which translates respectively into the P or M handedness of
the helicate (Figure 1).2

To obtain chiral helicates in a predominant P or M
configuration, the most common strategy has been to add
stereogenic elements to the backbone of the ligands. Intra-
molecular diastereoselective interactions occur between the
enantiopure strands and lead, by self-assembly, to the
preferred formation of one diastereomer.P! This method was
first applied in 1978 by Raymond and Carrano, who synthe-
sized a dinuclear iron(111) complex with rhodotorulic acid as
the chiral ligand. To date, there are many examples of high

[a] Dr. J. Lacour, J. J. Jodry
Département de Chimie Organique, Université de Geneve
30, quai Ernest-Ansermet, 1211 Geneve 4 (Switzerland)
Fax: (+41)22-328-7396
E-mail: jerome.lacour@chiorg.unige.ch

[**] TRISPHAT = tris(tetrachlorobenzenediolato)phosphate(v) anion
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eomerically pure [P-4][4-1], and [M-
4][4-1], helicate salts were then ob-
tained in excellent yields.

Figure 1. P and M helicity of a dinuclear helicate.

selectivity in the formation of double and triple helicates, in
which enantiopure ligands completely control the configura-
tion. The stereogenic elements are introduced either on the
coordinating units,” on the bridging elements,’® or on a chiral
template that links the strands together.l This strategy has
the advantage of leading to chiral complexes that are
configurationally stable in solution as the ratio between the
diastereomers is thermodynamically controlled by the chiral
ligands.

When achiral ligands are used, helicates are obtained as
racemic mixtures, as no enantioselective method of synthesis
has yet been reported. Chemists must then rely on resolution
procedures to obtain the helicates in an enantioenriched or
enantiopure form. Only a few examples of such enantiomeric
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separations have been reported and they are usually based on
the formation of diastereomeric ion pairs between cationic
helicates and anionic chiral resolving agents. Williams et al.
reported the resolution of a dinuclear cobalt(ir) helicate by
ion-pair chromatography with a concentrated solution of
enantiopure sodium (4)-tartratoantimonate(irr) as the elu-
ent.’l Similarly, the groups of Lehn, Sauvage, and Keene
resolved iron(il) tri- and dinuclear helicates by chromatog-
raphy.”) Selective crystallization in the presence of an
enantiopure anion can also lead to resolution; Sauvage et al.
applied this method to a chiral dicopper() trefoil knot.["]
Finally, Lehn etal. reported that the crystallization of a
nickel(11) trinuclear helix can occur with a spontaneous partial
resolution; however, this process was random and difficult to
reproduce.l'l In all these examples, the determination of the
enantiomeric purity of the resolved helicate has been
challenging. NMR experiments were attempted with chiral
shift reagents and low separation of the signals of the
enantiomers!'” or partial precipitation of the cationic helicate
during the analysis®! were observed. Authors have also relied
on X-ray diffraction analysis of crystals of the resolved
complexes to confirm their enantiomeric purity.

Recently, we have shown that the readily prepared and
resolved tris(tetrachlorobenzenediolato)phosphate(v) anion
(1) (Figure 2), or TRISPHAT, is configurationally stable as an
ammonium salt in solution.'”l The A enantiomer can be
isolated as the tri-n-butylammonium salt.l¥] The A enantiom-
er is prepared as the cinchonidinium ion pair, which in turn
can be transformed into [nBu,N][4-1].0! This anion is an
efficient NMR chiral shift reagent for chiral cations, partic-
ularly mononuclear ruthenium(ir) complexes.'”) Anion 1 was

Abstract in French: Le ligand tetradentate 1,2-bis[4-(4'-
methyl-2,2'-bipyridyl) [ethane 3 et le sel de Mohr [Fe(NH,),-
(SO,),-6 H,O] s’assemblent dans un rapport 3:2 pour former
un triple hélicate racemique [Fe,L;]*" 4, précédemment decrit
par Elliott. Dans cet article, nous montrons que la purete
enantiomerique de 4 peut étre efficacement mesurée en RMN
'H, en utilisant un sel de TRISPHAT (1) comme agent de
dédoublement. D’importantes differences de deplacements
chimiques (AA46 jusqu’a 0.3 ppm, 20% [DsDMSO dans
CD;CN) sont observées entre les enantiomeres de 4 apres
lajout de [nBu,N][A-1]. Un dedoublement de helicate 4 par
extraction asymetrique est possible: U'addition d’une solution
organique du sel [cinchonidinium][A-1] (2 équiv) a une
solution aqueuse de Ihelicate [4][SO,], conduit, apres une
agitation soutenue, a 'extraction du diasteréoisomere homo-
chiral [P-4][A-1], vers la phase organique et a la précipitation
simultanée du composée heterochiral [M-4][A-1], a Uinterface
(rapport diasteréoisomerique >49:1 pour chaque processus).
Dans la phase aqueuse, une fraction enantiomeriquement
enrichie du sel [P-4][SO,], est isolée. Pour obtenir seulement
deux fractions de Uhelicate diastereomeriquement pur, et
convertir ainsi cette procédure en une methode efficace de
dédoublement, il suffit d’utiliser 4 equivalents du sel [cincho-
nidinium][A-1]. Les sels [P-4][A-1], et [M-4][A-1], sont alors
obtenus chimiquement et optiquement purs avec d’excellents
rendements.

4298
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Figure 2. Chiral TRISPHAT anion 1 (4) and helicate 4.

also shown to be an efficient chromatographic resolving agent
for mononuclear [Ru(diimine);]** complexes (SiO,, CH,Cl,)!¢]
and an asymmetric inducer onto the configurationally labile
[Fe(2);]** derivative (diastereomeric ratio (dr)>49:1 in
CHCl;, 2: 4,4-dimethyl-2,2"-bipyridine).'”! The efficiency of 1
as an NMR shift reagent or chiral auxiliary was explained by
the formation of diastereomeric contact ion pairs with the
chiral cations. However, the complexes studied were all
mononuclear and of simple D; symmetry, similar to that of 1.
It was then debatable whether 1 would behave as a good NMR
chiral shift reagent and/or resolving agent for polynuclear
helicates of more complex structure and geometry.'s! We here
report that the determination of the enantiomeric purity of a
dinuclear iron(t1) triple helix can be conveniently carried out by
'"H NMR analysis with [nBu,N][A-1] as a chiral shift reagent.
We also present a novel resolution procedure which is based on
an asymmetric extraction/precipitation with lipophilic TRI-
SPHAT anions as resolving agents. Simple stirring of an
aqueous solution of the [Fe,(3);][SO,], helicate (3=1,2-bis[4-
(4-methyl-2,2-bipyridyl) Jethane) with an organic solution of
TRISPHAT salts leads to the simultaneous asymmetric
extraction/precipitation of the P and M enantiomers of
[Fe,(3);]*" with selectivity ratios higher than 49:1.

Results and Discussion

Choice of a helicate: The purpose of our study was to estimate
the interactions of a chiral cationic helicate and anions 1. We
decided to prepare a helicate already reported in the
literature, rather than create a novel derivative, to gain rapid
access to valuable information. We selected the [Fe,(3);]*"
helicate 4—reported by Elliott et al. in 1988—for its ease of
preparation from readily accessible ligands and unambiguous
structural determination both in solution and in the solid state
(Figure 2 and Figure 3).1'] This chiral derivative had never
been resolved and no attempt had been made to determine a
possible enantiomeric purity. Furthermore, this complex is
formally an “extended dimer” of mononuclear cation
[Fe(2);]** for which we have observed a high diastereoselec-
tivity in asymmetric induction experiments with TRISPHAT
anions.['”) For all these reasons, helicate 4 was chosen to be the
investigated substrate.
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Figure 3. P enantiomer of 4 (from the X-ray structural analysis of 8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0
Elliott,'”) Cambridge crystallographic database [SADMIT]). 5

Tetradentate ligand 3 was prepared in a single step by
reaction of 22 with nBuLi and 12-dibromoethane as
previously described (Scheme 1).2! Treatment of 3 (1.5 equiv)

b

—_—

Fe(NH4)2(S04), - 6H,0 [4][PFel4

Scheme 1. Preparation of ligand 3 and helicate 4. Reaction conditions:
a) i) LDA (1.5 equiv), THF, —78°C; ii) BrCH,CH,Br (2.1 equiv), —78°C
to RT, 30%. b) i) 3 (1.5 equiv), H,O/EtOH (1:1), reflux, 3h; ii) [NH,][PF4]
(excess), RT, 100 %.

with Fe(NH,),(SO,),-6H,0 salt (1.0 equiv) in H,O/EtOH
and addition of excess [NH,][PF,] afforded the racemic
[4][PF], salt as a red solid in a quantitative yield.

Enantiomeric purity determination by NMR spectroscopy:
With cationic helicate 4 in our hands, our first goal was to
demonstrate that anion 1 could be used as an NMR chiral shift
reagent for the determination of the enantiomeric purity of 4.
The conditions reported in an earlier work were used:['*?l we
added the [nBu;NH][A-1] salt to a solution of [4][PF], in
20% [D¢]DMSO/CD;CN. To our surprise, the 'H NMR
spectrum showed a large broadening of the signals of 4,
instead of the expected split in a 1:1 ratio (Figure 4,
spectrum g) which prevented any quantitative measure-
ment.”2l However, upon addition of the newly prepared
[7nBu,N][4-1] reagent,l' a clean nonmagnetic equivalency for
the P and M enantiomers of 4 was observed. The signals
remained sharp and were split. The differences in chemical
shifts (AAJ) for the protons of 4 were sufficient to integrate
the respective signals of each enantiomer (1:1 ratio). The
spectra of [4][PFy], without (a) and with (b-f) various
amounts of [nBu,N][4-1] are shown in Figure 4.

Upon addition of [nBu,N][4-1], only one of the enantiom-
ers of 4 (that of P configuration®!) showed strong shifts of
some of its signals. The aromatic protons H6" and HS' of this
enantiomer, which are located at the periphery of the helicate
along its C; axis, are shifted the most (see Figure 2 for the

Chem. Eur. J. 2000, 6, No. 23
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Figure 4. '"H NMR spectra (400 MHz) of helicate [4][PFg], in 20%
[D¢]DMSO]/CD;CN: a) without additive, b) —f) with respectively 1.5, 2.3,
3.1, 4.3, and 5.5 equivalents of [nBu,N][4-1], g) with 2.2 equivalents of
[nBusNH][A-1].

assignment of the protons). The other protons remained
essentially unchanged (Table 1, Ad). The H6' protons are
shifted downfield (Ad,=0.249 with 4.3 equivalents of
[nBu,N][A-1] salt) contrary to the others. Analogous protons

Table 1. Chemical shifts (), induced changes (Ad) and difference in
chemical shifts (AAO) for the enantiomers of 4 upon the addition of
4.3 equivalents of [nBu,N]|[4-1] to [4][PF], (400 MHz, 20 % [D¢]DMSO/
CD;CN).

Proton Opl! O Adp Ady, AAO

He6' 7.817 7.576 0.249 0.008 0.241
H5' 7.216 7.316 —0.109 —0.009 —0.100
Me 2.541 2.466 —0.026 —0.102 0.076
H3' 8.669 8.669 —0.014 —0.023 0.009
H3 8.529 8.520 —0.010 —0.010 0.000
CHH'l 3.512 3.471 —0.002 —0.043 0.041
CHH'™ 2.860 2.883 —0.034 —0.011 —0.023
HS 6.319 6.353 —0.041 —0.008 —0.033
H6 6.511 6.551 —0.050 —0.009 —0.040

[a] The methylene protons are diastereotopic and easily distinguished.
[b] See ref. [23]. [c] AAO =Adp — Ady,.

H6, which occupy positions close to the C; axis but inside the
helicate, only changed a little. These larger differences in
chemical shifts AAS of H6' and H5 and smaller AAJ of the
other hydrogen atoms are consistent, for this enantiomer P,
with an ion-pairing model in which anions 1 and cation 4
interact at the periphery along the C; axis. For this reason, the
protons away from the C; axis (i.e. H3’, H3 and CH,, and the
ones located inside the helicate, HS and H6) remain more or
less unchanged. For the other enantiomer M, the methyl
and methylene groups carry the most perturbed protons. This
might indicate an approach of anions 1 along the “pseudo-C,”
axes?!l of each individual metal coordination center rather
than an approach along the C; axis.

As expected, increasing the amount of added [#Bu,N][4-1]
reagent (1.5-5.5 equivalents) increases the magnetic non-
equivalency of the protons (Figure 4 and Table 2). In more
polar solvents, smaller separations of the signals were
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Table 2. Proton H6' of 4. Chemical shifts (0), induced changes (Ad), and
differences in chemical shifts (AA0) of the enantiomers as a function of the
number of equivalents of [nBu,N][4-1] added (400 MHz, 20 % [D¢]DMSO/
CD;CN).

Added equiv [nBu,N][4-1] 5,0 Ot Adp Ady, AASP
0.0 7.568 - - -

1.53 7.688 7.571 0.120 0.003 0.117
2.33 7.735 7.572 0.167 0.004 0.164
3.13 7.768 7.576 0.200 0.008 0.192
4.32 7.817 7.576 0.249 0.008 0.241
5.54 7.848 7.582 0.280 0.014 0.267

[a] See ref. [23]. [b] AAO =Adp — Ady,.

observed. For proton H6' of the enantiomer P which under-
goes the greatest shift, the AAJ value is reduced from 0.267 to
0.081 in 20% [Dg]DMSO/CD;CN and pure [Dg]DMSO,
respectively, on addition of 5.5 equivalents of [nBu,N][4-1].
This decrease in chiral shift efficiency as the polarity increases
is interpreted as the result of looser interactions between the
ions.”l However, in pure [D4]DMSO, the separation remains
sufficient to allow a clean integration of the signals of the
enantiomers. With this quantitative method of determination
of the enantiomeric purity of helicate 4, we turned our
attention to the development of a resolution procedure.

Chromatographic resolution: To resolve the racemic helicate
4, we first attempted to use the ion-pair chromatographic
conditions we reported earlier for the enantiomeric separa-
tion of configurationally stable mononuclear ruthenium
tris(diimine) complexes.['”! The potential of anions 1 to serve
as chromatographic resolving agents was evaluated by thin-
layer chromatography. We added four equivalents of
[nBu;NH][A-1] to a solution of [rac-4][PF], in CH,Cl, and
spotted the resulting mixture. No migration of 4 was observed
on either silica gel or on alumina (all grades) with eluents
CH,Cl, or more polar mixtures of solvents (up to 10%
MeOH/EtOAc). A similar result was observed in preparative
experiments. This absence of migration could be explained by
the higher polarity of helicate 4, which has a charge of 4+,
compared to [Ru(diimine);]** complexes.

Asymmetric extraction: We then explored the possibility to
resolve helicate 4 by an asymmetric extraction procedure with
anions 1 as lipophilic chiral selectors. The [cinchonidinium]-
[4-1] salt is soluble in polar solvent mixtures (>5% DMSO/
CHCl; or 10% acetone/CH,Cl,). More importantly, the
lipophilic TRISPHAT anion confers to this salt an affinity
for organic solvents and, once dissolved, the [cinchonidi-
nium][4-1] pair does not partition in aqueous layers.? This
affinity of anions 1 for organic layers led us to consider using
them as chiral selectors in an asymmetric extraction proce-
dure of helicate 4. The resolution of racemic substrates by
preferential extraction of one enantiomer from water into
immiscible organic solvents has been well studied.’”! The
extraction and the resulting selectivity arise from the prefer-
ential binding in the organic phase of one enantiomer of the
substrate with a chiral lipophilic selector. The racemic
substrates are traditionally ammonium salts or zwitterionic

4300
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amino acids.”® Crown ethers with chiral elements in or
around the backbone are usually used to ensure asymmetric
discrimination. Selectivity ratios as high as 99:1 have been
obtained.® Recent studies have described the use of unusual
selectors, such as lanthanide tris(3-diketonate) and polymeric
columnar aggregates of deoxyguanosine.?” Of most relevance
to the current work is the observation by Lindoy and Everett
that chiral cobalt(ii1) amine complexes can be successfully
extracted from aqueous layers into CHCI; with Lasalocid A as
the chiral host (dr up to 2.6:1).5

Asymmetric extraction experiments were first attempted in
the following manner: a solution of [cinchonidinium][A-1] salt
(2.0 equivalents) in 5% acetone/CH,Cl, was added to an
aqueous solution of [rac-4][SO,], in 5 % EtOH/H,0 (0.35mm)
and the resulting biphasic mixture was stirred vigorously for
3 h at room temperature. Partial transfer of red coloration—
corresponding to helicate 4—from the aqueous layer (AL) to
the organic layer (OL) was observed (Figure 5). Unfortu-

HZO "
stirring

CH,Cl,

[R;NH][4-1]

Figure 5. Schematic representation of the asymmetric extraction/precip-
itation of [rac-4][SO,], by [cinchonidinium][4-1] salt (2.0 equiv). Aqueous
layer (AL), organic layer (OL), and suspension (SU).

nately, the simultaneous formation of a red suspension (SU)
at the interface was also observed. This red solid was collected
by filtration, and the resulting limpid phases were separated.
Addition of a solution of [NH,][PF¢] to the AL led to the
precipitation of [4][PF4],, which was isolated by filtration.
Concentration of the OL in vacuo afforded a red solid that
contained helicate 4. Three fractions that contained helicate 4
were thus obtained and analyzed separately (Table 3).

'H and P NMR, as well as ES-MS revealed an association
of helicate 4 with anions 4-1 in the solids which were obtained
from the OL and SU fractions. The ratio between diaster-
eomers [P-4][4-1], and [M-4][4-1], was measured by integra-
tion of the peaks in the "H NMR spectra, as the anions behave
as NMR chiral shift reagents; in the fraction from the OL, we
detected only one set of signals which indicated the presence
of only one diastereomer (Figure 6, dr>49:1). For the

Table 3. Composition and selectivity ratio of the three fractions obtained
from the organic layer (OL), the suspension (SU), and the aqueous layer
(AL) after stirring solutions of [rac-4][SO,], and [cinchonidinium][4-1] salt
(2.0 equiv).

Fraction Composition Selectivity ratio Yield
OL [P-4][4-1], dr>49:10 10%
SU [M-4][4-1], dr>49:10 36 %
AL [4][PF) ! er=2.8:10 48 %

[a] The major enantiomer has the P configuration. [b] Diastereomeric ratio
(dr) measured by 'H NMR (400 MHz). [c] Enantiomeric ratio (er)
measured by '"H NMR (400 MHz) after addition of [nBu,N][4-1] as the
chiral shift reagent.
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Figure 6. '"H NMR spectra (400 MHz, 20% [D4]DMSO]/CDCl;) of the

[M-4][4-1], and [P-4][4-1], salts obtained a) from the SU fraction and
b) from the OL fraction.

fraction from the SU, a similar result was obtained (dr >49:1);
however, the signals corresponded to the other diastereomer.
The nature—homochiral [P-4][4-1], or heterochiral [M-4][4-
1],—of the diastereomers within the OL or SU fractions was
determined by CD analysis (Figure 7). For the diastereomer

400
T 200
'E 0 | =
§
s
S -200
AN
-400 s ‘ o
300 500 700

Alnm —

Figure 7. CD spectra (5.5 x 107°M in 0.5% DMSO/CH;CN) of the OL
(—) and SU (-—-) fractions.

from the OL, strong exciton couplings were observed in the
ni—n* and the MLCT regions (Aégz; = —290 and Aessy = +23)
which indicated a P configuration of the helicate 4. For the
M diastereomer in the SU, opposite Cotton effects were
observed (Aéesy; = +240, Aess, = —45), as expected.

In the AL, spectral analyses indicated an association of
helicate 4 with hexafluorophosphate anions. The ratio be-
tween the P and M enantiomers was determined after
addition of the [nBu,N][4-1] salt, following the procedure
described above. Integration of the respective signals indi-
cated a moderate enantiomeric ratio (er) of 2.8:1 (Figure 8).

HE) H(3) H(&") H(6)

H(5) H(5)
a)
HE) HE)
b)
8.8 8.4 8.0 7.6 7.2 6.8 6.4

— 5
Figure 8. '"H NMR spectra (400 MHz, 20% [D4]DMSO]/CD;CN) of the

salt obtained in the AL ([P-4][PF,],): a) before and b) after the addition of
2.9 equivalents of [nBu,N][4-1] (er=2.8:1).
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The absolute configuration P of the major enantiomer of
helicate 4 in the AL was determined by CD analysis (Ag;, =
—255, Aesy;=+15, c=2.5 x 107°m).

We thus achieved the separation of the enantiomers of
chiral helicate 4 in the form of the heterochiral [M-4][4-1],
and homochiral [P-4][4-1], diastereomers, in the suspension
(by precipitation) and in the organic layer (by extraction),
respectively. Although efficient, this process did not corre-
spond to our initial goal as we were looking for a clean
asymmetric extraction procedure that would have given only
the aqueous and organic fractions in high enantiomeric and
diastereomeric excesses. Despite all our efforts, we did not
find the experimental conditions—solvents, temperature,
concentration—which would allow a clean extraction of the
homochiral diastereomer into the OL without some degree of
precipitation of the heterochiral diastereomer. Three frac-
tions were always obtained with low enantiomeric purity for
helicate [4][PF,], from the AL because of the competing
extraction and precipitation—the AL being depleted of the P
and M enantiomers simultaneously. Therefore, to maximize
the yield of resolved helicate and simplify the procedure, we
attempted experiments with four equivalents of [cinchonidi-
nium|[4-1] to try to drive the extraction/precipitation proc-
esses to completion. This would leave only two diastereomeric
fractions to separate.

High-yielding resolution: Extraction experiments were then
repeated with 4.0 equivalents of [cinchonidinium][4-1] and, as
expected, water-soluble helicate [rac-4][SO,], completely
separated into two fractions: the [P-4][4-1], salt was extracted
to the organic layer and the insoluble [M-4][4-1], salt
precipitated as a suspension. 'H NMR spectroscopy proved
again that both fractions were diastereomerically pure (dr>
49:1) and were obtained in excellent yields of 50 and 48 %,
respectively (Table 4).

Table 4. Composition and selectivity ratio of the two fractions obtained
from the organic layer (OL) and the suspension (SU) after stirring
solutions of [rac-4][SO,], and [cinchonidinium][4-1] salt (4.0 equiv).

Fraction Composition Selectivity Yield
OL [P-4][4-1], dr>49:11 50%
SU [M-4][4-1], dr>49:11 48 %

[a] Diastereomeric ratio (dr) measured by 'H NMR spectroscopy
(400 MHz).

Configurational stability: As observed by Williams et al. for a
dicobalt(tr) triple helicate,['¥! the configurational stability of
Elliott’s derivative 4, compared to the mononuclear analogue
[Fe(2);]**, has strongly increased. No epimerization was
observed after two weeks at 25°C for solutions of salts [P-
4][4-1], or [M-4][4-1], in 20% [Dg]DMSO/CDCI; or 20%
[D¢]DMSO/CD;CN. To induce complete epimerization, the
diastereomerically pure salts were heated in pure [Dg]DMSO
(80°C, 15 min) and the outcome of the reaction was easily
monitored by 'H NMR. At 80°C (Figure 9b), new signals
corresponding to free ligand 3 appeared. Upon cooling to
25°C, both diastereomers were formed in a 1:1 ratio and most
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Figure 9. 'H NMR (400 MHz) spectra of [P-4][4-1], in [D¢]DMSO: a) at
25°C (dr>49:1), b) at 80°C, c) after cooling again at 25°C (dr=1:1).
d) 'H NMR (400 MHz) spectrum of ligand 3 in [Dg]DMSO at 80°C.
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b)

of 3 disappeared (Figure 9¢).’!! The appearance of the free
ligand at higher temperatures suggests a racemization path-
way which involves the complete loss of one ligand around the
metal centers. Racemization might then occur at the stage of a
double-stranded intermediate, which would recombine ran-
domly with 3 to form a 1:1 mixture of diastereomeric salts.

Conclusions

In conclusion we have shown that the [nBu,N][4-1] salt is a
valuable NMR chiral shift reagent for Elliott’s iron(ir)
dinuclear helicate 4. An efficient resolution of 4 was
developed based on an asymmetric extraction/precipitation
procedure with lipophilic TRISPHAT anions.

Experimental Section

General: Solvents (SDS and Fluka) were used without further purification,
except chloroform (Fluka) and CDCl; (CIL) which were filtered through a
plug of basic alumina prior to use. Deionized water was used for aqueous
solutions. The iron(11) salt Fe(NH,),(SO,), -6 H,O (Fluka) and the solution
of [nBu,N]J[OH] in water (40%, Fluka) were used without further
purification. The [NH,][PF;] salt (Fluka) was used as a solution in water
(4.9M). 1,2-Bis[4-(4-methyl-2,2"-bipyridyl)]ethane (3) was prepared fol-
lowing the procedure given in the literaturel?!l starting from 4,4-dimethyl-
bipyridine (2).2 The [cinchonidinium][A-1] salt was obtained with our
previously described procedure.[?]

Analytical thin-layer chromatography (TLC) was performed on Macherey-
Nagel 0.25 mm silica gel plates. Visualization was accomplished with UV
light. Melting points (M.p.) were measured in open capillary tubes with a
Stuart Scientific SMP3 melting point apparatus and are uncorrected. NMR
spectra were recorded on a Bruker AMX-400 spectrometer at 25 °C (unless
otherwise specified). 'H NMR shifts are given relative to the internal
standard tetramethylsilane. Mixtures of solvents were calibrated with
CDCl; (60 =727) or CD;CN (6 =1.93). When necessary, assignment of the
signals was achieved with NOESY and/or COSY experiments. A standard
concentration of 5x 10™#m was used for the 'H NMR spectra of the
helicates. The *'P NMR (162 MHz) shifts are given relative to H;PO,.
Infrared spectra were recorded on a Perkin Elmer 1600 Series FT-IR
spectrophotometer in a NaCl cell or KBr; absorption intensities are
represented as strong (s), medium (m) and weak (w). UV spectra were

4302

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

recorded on a UVIKON 860 spectrometer in a 1.0 cm quartz cell. Circular
dichroism spectra were recorded on a JASCO J-715 spectropolarimeter in a
1.0 cm quartz cell. Optical rotations were measured on a Perkin — Elmer 241
polarimeter in a thermostated (20 °C) microcell (length: 10.0 cm) with high
pressure lamps of sodium or mercury and are reported as follows: [a]? (¢
[g100 mL~'], solvent). Electrospray mass spectra were obtained on a
Finnigan SSQ 7000 spectrometer by the Department of Mass Spectroscopy
by Mr. W. Kloeti and Mrs E. Sandmeyer. Elemental analyses were
performed by Dr. H. Eder at the Institut de Chimie Pharmaceutique de
I’Université de Geneéve.

[Tris(1,2-bis(4'-methyl-2,2'-bipyridyl-4-yl)ethane)diiron ][ tetrakis(hexa-

fluorophosphate)] salt, 4-(PF4),: In a 100 mL conical flask equipped with a
condenser, a suspension of Fe(NH,),(SO,),-6H,0 (55.6 mg, 141.8 pmol,
2.0 equiv) and the ligand 1,2-bis[4-(4'-methyl-2,2'-bipyridyl)]ethane (3;
78.0 mg, 3.0 equiv) in water/acetone (1:2, 60 mL) was heated at 65°C for
3 h. At room temperature, a solution of ammonium hexafluorophosphate in
water (50 equiv) was added to the red solution, and the resulting precipitate
4-(PF,), was filtered (125.6 mg, 99 % ). No further purification was needed.
M.p. 270°C (decomp); 'H NMR (400 MHz, 20 % [D4]DMSO/CDCl,): 6 =
8.32 (s, 6 H; H3),8.18 (s, 6H; H3'), 7.12 (d, *J(H,H) =5.9 Hz, 6H; H6'), 6.91
(d,*J(H,H) =5.9 Hz, 6 H; H5'), 6.10 (d, *J(H,H) = 5.5 Hz, 6 H; H5), 5.99 (d,
3J(H,H) =5.5Hz, 6H; H6), 3.13 (d, *J(H,H) =74 Hz, 6H; CH,), 2.65 (d,
6H; CH,), 2.23 (s, 18 H; CH;); 'H NMR spectra in mixtures of [Ds]DMSO/
CDCl;, see Table 5; 3P NMR (162 MHz, 20% [D¢]DMSO/CDCLy): 6 =

Table 5. '"H NMR chemical shifts of [4][PF4], as a function of the
percentage of [Dg]DMSO in CDCl;.

DMSO [%] 10 20 30 50

He6' 7317 7.127 6.964 6.733
H6 6.203 6.006 5.822 5551
H5' 7.073 6.916 6.785 6.583
H5 6304 6.120 5.985 5.808
H3 8311 8.194 8.091 7915
H3 8395 8330 8259 8.085
H(CH,) 3283 3179 2.990 2713
H(CH,) 2.873 ] 2.444 2133
H(Me) 2.430 2243 2.068 1.801

[a] Not measurable.

—143.6 (septet, 'J(PF) =712.8 Hz); IR (KBr): 7#=3662 (w), 3082 (w), 1621
(m), 1485 (m), 1421 (m), 1247 (w), 846 (s), 558 (w) cm~!; MS (ES): positive-
ion mode : 1645.1 ([Fe,L;]**(PFs)s), 750.3 ([Fe,Ls]**(PF¢7),), 451.8
([Fe,Ls]**(PF4)); negative-ion mode: 144.4 (PF,).

[nBu,N][4 -TRISPHAT] salt: To a solution of [cinchonidinium][4-1] in a
minimum of EtOH was added [nBu,N][OH] (2 equiv), followed by water
(=2%) to ensure complete precipitation. The solid was filtered, redis-
solved in acetone, and concentrated in vacuo to afford the [nBu,N][4-1]
salt (100%). R;=0.86 (SiO,, CH,Cl,); 'H NMR (400 MHz, CDCl;): 6 =
3.3-3.1 (m, 8H; H1), 1.8-1.6 (m, 8H; H2), 1.4-1.2 (m, 8H; H3), 0.90 (t,
3J(H,H) =73 Hz, 12H; HCH,); ®C NMR (100 MHz, CDCl,): 6 =141.7 (d,
2J(C,P)=6.6 Hz, 6C), 122.6 (6C), 113.7 (d, 3/(C,P)=19.8 Hz, 6C), 59.2
(4CH,), 23.8 (4CH,), 19.7 (4CH,), 13.4 (4CH,); P NMR (162 MHz,
CDCLy): 6=-79.2; [a]d=—368, [a]s=—380, [a]¥s=—437 [a]¥s=
—820, [a]3s=—1506 (c=0.10, EtOH); MS (ES): positive-ion mode:
242.3 ([Bu,N]"); negative-ion mode: 768.5 (TRISPHAT").

Asymmetric extraction procedure: In a conical flask equipped with a
condenser, a suspension of Fe(NH,),(SO,),-6H,0 (55.6 mg, 141.8 pmol,
2.0equiv) and ligand 12-bis[4-(4-methyl-2,2'-bipyridyl)]ethane (3;
78.0 mg, 3.0 equiv) in water/ethanol (1:1, 20 mL) was heated at reflux
(90°C) for 3 h. The resulting red solution was cooled to 20°C and diluted
with water to a volume of 200 mL. A solution of [cinchonidinium][4-
TRISPHAT] salt (2.0 equiv) in 5% acetone/CH,Cl, (200 mL) was then
added. The resulting biphasic mixture was stirred vigorously for 3 h. A
partial transfer of the coloration from the aqueous to the organic layer was
observed, while a suspension formed at the interface. The solid was filtered,
washed with a large amount of water and CH,Cl,, and then dried to afford
the heterochiral salt [M-4][4-1], (110.4 mg; 36 % ). After separation of the
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limpid phases, the aqueous layer was extracted with CH,Cl, (3 x 100 mL).
Addition to the aqueous layer of a solution of [NH,][PF,] in water
(50 equiv) led to the formation of the enantioenriched 4-(PF), salt
(predominant P enantiomer) obtained as a red precipitate (60.4 mg, 48 % ).
The combined organic layers were washed with 10% acetone/water (4 x
200 mL), dried (Na,SO,), and concentrated in vacuo to afford the
homochiral diastereomer salt [P-4][4-1], as a deep red solid (31.7 mg,
10%).

Heterochiral [M-4][4-1], salt: R;=0.0 (SiO,, CH,Cl); m.p. 330°C
(decomp); 'H NMR (400 MHz, 20% [Ds]DMSO/CDCL): 6=8.50 (s,
6H; H3), 8.14 (s, 6H; H3), 7.17 (d, *J(H,H) = 5.5 Hz, 6H; H6), 6.96 (d,
3J(H,H) =5.5 Hz, 6H; H5), 6.12 (d, 3J(H,H) =5.9 Hz, 6H; H5), 5.98 (d,
3J(H,H) =5.9 Hz, 6H; H6), 335 (d, J(H,H) =7.4 Hz, 6H; CH,), 2.53 (d,
3J(H,H) =8.1 Hz, 6H; CH,), 2.15 (s, 18 H; CH,); *'P NMR (162 MHz, 20 %
[Ds]DMSO/CDCL,): 6 = —80.1; IR (KBr): #=23459 (w), 1618 (w), 1452 (s),
1390 (m), 1302 (w), 1236 (w), 992 (m), 826 (s), 720 (w), 676 (m) cm~'; UV/
Vis (1% DMSO/CHCL, 2.89 x 10-6M): Apax (€) =300.0 (73 x 10*m),
532.0nm (4.8 x 10° cm~'dm*mol~'); CD (0.5% DMSO/CH;CN, 5.58 x
10-°m, 19.5°C): 1 (Ae)=245.5 (—217), 265.5 (124), 285.5 (—129), 307.5
(240), 407.5 (—14), 489.5 (8), 552.5 nm (—45 cm>mmol'); [a]¥ = —1075,
[a]¥s=—1075 and [a]3% =—212 (¢=0.015, 10% DMSO/CH,CN); MS
(ES): positive-ion mode: 1374.7 ([Fe,L;]**(TRISPHAT"),), 1188.6
([Fe,L,J**(TRISPHAT-),), 5350  ([Fe,L,]* (TRISPHAT")), 394.1
([FeL,]**); negative-ion mode: 768.4 (TRISPHAT"); elemental analysis
caled for C,HgClisFe,N;,0,,P, (4285.45) (%): C 40.36, H 1.55, N 3.92;
found: C 40.85, H 2.37, N 3.72.

Enantioenriched [4][PFg], salt: R;=0.0 (SiO,, CH,Cl); m.p. 300°C
(decomp); 'H NMR (400 MHz, 20% [Ds]DMSO/CDCl;): 6=28.33 (s,
6H; H3), 820 (s, 6H; H3"), 7.15 (d, J(H,H) = 5.5 Hz, 6H; H6'), 6.93 (d,
S(HH) = 5.5 Hz, 6H; HY), 6.13 (d, ¥(H,H) =5.9 Hz, 6H; H5), 6.02 (d,
SI(HH) = 5.9 Hz, 6H; H6), 3.15 (d, *J(H,H) =73 Hz, 6H; CH,), 2.6 (d,
6H; CH,), 2.26 (s, 18H; CH,;); 3P NMR (162 MHz, 20% [Ds]DMSO/
CDCly): 6 =—143.6 (septet, 'J(PF)=713.4 Hz); IR (KBr): 7=3436 (m),
2963 (w), 1621 (m), 1485 (w), 1420 (w), 1261 (w), 1094 (m), 845 (s), 558
(m) em™'; UV/Vis (0.5% DMSO/CH;CN, 2.51 x 10-M): Ay () = 300.0
(1.3x10°, 531.0nm (1.2 x 10*cm~'dm*mol~'); CD (0.5% DMSO/
CH,CN, 2.51x105M, 19.5°C): A (Ae)=303.5 (—255), 5470 (15),
645.5nm (—31 cm>mmol™); [a]¥ =1036, [¢]%=1014 (c=0.009, 10%
DMSO/CH;CN); MS (ES): positive-ion mode: 1645.1 ([Fe,L;]**(PFs7)s),
750.3 ([Fe,L;]*(PF47),), 451.8 ([Fe,Ls]**(PFy)); negative-ion mode: 144.4
(PF¢"); elemental analysis caled for C;,HgF,,Fe,N,P, (1790.92) (%): C
48.29, H 3.71, N 9.39; found: C 47.46, H 4.22, N 8.79.

Homochiral [P-4][4-1], salt: R;=0.0 (SiO,, CH,Cl,); m.p. 300°C (de-
comp); 'H NMR (400 MHz, 20% [Dg]DMSO/CDCL): 6 =8.44 (s, 6H;
H3), 820 (s, 6H; H3), 797 (d, J(H,H)=5.5Hz, 6H; H6'), 6.57 (d,
3J(H,H) =5.9 Hz, 6H; H5), 6.08 (d, J(H,H) =5.5 Hz, 6H; H5), 5.91 (d,
3J(H,H) =5.5 Hz, 6H; H6), 3.17 (d, ¥J(H,H) =77 Hz, 6H; CH,), 2.55 (d,
3J(HH)=74Hz, 6H; CH,), 1.95 (s, 18H; CH;); 'H NMR spectra in
mixtures of [Dg]DMSO/CDCI;, see Table 6; 3P NMR (162 MHz, 20%
[D¢]DMSO/CDCL,): 6 = —80.2; IR (KBr): 7= 3062 (w), 1618 (w), 1452 (s),
1390 (m), 1302 (w), 1236 (W), 992 (m), 826 (s), 720 (W), 675 (m) cm~'; UV/
Vis (0.5% DMSO/CH,CN, 1.82 x 10-°M): Anae (6)=300.0 (1.2 x 10°),
532.0nm (8.8 x 10° cm~'dm?*mol-'); CD (0.5% DMSO/CH,CN, 5.41 x
10-6M, 19.5°C): A (Ag) =245.0 (—334), 286.0 (56), 305.5 (—290), 408.0

Table 6. '"H NMR chemical shifts of [P-4][4-1], as a function of the
percentage of [Dg]DMSO in CDCl;.

DMSO [%] 10 15 20 30 50

H6' 8.230 8.114 7.974 7.632 7.059
H6 6.182 6.143 6.121 6.008 5.516
HY 6.758 6.668 6.585 6.478 6.404
H5 6.116 6.019 5.934 5.761 5.809
H3' 8.306 8.262 8.208 8.102 7918
H3 8.526 8.493 8.446 8.338 8.114
H(CH,) 3.375 3.282 3.187 2.999 2.707
H(CH,) 2.701 —lal 2.582 2.404 2129
H(Me) 2.107 2.034 1.963 1.841 1.684

[a] Not measurable.
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(8), 491.0 (—14), 565.0 nm (23 cm’mmol~'); [a]¥ =282, [a]¥s =256 and
[@]36 =833 (¢ =0.016, 10 % DMSO/CH;CN); MS (ES): postive-ion mode:
13733 ([Fe,L]**(TRISPHAT"),), 1190.6 ([Fe,L,]**(TRISPHAT),), 659.7
([Fe,L;]**(TRISPHAT")), 394.2 ([FeL,]**), 302.3 ([Fe,L;]*"); negative-ion
mode: 768.4 (TRISPHAT"); elemental analysis calcd for C,,HgClysFe,-
N,0,,P, (4285.45) (%): C 40.36, H 1.55, N 3.92; found: C 39.60, H 1.80, N
3.71.

Resolution procedure: In a conical flask equipped with a condenser, a
suspension of Fe(NH,),(SO,), -6 H,O (36.2 mg, 92.41 pmol, 2.0 equiv) and
ligand 3 (50.8 mg, 3.0 equiv) in water/ethanol (1:1, 20 mL) was heated at
reflux (90°C) for 3 h. The resulting red solution was cooled to 20°C and
diluted with water to a volume of 100 mL. A solution of [cinchonidi-
nium|[4-TRISPHAT] salt (4.0 equiv) in 5 % acetone/CH,Cl, (100 mL) was
then added. The resulting biphasic mixture was stirred vigorously for 3 h. A
complete transfer of the coloration from the aqueous to the organic layer
was observed, while a suspension formed at the interface. The solid was
filtered, washed with a large amount of water and CH,Cl, and then dried to
afford the heterochiral salt [M-4][4-1], (95.8 mg; 48 % ). After separation of
the limpid phases, the aqueous layer was extracted with CH,Cl, (2 x
60 mL). The combined organic layers were washed with a 10% acetone/
water (3 x 60 mL), dried (Na,SO,), and concentrated in vacuo to afford the
homochiral diastereomer salt [P-4][4-1], as a deep red solid (98.9 mg,
50%). Analyses for homochiral [P-4][4-1], and heterochiral [M-4][4-1],
salts obtained by this procedure were identical to the those already
reported.
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Bimolecular Extrusion of TeR, from #-Diketiminato Supported Scandium

Bis-tellurolates

Lisa K. Knight,/*! Warren E. Piers,*?! and Robert McDonald!™!

Abstract: Reaction of the well-defined,
base-free dialkyl scandium compounds
L"Sc(CH,SiMes), supported by the f-
diketiminato ligands ArNC(R)CHC-
(R)NAr (Ar=2,6-diisopropyl; R =Me,
L'; R =Bu, L?) with two equivalents of
nBu;P=Te gives the bis-tellurolate com-
plexes L"Sc(TeCH,SiMe;),, 1b (L') and
2b (L?). Tellurolate 2b was isolated and

olate 1b is only moderately stable and
decomposes with elimination of two
equivalents of Te(CH,SiMe;), to form
the dimeric bis-telluride 1d. This com-
pound was characterized by X-ray crys-
tallography and elemental analysis. In
contast, tellurolate 2b decomposes with
loss of only one equivalent of Te(CHS,-
SiMe;),, leading to the formation of a

dinuclear complex with one bridging
telluride unit joining two L2Sc(TeCH,-
SiMe;) fragments. This compound was
also structurally characterized. The sol-
ution behavior of this material is com-
plex, as it exists as three conformational
isomers that undergo slow exchange on
the NMR time scale. The production of
dimer 2¢, along with the results of

fully characterized, including an X-ray
structure analysis, and exhibits two
chemically distinct tellurolate ligands in
solution on the NMR time scale. Tellur-

The organometallic chemistry of well-defined, monomeric,
bis-alkyl derivatives of Sc, Y, and the lanthanides has been
hampered by the synthetic difficulties associated with their
preparation and their prediliction to undergo metalation,
dimerization, or complexation by salts.l'! We recently reported
the preparation of a new family of discrete bis-alkyl scandium
compounds supported by sterically demanding -diketiminato
ligands™ and have now begun to explore their chemistry.

We have previously shown that elemental tellurium inserts
smoothly into the Sc—C bonds of a variety of [CpiScR]
derivatives to form scandium tellurolates, which undergo a
thermal or photochemical extrusion of TeR, to yield the u-
telluride [{Cp3'Sc},(Te)].B! This telluride-forming reaction has
been observed in other tellurolates,*! those of Group 4,51 5[]
and lanthanide®! in particular, and is thought to be an
important process for the deposition of binary metal tellurides
from tellurolate precursors.’] Clearly, in mono-tellurolate
derivatives, the mechanism must be bimolecular, but in bis-
tellurolates, the loss of TeR, may also occur in a unimolecular
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University of Calgary
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crossover experiments, suggest strongly
that TeR, elimination from these bis-
tellurolates is bimolecular.

scandi-

sense, producing an intermediate terminal tellurido complex
which usually oligomerizes. For example, Arnold and Gin-
delberger have used kinetic data to show this is the pathway
for loss of Te(SiPhs), from [CpP'Zr{Te(SiPh;),}], producing
the dimeric [{CpP'Zr},(u-Te),].¥ Significantly, this reaction
proceeds only in the presence of a Lewis base. In contrast, the
experiments described here convincingly show that extrusion
of TeR, from LSc(TeR), (L = -diketiminato) in the absence
of a Lewis base is bimolecular.

The B-diketiminato ligands employed herel'”! incorporate
the bulky Ar group 2,6-iPr-C¢H; and differ in the iminoacyl
substituent of the diketiminato framework: CHj; for series 1
(LY and Bu for compounds 2 (L?; Scheme 1). Ligand L?
offers a slightly greater degree of steric protection than the
CH;-substituted ligand L', since the tBu group pushes the aryl
group forward into the scandium’s coordination sphere more
effectively than the methyl group of series 1.'! Bis-trimethyl-
silylmethyl derivatives of each LSc unit were prepared by
alkylation of the dichloride precursors with organolithium
reagents, giving 1a and 2a in isolated yields of around 40—
45%. Reaction of either of these compounds with two
equivalents of nBu;P=Te,[”] a source of soluble “Te”, pro-
ceeds upon mixing as evidenced by a rapid color change from
light yellow to a darker orange-red. The products are both
thermally and photochemically sensitive and only one (2b)
has been isolated, characterized, and identified as the
expected bis-tellurolate. Analytically pure 2b is an orange-
yellow solid which is moderately stable in solution at ambient
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Series 1, R=CHz, n=1
Series2, R=tBu, n=0

= N Sc
A= Ar\ o
TeCH,SiMe3
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MesSiCH,Te  Ar—N~ —BU
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¢ N—ArT€ Ar gu-17 ..N—Ar  TeCH,SiMes
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Scheme 1. a) 2.1 LiCH,SiMe;; b) 2 Te=PnBus, toluene; ¢) R=rBu, hv,
—Te(CH,SiMe;),; d) R = CHj, hv, — Te(CH,SiMes),.

temperatures if protected from light. The solid-state structure
of 2b was determined by X-ray crystallography (Figure 1).013]
The Sc—Tel and Sc—Te2 distances of 2.8177(5) and
2.8097(5) A, respectively, in the two chemically distinct

Figure 1. Molecular structure of 2b. Selected distances [A] and angles []:
Sc—Tel 2.8177(5), Sc—Te2 2.8097(5), Sc—N1, 2.136(2), Sc—N2 2.080(2),
N1-C4 1.318(3), N2-C6 1.368(3), C4—C5 1.451(3), C5—C6 1.389(4), Sc—C4
2.788(3), Sc—C5 2.695(2), Sc—C6 2.619(2); Tel-Sc-Te2 107.999(17), N1-Sc-
N2 93.41(8), Sc-N1-C4 105.15(16), Sc-N2-C6 96.67(15), C4-C5-C6 133.9(2).

tellurolate ligands (endo and exo as labeled in Scheme 1) are
comparable to that of 2.8337(14) A found in the benzyl
tellurolate [Cp#ScTeCH,Ph].B2 The orientation of the two
tellurolate ligands with respect to each other is striking in that
the structure appears geometrically predisposed to elimina-
tion of TeR, in an intramolecular fashion: the C2-Te2-Sc-Tel
torsion angle is only 16.04(10)°.

NMR spectroscopy on 2b suggests the structure shown is
static on the NMR time scale, since two TeCH,SiMe; groups

Chem. Eur. J. 2000, 6, No. 23
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are apparent in the 'H and '*Te{'H} NMR spectra. For
example, two signals appear in the 'H NMR spectrum at 6 =
2.40 and 1.17 for the TeCH, protons and in the »Te NMR
spectrum, separate signals are observed at 0 =266.7 and 62.9.
Attempts to assign these resonance signals specifically to the
exo and endo positions by 'H ROESY experiments did not
lead to a clear conclusion on this issue. The static solution
structure for 2b contrasts with the behavior of the dialkyl
starting materials, in which the two alkyl groups are equiv-
alent by NMR spectroscopy under similar conditions. This is
likely due to a dynamic process involving flipping of the fj3-
diketiminato ligand.'¥! The barrier to this process in alkyl
derivatives a and related compounds appears to be related to
the steric bulk of the alkyl group, with larger groups having
more difficulty passing through the channel defined by the
bulky aryl groups. Since the tellurolate ligands in compounds
b are more bulky still, the process exchanging them is slow on
the NMR time scale for these ligands.

In contrast to 2b, bis-tellurolate 1b is only fleetingly
observed spectroscopically, and pure samples were not
isolable. In solution, loss of Te(CH,SiMej;), from 1b is facile
and clear yellow crystals can be harvested from these
reactions. Spectroscopic data for this highly insoluble product
were not obtainable in solvents it did not react with; however,
it was identified as the u-telluride species 1d by X-ray
crystallography (Figure 2). The fS-diketimato ligand in 1d

c17: cig’

Figure 2. Molecular structure of 1d. Selected distances [A] and angles [°]:
Sc—Te 2.7604(5), Sc'—Te 2.7634(6), Sc—N1 2.131(2), Sc—N2 2.119(2), N1-C2
1337(3), N2-C4 1.345(3), C2-C3 1.409(3), C3-C4 1.383(4), Sc—C2
3.058(3), Sc—C3 3.328(3), Sc—C4 3.048(2); Sc-Te-Sc’ 79.398(16), Te-Sc-Te’
100.602(16), N1-Sc-N2 88.80(8), Sc-N1-C2 122.07(17), Sc-N2-C4
121.65(17), C2-C3-C4 130.3(2).

ligates the scandium atom in a primarily o-bonding mode as
indicated by a rather long Sc—C3 non-bonded distance of
3.328(3) A and a relatively small deviation of Sc from the
N-C-C-C-N plane of 0.676(3) A. Although a center of
inversion coincides with the centroid of the Sc,Te, core of
the molecule, the Sc—Te and Sc'—Te bond lengths are slightly
different at 2.7604(5) and 2.7634(6) A, respectively. These
parameters compare favorably to the Sc—Te bond length of
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2.7528(12) A found for [{Cp3Sc),(u-Te)] 2! where m-bonding
between Sc and Te probably occurs.

While it is conceivable that the conversion of 1b to 1d
involves intramolecular loss of TeR, followed by rapid
dimerization of “L!Sc=Te”, the following observations con-
vincingly show that this process is bimolecular. First, attempts
to trap “L!Sc=Te” by allowing 1b to decompose in the
presence of PMe; or PhC=CPh (species which might be
expected to trap a terminal tellurido intermediate), only
compound 1d is observed. Furthermore, attempts to disso-
ciate the dimeric structure of 1d with various Lewis bases
leads to decomposition of the compound. Second, a crossover
experiment which utilizes the in situ generated neopentyl
substituted bis-tellurolate in concert with 1b gives a statistical
mixture of Te(CH,CMe;),, Te(CH,SiMe;),, and (Me;SiCH,)-
Te(CH,CMe;)* (1:1:2) upon production of 1d [Eq. (1)]; only

/TeCHZSiMeg
Lse Me3SiCH /Te\CH SiMe; 1
TeCH,SiMe; 3 2 2 3
. Te
* 1d MesCCHy”~ “CH,SiMe; 2 D
/TGCHszE::, .e
Lisc Te
MesCCHy,”™ “CH,CMes
TeCH,CMe3

the first two products would be expected in an intramolecular
extrusion.'! Finally, when the isolated bis-tellurolate com-
pound 2b (vide supra) is allowed to decompose by exposing a
hexane solution to light, half an equivalent of Te(CH,SiMe;),
is produced and deep yellow crystals of the u-tellurido bis-
tellurolate complex 2¢ deposit from the solution (Scheme 1).
This species, which was analyzed by X-ray crystallography
(Figure 3), is produced from bimolecular extrusion of

Figure 3. Molecular structure of 2 ¢; for clarity, only the ipso-carbons of the
S-diketiminato aryl groups are shown. Selected distances [A] and angles [°]:
Sc—Tel 2.8326(4), Sc—Te2 2.7088(4), Sc—N1 2.1002(16), Sc—N2 2.0905(17),
N1-C3 1.332(2), N2—C5 1.341(2), C3—C4 1.425(3), C4—C5 1.420(3), Sc—C3
2.7054(19), Sc—C4 2.693(2), Sc—C5 2.6859(19) ; Sc-Te2-Sc’ 180.0, Tel-Sc-Te2
121.180(14), N1-Sc-N2 97.34, Sc-N1-C3 101.69(12), Sc-N2-C5 100.74(12),
C3-C4-C5 136.60(18), Sc-Tel-C1 101.18(6), Tel-C1-Si 111.47(11).
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Te(CH,SiMe;), from 2b. Likely, this tellurolate —telluride is
an intermediate on the way to a (u-Te), species analogous to
1d, although we have not observed clean conversion of 2¢ to
such a species as of yet. Presumably, the greater steric
presence of the tBu substituted diketiminato ligand stabilizes
this compound towards further loss of Te(CH,SiMe;),.
Structurally, the p-diketiminato ligand in 2c¢ exhibits a
greater degree of m-donation to the scandium center as
supported by the significantly shorter Sc to C3, C4, and C5
distances in 2¢ as compared to those in 1d, and the greater
deviation of Sc from the plane defined by the five ligand
atoms (1.2506(17) A). The linear geometry at Te2 is unusual
for tellurium; a previous example from our group, LIl was
rationalized on the basis of the steric requirements of the

e3P %
Sc

Me3

Me,Si SiMe,

ﬁ?&

ancillary ligand set. While Te2 is also rather sterically
protected in 2¢, the very short Sc—Te2 distance of
2.7088(4) A (cf. the distance of 2.8798(5) A for the Sc—Te
interatomic distance in I) is indicative of significant t bonding
between Sc and Te; thus, there may be a contributing
electronic impetus for the linearity at Te2 in this compound.

As can be seen in Figure3, in the solid state, the
TeCH,SiMe; ligands of 2 ¢ occupy the endo sites at scandium,
underneath the plane of the -diketiminato ligand. However,
'"H NMR spectroscopy on crystals of 2¢ revealed a complex
spectrum consistent with the presence of three conforma-
tional isomers which we label the endo - endo, exo—exo, and
endo—exo isomers of 2¢, based on the orientation of the
tellurolate ligands at each scandium center (Figure 4). Al-
though the spectrum is complicated, the regions of the
spectrum for the backbone CH (6 =5.5-5.8) and the SiCHj;
(0=-0.1-0.5) protons clearly indicate the presence of two
symmetrical and one unsymmetrical species in a 1.0:0.5:0.8
ratio. At room temperature, these isomers do not exchange on
the NMR time scale. However, 'H EXSY NMR spectroscopy
(Figure 4, inset) indicates that the isomers do interconvert,
presumably by the flipping of the S-diketiminato ligands. As
can be seen, the backbone CH signals for the unsymmetrical
endo—exo 2¢ (0 =5.50 and 5.61) exhibit crosspeaks with both
symmetrical isomers (d=25.55 and 5.76), but crosspeaks
between the signals for the exo —exo and endo —endo isomers
and between the two resonance signals for the endo-—exo
isomer are absent. This is presumably because two flipping
events (kg;,) are required in order to carry out these latter
exchanges, while only one is necessary for the former. Again,
it is difficult to specifically assign the peaks in this spectrum to
the isomers; we have assumed for the purposes of Figure 4
that the major symmetrical isomer in solution is that found in
the solid state (i.e. endo —endo 2¢), but it is conceivable that
this is erroneous.

In summary, we have shown that extrusion of TeR, from the
scandium bis-tellurolates 1b and 2b occurs via a bimolecular
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Figure 4. 400 MHz 'H NMR spectrum of the equilibrating mixture of conformational isomers of 2 ¢. For clarity, the aromatic region of the spectrum is not
shown. Inset: 'H-'H EXSY map of the ligand backbone CH region of the spectrum.

pathway, in contrast to previously characterized unimolecular
eliminations from Group 4 bis-tellurolates. In the latter cases,
the TeR, extrusions were initiated in the presence of an excess
of a Lewis base. Under such conditions, the molecular orbitals
necessary for bimolecular transition states are unavailable;
furthermore, coordination of the Lewis base to the metal
center likely forces the tellurolate ligands closer together in
the metal’s coordination sphere, facilitating unimolecular
elimination of TeR,. In the bimolecular reactions described
here, we suggest that the scandium tellurolates serve as their
own Lewis base inducer of elimination through dimerization.
To test these ideas, we are examining the elimination of TeR,
from compounds b in the presence of external Lewis bases.

Experimental Section

'H, BC{'H}, "»Te{'H}, and HMQC NMR experiments were performed on
Bruker AC-200 or WH-400 MHz spectrometers and were recorded in
C4Dg, unless otherwise noted. Data are reported in ppm relative to solvent
signals for 'H and "*C spectra; for '®Te spectra, the data are referenced
relative to external TeMe, (0.0ppm). The ligand HL (L=
ArNC(R)CHC(R)NAr, where Ar=2,6-iPr-CH; and R=rBu) was pre-
pared by a literature procedure.l"'”) Compounds 1a and 2a were prepared
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by alkylation of the LScCl, precursors;? full details will be reported
separately.!'

Preparation of [L?Sc(TeCH,SiMe;),] (2b): Toluene (10 mL) was vacuum
transferred (—78°C) into a flask containing 2a (0.391 g, 0.54 mmol) and
two equivalents of solid TePnBu; (0.357 g, 1.08 mmol). The reaction
mixture was warmed to room temperature and allowed to stir for 5 min.
The toluene was removed in vacuo and replaced with hexanes (5 mL); an
orange precipitate was isolated by means of a cold filtration. The solid was
washed twice with cold hexanes to remove nBu;P and the solid was
recrystallized from hexanes, giving 2b (0.288 g, 55%). 'H NMR: 6 =707
(m, 4H; C¢H;), 6.97 (m, 2H; C¢H;), 5.66 (s, 1 H; CH), 4.30,2.68 (m, 2 x 2H;
CH(CHs),), 2.34 (brs, 2H; ScTeCH,),1.88, 1.50 (brs, 2 x 6H; CH(CH;),),
1.16 (brs, 12H; CH(CHj3),), 1.10 (brs, 20H; NCC(CH;); and ScTeCH,),
030, 0.01 (s, 2x9H; TeCH,Si(CH;);); “C{'H} NMR: 06=1725
(NCC(CHy)s), 144.3 (Cy,), 128.7, 1282, 1270, 1271, 1242 (C¢Hs), 87.7
(CH), 45.7 (NCC(CHs;)5), 32.4 (NCC(CHs;)s), 32.0, 28.9 (CH(CHs),), 29.3,
25.4 (CH(CHs),), 0.4, — 0.1 (Si(CH;)3), —22.1, —22.2 (ScTeCH,); '»Te{'H}
NMR: 0=266.7, 62.9 (ScTeCH,Si(CH,);); elemental analysis calcd for
C,;3H7sN,Si,Te,Sc (%): C 52.90, H 7.74, N, 2.87; found: C 52.57, H 7.59, N
2.88.

Preparation of [{L!Sc},(#-Te),] (1d): Two equivalents of TePnBu; and one
equivalent of 1a were dissolved separately in toluene (10 mL for 1a and
5 mL for TePnBu;). The two reagents were combined and allowed to stir at
room temperature for half an hour. The solution changed to a deep orange
color; the reaction mixture was left at room temperature for two days
during which time, yellow crystals formed and deposited from the solution.
The yellow solid was isolated by filtration and dried in vacuo, giving 1d
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(0.175 g, 57 % ); elemental analysis calcd for CssHg,N,Te,Sc, (% ): C 59.02,
H 7.00, N 4.75; found: C 58.99, H 6.67, N 4.52.

Preparation of [{L?Sc(TeCH,SiMe;)},(#-Te)] (2¢): Compound 2b (0.061 g,
0.063 mmol) was dissolved in hexanes (3 mL) and the homogeneous yellow
solution was stirred while exposed to light at room temperature for 24 h.
Cubic, yellow crystals deposited from this solution. The solvent was
decanted and the crystals were washed three times with cold hexanes
(02mL) to yield 2¢ (0.026 g, 50.0%). There are three conformational
isomers in solution (see text); by symmetry, the '"H NMR spectrum of these
isomers contains eight methine peaks (0 =4.16, 3.86, 2.85, 2.77, two at 6 =
2.64 and 4.32 ) and sixteen methyl resonances (6 = 2.06, 2.00, 1.64, 1.57, 1.54,
1.49, 1.39, 1.36 with eight more resonance signals between 6 =1.26 and
1.06). The aryl resonance signals for the three isomers range from ¢ =7.17
to 6.98; the remaining peaks are assigned as follows for the 'H NMR:
endo—endo 2¢: 6=5.55 (s,2H; CH), 2.03 (s, 4H; ScTeCH,), 1.07 (s, 36 H;
NCC(CH;);), 0.36 (s, 18 H; TeCH,Si(CHj;);); exo—exo 2¢: 0 =5.76 (s, 2H;
CH), 1.34 (s, 4H; ScTeCH,), 1.26 (s, 36 H; NCC(CHs);), 0.04 (s, 18H;
TeCH,Si(CH,);); endo —exo 2¢:5.63 (s, 1H; CH), 5.51 (s, 1H; CH), 2.26 (s,
2H; ScTeCH,), 1.32 (s, 2H; ScTeCH,), 1.14 (s, 18 H; NCC(CHy;)5), 1.10 (s,
18H; NCC(CHs;);), 0.38 (s, 9H; TeCH,Si(CH;);), 0.02 (s, 9H; TeCH,-
Si(CHj;);). Complete assignment of the “C{'"H} NMR spectrum was not
possible, and the data is reported by carbon type: 6 =172.8, 172.4, 171.6,
171.3 (NCC(CHs;);); 145.0, 144.7, 144.4, 143.2, 143.0, 141.4, 141.3, 141.0,
140.6, 1274, 1271, 126.9, 125.4, 125.2, 125.1, 124.2 (CsH,); 89.5, 89.0, 87.8,
877 (CH); 45.5, 45.3, 45.1, 44.9 (NCC(CHs;);); 33.0, 32.9, 32.73, 32.67
(NCC(CH,;),); 32.5, 31.6, 31.2, 31.0, 30.8, 29.8, 29.7, 29.1, 29.0, 28.95, 28.89,
28.8,27.0,26.9,26.7,26.6,26.0,25.8,25.5,24.7,24.6, 24.5, 24.3 (23 of 24 peaks
are observed for (CH(CHj;),) and (CH(CHs;),)); 0.51, 0.48, 0.04, —0.04
(Si(CH;);); —24.0, —24.1, —24.4, —24.8 (ScTeCH,); elemental analysis
caled for C,H 5N,Si, Te;Sc, (%): C 56.75, H 7.82, N 3.39; found: C 56.67, H
8.16, N 3.42.

Crossover experiment: To separate solutions of 1a (0.011 g, 0.016 mmol)
and L'Sc(CH,CMe;)," (0.011 g, 0.016 mmol) in CiD, were added
two equivalents of TePnBu;. The resulting solutions of 1b and
L!Sc(TeCH,CMejs), were combined in an NMR tube; two days later, the
supernatant containing dialkyl tellurides, was decanted from the deposit-
ed yellow crystals of 1d and assayed by 'H and '*Te NMR spectroscopy.
'H NMR: 6=2.58 (s, 2H; Te(CH,C(CHs;);)(CH,Si(CHs)3), 2.55 (s, 4H;
Te(CH,C(CH,)3),), 1.63 (s, 4H; Te(CH,Si(CHs);),), 157 (s, 2H;
Te(CH,C(CHs;);)(CH,Si(CH;)5), 0.97 (brs, 27H; Te(CH,C(CH,;);),) and
Te(CH,C(CHs3);)(CH,Si(CH;)3), 0.09 (brs, 27H; Te(CH,Si(CHs;);),) and
Te(CH,C(CH;);)(CH,Si(CH;)5); '»Te{'H} NMR: 6=36.7 (Te(CH,C-
(CH;);)2)), 345 (Te(CH,C(CHs);)(CH,Si(CHs)s)), 33.9  (Te(CH,Si-
(CHs)3),).
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Synthesis and Self-Assembly of Functionalized
Hexa-peri-hexabenzocoronenes

Shunji Ito,*! Mike Wehmeier,!*! J. Diedrich Brand,!*! Christian Kiibel,!*! Rebekka Epsch,!
Jiirgen P. Rabe,*"! and Klaus Miillen*!?!

Abstract: Monolayers of hexa-alkyl
substituted derivatives of hexa-peri-hexa-
benzocoronene (HBC) 1b have previ-
ously been investigated by scanning
tunneling microscopy (STM) and scan-
ning tunneling spectroscopy (STS). It is
expected that different functional
groups (electron donating or withdraw-
ing) connected to the aromatic core will
influence the packing pattern and possi-
bly the current-voltage characteristics as
well. In order to provide suitable model
systems, a new synthetic approach to
synthesize functionalized HBC deriva-
tives has been developed. This was
accomplished by [4+2]-cycloaddition

penta-2,4-dien-1-ones followed by an
oxidative cyclodehydrogenation with
iron(111) chloride/nitromethane. Using
this strategy three different substitution
patterns were synthesized: 2-bromo-
5,8,11,14,17-pentadodecylhexa-peri-hexa-
benzocoronene  (2a), 2,5-dibromo-
8,11,14,17-pentadodecylhexa-peri-hexa-
benzocoronene (2b), and 2,11-dibromo-
5,8,14,17-pentadodecylhexa-peri-hexa-

benzocoronene (2¢). These bromo-sub-
stituted HBC derivatives were subjected

Keywords: aromatic hydrocarbons -
liquid crystals - mesophases - scan-
ning tunnelling spectroscopy - self-

to palladium catalyzed coupling reac-
tions to give donor (alkoxy, amino) as
well as acceptor (ester, cyano) substitut-
ed derivatives. The self-assembly of
these new HBC derivatives was studied
in the bulk as well as at an interface.
DSC, optical microscopy, and X-ray
diffraction revealed the existence of
columnar mesophases. The bulk struc-
ture in the mesophase is largely insensi-
tive to changes of the substitution pat-
tern; however, in situ scanning tunneling
microscopy at the solid-fluid interface
between an organic solution of the HBC
derivative and highly oriented pyrolytic
graphite reveals different packing pat-

of suitably bromo-substituted diphenyl-

assembly
acetylenes and 2,3,4,5-tetraarylcyclo-

Introduction

Polycyclic aromatic hydrocarbons (PAHs) with peripheral
substituents such as alkoxy-substituted triphenylenes!!l, rufi-
gallols®l, or dibenzopyrenesP] have been intensely studied in
recent years. They consist of flat disc-type cores surrounded
by flexible chains, which enable them to self-assemble into
columnar mesophases.!! The packing behavior of these
discotic liquid crystals renders them well suited materials for
the study of one-dimensional transport processes such as
electrical conductivity®®! and photoconductivity®® along the
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terns of the first adsorbed monolayer.

columnar axis. Using time-of-flight photoconductivity techni-
ques as well as a pulse-radiolysis time-resolved microwave
conductivity technique, it has been shown that highly ordered
columnar phases of substituted triphenylenes exhibit a high
charge carrier mobility.”) By further increasing the size of the
aromatic core, it should be possible to obtain an even higher
charge carrier mobility. Indeed, we have recently shown, that
soluble alkyl-substituted derivatives of hexa-peri-hexabenzo-
coronene (HBC)P! (1a-c) ex-
hibit a charge carrier mobility
as high as 0.13 cm?Vs™' in the
mesophasel’l—the largest val-
ues determined so far for a
discotic liquid crystalline mate-
rial (Figure 1).

Research toward electronics
on the scale of individual mol-
ecules can be performed by
investigating highly ordered
monomolecular adsorbate lay-
ers of PAHs. Using the scanning
tunneling microscope, single

R =CypHz1, C1aHas, C1aHae
la-c

Figure 1. Hexaalkyl-substitut-
ed hexa-peri-hexabenzocoro-
nenes la—c.
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molecules in these two-dimensional patterns can be visualized
with submolecular resolution.'™'¥ At the same time, infor-
mation on their electronic properties can be obtained. For
instance, it was possible to measure different current-voltage
curves for the aromatic and aliphatic moieties of hexaalkyl-
substituted hexa-peri-hexabenzocoronenes.!!

It is tempting to subject HBCs to functionalization and
investigate the influence of the molecular structure upon
supramolecular ordering in both two-dimensional- and three-
dimensional motives. In order to provide suitable systems, we
have therefore synthesized HBC derivatives with electron
donating and electron withdrawing substituents. HBCs with
electron donating substituents provide a further prospect for
better photoconductive properties in the discotic meso-
phase.l’]

Our recently published synthetic concept to obtain alkyl-
substituted HBCs!®! consisted of an oxidative cyclodehydro-
genation of substituted hexaphenylbenzenes with aluminum
chloride/copper(11) trifluoromethanesulphonate (Cu-triflate)
in carbon disulfide. However, applying these conditions and
various other oxidizing agents!™™ to hexaphenylbenzenes with
substituents other than alkyl groups, we were not able to
obtain the desired PAHs. With iron(111) chloride/nitromethane
in dichloromethane we now introduce a cyclodehydrogena-
tion system that allowed us to synthesize bromo-substituted
hexa-peri-hexabenzocoronenes 2a—c (Figure 2).

2a 2b 2c
Figure 2. Bromo-substituted hexa-peri-hexabenzocoronenes 2a—c.

Having at hand compounds 2a—c, it is possible to exchange
the bromo substituents at the aromatic core to introduce
various electron donating and electron withdrawing groups.
The liquid crystalline behavior of the new compounds is
presented, and their self-assembly in ordered molecular
patterns in monolayers at solid —fluid interfaces is investigat-
ed by scanning tunneling techniques.

Results

Synthesis

From a symmetry point of view, we recently considered the
hexagonal structure of 1 as “superbenzene” ' and analogous
larger structures as “supernaphthalene” and “supertripheny-
lene”. Here, we will try to create a benzene-like chemistry for
the ”superbenzene”-molecule. Since the parent hexa-peri-
hexabenzocoronene (HBC) is insoluble in most common

4328
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solvents, flexible, solubilizing
substituents are a prerequisite

for any chemical transforma- 3a

tions at the aromatic core. l a)
Originally, we synthesized

hexaalkyl substituted hexa-

peri-hexabenzocoronenes!®
starting from dialkyldiphenyl-
acetylenes 3a (Scheme 1). Af-

ter a dicobalt octacarbonyl cat- @
alyzed cyclotrimerization, the

resulting hexaalkyl hexaphenyl- @
benzenes 4a could be cyclode-
hydrogenated with aluminum
chloride/copper triflate in car- R
bon disulfide to give the desired 4a
PAHs 1.

This synthetic concept allows l
only identical functionalization
of all six phenyl substituents of
the hexaphenylbenzene, or
product mixtures have to be
tolerated.'”l In order to get
selectively functionalized prod-
ucts we turned to a different
synthetic approach. This was
accomplished by [4 + 2]-cycloaddition of suitably substituted
diphenylacetylenes and 2,3,4,5-tetraarylcyclopenta-2,4-dien-
1-ones to afford well defined hexaphenylbenzene deriva-
tives'®! in excellent yields. With the right combination of
diphenylacetylene and tetraarylcyclopentadienone, the inter-
molecular Diels— Alder reaction followed by a cyclodehydro-
genation offers the possibility of synthesizing a variety of
functionalized hexa-peri-hexabenzocoronenes for spectro-
scopic and electronic investigations. In a first attempt, we
synthesized the pentaalkyl-substituted hexabenzocoronene
1d, which we planned to modify at the free position at the
HBC core by typical aromatic substitution reactions. How-
ever, neither nitration, bromination, nor Friedel - Crafts
reactions gave the desired products. During nitration and
Friedel - Crafts, reactions decomposition took place due to
the strongly acidic conditions. Attempts to brominate 1d
resulted in inseparable mixtures of multiply brominated
compounds. We then decided to build up several bromo-
substituted hexabenzocoronenes by cyclodehydrogenation of
the corresponding bromo-sub-
stituted hexaphenylbenzenes.
The necessary bromo-hexaphe-
nylbenzene derivatives were
synthesized by Diels — Alder re-
actions of suitably substituted
diphenylacetylene and tetraar-
ylcyclopentadienone  building
blocks in a straightforward re-
action sequences.

4,4'-Dibromodiphenylacety-
lene (3b) was synthesized ac-
cording to a literature proce-
dure. Attempts to prepare

1

Scheme 1. Synthesis of hexa-
alkyl-substituted hexa-peri-
hexabenzocoronenes 1. a) Co,-
(CO)g, dioxane, reflux (92%);
b) AICl;, Cu(OSO,CF;),, CS,,
RT (49%).

R=CyzHys

1d

Figure 3. Pentaalkyl-substitut-
ed hexa-peri-hexabenzocoro-
nene (1d).
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Hexa-peri-hexabenzocoronenes

the 4.4'-didodecyldiphenylacetylene (3a) from 3b under
Kumadal®! coupling conditions were unsuccessful, so we
synthesized 3a via a different reaction path (Scheme 2). This
was achieved by introducing alkyl groups to 4,4'-dibromo-
stilbene (5a) in a quantitative Kumada coupling reaction
with NiCl,(dppp) as catalyst. After bromination of the
stilbene double bond, the resulting precursor 6 could be
transformed quantitatively into the desired dialkyldiphenyl-
acetylene 3a by treatment with potassium tert-butanolate in
refluxing tert-butanol (Scheme 2).

Br a)
B, L
a
r
o
Br
6

5

RR 2. A==

3a
R = dodecy!

Scheme 2. Synthesis of dialkyl-substituted diphenylacetylene 3a.
a) NiCl,(dppp), Et,0O (92%); Br,, CCl,, RT (90%); c) tert-butanol,
potassium fert-butanolate, reflux (69 % ).

a) b)
Br@R — ™MS—== —_—

@
I
©

9 R = dodecyl 3¢

Scheme 3. Synthesis of unsymmetrically substituted diphenylacetylene 3c¢.
a) Pd’, Et;N, trimethylsilyacetylene, 65°C (89%); b) THF, potassium
fluoride, RT (95%); c) Pd’, Et;N, 4-bromo-iodobenzene, 65 °C (74 %).

Synthesis of 4-bromo-4'-dodecyldiphenylacetylene (3 ¢) was
accomplished by a sequence of Sonogashira coupling reac-
tions®! (Scheme 3). First, 4-bromododecylbenzene (7)1 was
coupled with trimethylsilylacetylene to give 8 in 89 % yield.
After quantitative deprotection of the triple bond with
potassium fluoride in DMF,?Y alkyne 9 was coupled with
4-bromo-iodobenzene yielding the unsymmetrically substitut-
ed building block 3¢ (74%). Oxidation of the above
synthesized 4,4-dodecyldiphenylacetylene (3a) with I, in
DMSO®! at 155°C resulted in the 1,2-diketone 11 and our
improved synthesis of 1,3-diarylacetones 13a,b?%! enabled the
synthesis of the substituted tetraarylcyclopentadienones
14a,b (Scheme 4).27]

Two-fold Knoevenagel condensation of 11 and 13a,b in
refluxing ethanol yielded the tetraarylcyclopentadienone
building blocks 14a,b (48-67 %). Suitable combinations of
the synthesized diphenylacetylenes and tetraarylcyclopenta-
dienones were then reacted in a [4+2]-cycloaddition in
refluxing diphenylether to give hexaphenylbenzenes 4b-d in
good yields (70-75%).

Thus, 4b and 4¢ were available by reaction of tetra(4'-
alkylaryl)cyclopentadienone 14a with monobromo-3¢ and
dibromodiphenylacetylene (3b), respectively (Scheme 5),
whereas compound 4d was synthesized with 3,4-bis(4'-alkyl-

Chem. Eur. J. 2000, 6, No. 23

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

4327-4342

CH,Br

~O—=—O)
12)::,!) 3a

la) 1b)

i 0o
@)@ RR
X q3ap X 1

o

X @ o @ X
[

R R

14a: X = dodecyl 14b: X =Br
R = dodecyl

Scheme 4. Synthesis of substituted tetraarylcyclopentadienones 14a,b.
a) Fe(CO)s, KOH, benzyltriethylammoniumchloride, CH,Cl,, H,O, reflux
(47-53%); b) I,, DMSO, 155°C (69%); c) KOH, EtOH, reflux, 5 min

(43-60%).
Pe
R

R R

- O—O-
3b X=Br

3c X = dodecyl
Br

@2@
©©©

4c X = dodecyl

Q
o

14a

Scheme 5. Synthesis of bromo-substituted hexaphenylbenzenes 4b,c.
a) Diphenylether, reflux (71-76%).

aryl)-2,5-bis(4’-bromoaryl)cyclopentadienone(14b) and dia-
lkyldiphenylacetylene 3a (Scheme 6). All hexaphenylben-
zenes could be unambiguously characterized by NMR spec-
troscopy, mass spectrometry and elemental analysis.

As mentioned in the introduction, we attempted to trans-
form the functionalized hexaphenylbenzenes into the corre-
sponding hexa-peri-hexabenzocoronene derivatives by apply-
ing the cyclodehydrogenation conditions (AlCly/Cu-triflate in
CS,) suitable for synthesizing hexaalkyl-substituted deriva-
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Br Br
Ol 1 1O
[ ()=
O O s
R 14b R

Br

O -
o
R

4ad R =dodecyl

©
L

Scheme 6. Synthesis of bromo-substituted hexaphenylbenzene 4d. a) Di-
phenylether, reflux (74 % ).

tives.®l However, reaction of the bromo-substituted hexaphe-
nylbenzenes 4b—d under these oxidative conditions failed to
yield the desired products. According to mass spectrometry,
only partially cyclized products were formed. Also, treatment
of the HBC-precursors under various other oxidative coupling
conditions that had been developed by Kovacic®! for the
synthesis of poly-para-phenylenes from benzene did not lead
to the desired HBC derivatives in high yields. Addition of
iron(tm)chloride to a solution of the precursor in dichloro-
methane,® led to unseparable mixtures of hexa-peri-hexa-
benzocoronene derivatives and chlorinated by-products. The
formation of the undesired by-products could be successfully
suppressed by dissolving the iron(it)chloride in nitromethane
before adding it to the reaction mixture and by purging out
HCI evolving during the reaction. Using these improved
conditions (Scheme 7), products 2a—c¢ were isolated in
excellent yield after quenching the reaction with methanol
(90-95%).

We planned to introduce different electron donating and
electron withdrawing substituents at the aromatic core using
the monobromo-substituted HBC 2a. Lithiation with n-
butyllithium in tetrahydrofuran followed by quenching of
the lithiated species with various electrophiles did not yield
the desired products but resulted in the dehalogenated PAH
in up to 80% yield. However, by using Pd-catalyzed coupling
reactions, we were able to introduce various substituents
(Scheme 8 and Scheme 9). It was possible to cross-couple
primary and secondary amines with the monobromo-HBC 2a
under catalysis with Pd,(dba); and BINAP in the presence of
sodium fert-butanolate.’) With this method, we obtained
undecylamino-HBCs 15a,b,c and piperidino-HBC 16 in 80 %
yield (100% conversion).?!l By analogy to this reaction, we
tried to synthesize ether derivatives by similar cross-coupling
of alcohols and 2a with the above mentioned catalyst
system.*? In contrast to the previous synthesis, the alcohols
did not react at all or the conversion was very low. The
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2a: R1=Br, R2 = R3 = dodecyl
2b: R1=R2 =Br, R3 = dodecyl
2c: R1=R2 =dodecyl, R3 =Br
R = dodecyl

Scheme 7. Synthesis of bromo-substituted HBCs 2a-c. a) FeCl;, CH;-
NO,, CH,Cl,, RT (87-93%).

Scheme 8. Synthesis of mono functionalized HBC derivatives. a) 15a:
undecylamine, sodium tert-butoxide, (R)-BINAP, Pd’, toluene, 80°C, 4 h
(74%); 16: piperidine, sodium fert-butoxide, (R)-BINAP, Pd’, toluene,
80°C, 4h (78 %); b) cyclohexanol, NaH, (R)-BINAP, Pd’, toluene, 80°C,
2h (17 %), c) CO, methanol, Pd(PPhs),, PPh;, triethylamine, THF, 100°C,
5d (62%), d) CuCN, NMP, 195°C, 20 h (61 %).
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NH—C1Hz3

NH-C41Hz3

Scheme 9. Synthesis of bis-functionalized HBC derivatives. a) Undecyl-
amine, sodium fert-butoxide, (R)-BINAP, Pd’, toluene, 80°C, 4h (75%);
b) CO, methanol, [Pd(PPh;),Cl,], PPh;, triethylamine, THF, 100°C, 5d
(62%).

primary alcohol undecanol did not give the corresponding
ether derivative but afforded the dehalogenated PAH in 78 %
yield, whereas the secondary alcohol cyclohexanol cross-
coupled with 2a to give the cyclohexyl ether 17 in low yield
(17%). Besides these derivatives with electron donating
substituents, it was also possible to introduce electron with-
drawing substituents by a Pd-catalyzed reaction. In a Pd!
catalyzed carbonylation reaction with CO and methanol
under high pressure,®! the methyl esters 18a and 18b were
synthesized in 60 % yield. With the cyano-HBC 19a, another
derivative with a strongly withdrawing substituent could be
obtained in similar yield (61%) by a Rosenmund-von
BraunP! reaction with CuCN in N-methylpyrrolidone.

All attempts to obtain analytically pure diester 18 ¢ and the
dicyano-HBCs 19b and 19¢, applying the same reaction
conditions as described above, were unsuccessful. Even
though, the reactions yielded the desired products, it was
not possible to separate them from the starting material and
side products.

The new derivatives could be unambiguously characterized
by NMR spectroscopy, mass spectrometry, IR spectroscopy,
UV/Vis spectroscopy,®! and elemental analysis. The NMR
spectra show the expected number of signals, but the chemical
shifts in the 'H-NMR spectra are strongly concentration
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dependent as was observed for 1a before (see Experimental
Section). This is due to the strong m-—m-interaction in
aggregates which are present even at low concentrations.

Characterization of the mesophase behavior

The mesogenic properties of compounds 1, 2, and 15-19 were
investigated using optical microscopy, DSC, and X-ray
diffraction. A summary of the thermal behavior deduced
from these techniques is shown in Tables 1, 2.

DSC Study: At room temperature all compounds are solids,
but they exhibit a liquid crystalline phase at slightly elevated
temperatures. Compounds 1, 2, 15a, and 16-19 form a single
mesophase over a broad temperature range. One strongly
endothermic peak with a characteristic enthalpic value of
about 40-50 Jg~! was observed during the heating cycle and
assigned to the solid-to-mesophase transition. In some cases
additional phase transitions could be identified at low
temperatures by small enthalpy changes. These phases are,
presumably, due to polymorphism in the crystalline or plastic
crystalline state.

The transition from the mesophase into the isotropic liquid
is accompanied by a small change in enthalpy of about 5 J g7,
but was measured only exceptionally, since it occurs at
temperatures above 400°C, where decomposition slowly
starts. At temperatures below 300 °C, where no decomposition
was observed, compounds 1, 2, 15a, and 16-19 exhibit
reversible phase transitions.”®! However, these HBC deriva-
tives show strong supercooling (up to 60°C) and, in some
cases, tend to recrystallize only partially.

The bis-amines 15b and 15c¢ exhibit a slightly different
phase behavior. Even though DSC shows only one phase
transition into a mesophase, an additional phase was observed
by X-ray diffraction for both bis-amines 15b and 15c¢. In case
of 15¢, an approximately rectangular columnar phase was
identified, which is stable between 95 and 115°C. For
compound 15b a phase was observed which is only stable in
a small temperature range around 90 °C before the transition
into the hexagonal discotic mesophase occurs. This phase was
repeatedly observed upon heating, but could not be detected
upon cooling. The reason for the different phase behavior of
compounds 15b and 15¢ compared with 1,2, 15a, or 16-19 is
not yet well understood, but we expect that hydrogen bonding
between NH groups, resulting in a stronger coupling of the
disk-like molecules, plays a crucial role.

Optical microscopy study: To study the thermal behavior of
the compounds 1, 2, and 15-19 by polarization microscopy a
drop cast film was prepared from dichloromethane solution.
Upon heating under nitrogen the compounds underwent a
phase transition into a highly viscous phase, which exhibited a
much stronger birefringence than the initial, partially crystal-
line material. The textures observed at temperatures up to
about 230°C were not characteristic of a particular super-
structure, but upon further heating to a maximum of 420°C
growing domains with textures typical for a columnar
mesophasel 31 were observed for many compounds without
noticeable decomposition. Those textures did not change
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Table 1. Optical, thermal, and thermodynamic data of compounds 1, 2, and
15-19 (C=crystal, LC =liquid crystal, Col,, = ordered hexagonal colum-
nar mesophase, I =isotropic liquid) for the second heating.

Compound Transition T [°C] AH [Jg™']
1b C-Coly, 106.5 60.6
Coly, -1 417 57
1d C-Col,,, 124.4 50.8
Coly,-I 4120
2a C-Coly, 74.1 46.6
Coly,1 > 4200
2b C-Coly, 59.3 40.7
Coly-I > 4200
2¢ C-Coly, 104.3 79.1
Colyy > 420/a0)
15a C-Col,, 89.4 40.1
Col, -1 410- 4251
15b C-LC 89.7 51.8
LC-Coly, ~ 95l
Col,,-1 > 4200
15¢ C-Col, 95.6 449
Col-Coly, ~ 115l
Coly,-1 360-405
16 C-Coly, 101.7 40.3
Coly,-1 >420
17 C-LC 95.9 39.2
LCI 404201
18a C-Coly, 82.6 473
Coly, 1 > 4200
18b C-Coly, 83.0 412
Col,,-1 380 - 400!
19a C-LC 71.3 31.5
LC-I > 4201

[a] A transition observed by optical microscopy. [b] Decomposition
noticeable during optical microscopy. [c] Transition observed by X-ray
diffraction.

during cooling until the sample recrystallized, which could be
observed as fracturing of the mesophase texture in some cases.

For those compounds (1d, 15a, 15¢, 17) with clearing points
below 420°C even fast cooling (15 Kmin™!) of the optically
isotropic liquid gave well-developed birefringent domains
typical for columnar mesophases, but often only after
pronounced supercooling of the optically isotropic liquid
phase. The observed textures include ribbon- or fan-like as
well as dendritic domains: Figure 4 shows some typical
examples.

X-ray Diffraction study: The structure of the different phases
of compounds 1, 2, and 15-19 were examined by temperature
dependent X-ray diffraction. At temperatures up to the first
highly endothermic phase transition the diffraction patterns,
in combination with the mechanical behavior, indicated the
presence of a crystalline phase, however, the alkyl chains were
not well ordered in most cases.

Above the melting point, the X-ray diffraction patterns of
all HBC derivatives described in this paper yielded a set of
peaks which are characteristic of a hexagonal columnar
mesophase (Figure 5).%381 Three to five reflections are
observed at low angles with the first one being much more
intense than the other ones. Their reciprocal spacings follow
the ratio 1:v/3:v/4:v/7:v/9, and they can be indexed as 10-, 11-,
20-, 21-, and 30 reflections of a quasi two-dimensional
hexagonal lattice with intercolumnar distances of about 26
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Figure 4. Optical textures of the hexagonal discotic mesophase of 1d
observed under polarized light (crossed polarizers). Top: 408 °C (heating).
Bottom: 380°C (cooling), scale =100 pm.

Counts [cps]

14000 [ (100) 4007
(110)
12000 |-
10000 [ (200)
200 -
8000 |
6000 | alkyl
(0o1)
4000 |-
I 0 T T . .
2000 | 10 20 30 40
(110) 500,
0 ) , . )

20[°]
Figure 5. X-ray diffraction pattern of 2a at 170°C.

to 31 A. In addition to these reflections a broad halo with its
center around 4.7 A was observed, which is associated to the
liquid-like correlation between aliphatic chains.*”! The 001-
reflection at about 3.5-3.6 A indicates the periodic stacking
of the molecular cores in the columns.[*!

The liquid crystalline samples could be easily aligned by
mechanical shearing, for example by extrusion to a fiber. In
case of compounds le¢ and 2a, the fibers recrystallized
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Table 2. Lattice spacings obtained by X-ray diffraction for the mesophase
of compounds 1, 2, and 15-18 at 170°C.

Com- h k [ d[A] Lattice Calcd densityle! Ven,
pound constant [A]  [gem3] [A3]®!
1b 1 0 0 256 a=296 Col,, 095 31.8
1 1 0 148
2 0 0 123
0 0 1 355 ¢=355
1c 1 0 0 267 a=30.7 Col,, 0.95 30.7
1 1 0 153
2 0 0 133
0 0 1 367 c=367
1d 1 0 0 233 a=272 Col,, 099 317
1 1 0 136
2 0 0 112
0 0 1 360 c=3.60
2a 1 0 0 245 a=283 Col,, 0.98 338
1 1 0 142
2 0 0 123
0 0 1 354 c=354
2b 1 0 0 228 a=263 Col,, 1.07 345
1 1 0 132
2 0 0 114
2 1 0 87
30 0 77
0 0 1 352 ¢=352
2¢ 1 0 0 227 a=262 Col,, 1.08 34.0
1 1 0 131
2 0 0 114
0 0 1 351 ¢=351
15a 1 0 0 244 a=281 Col,, 1.02 29.1
1 1 0 142
2 0 0 121
0 0 1 c=
15b 1 0 0 249 a=287 Col,, 1.00 30.5
1 1 0 144
2 0 0 125
0 0 1 362 c¢=362
15¢ 1 0 0 243 a=28.0 Col,, 1.03 29.3
1 1 0 141
2 0 0 121
0 0 1 368 c¢=3.68
16 1 0 0 251 a=29.0 Col,, 094 327
1 1 0 145
2 0 0 125
0 0 1 35 c¢=356
18a 1 0 0 247 a=28.6 Col,, 093 33.9
1 1 0 144
2 0 0 124
30 0 83
0 0 1 35 ¢=359
18bl 1 0 0 240 a=277 Col,, 094 36.1
1 1 0 137
2 0 0 120
0 0 1 351 c¢=351
. . . . M/N
[a] The density was calculated using the following Equation: p= -V
with M =molecular weight, N = Avogadro number, V=—=a%: volume

V3

unit cell. [b] Vo, was calculated by the following Equation Viy,=

Voot = Vieore = Viubst
NCH;

core (410 A3), and V= volume of varying substituents (non CH,), and

Ncy, =number of CH, and CH; groups. [c] X-ray diffraction measurements
were done in a 2 mm capillary instead of a copper goniometer.

with V,,,,=unit cell volume, V. =volume of HBC

immediately upon cooling to room temperature, retaining the
preferential orientation, but in case of the dibromo-substi-
tuted compound 2b the hexagonal columnar mesophase was
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stable for more than three months at room temperature. The
diffraction pattern of this fiber (Figure 6) proved the orienta-
tion of the columns to be along the fiber axis.

Figure 6. X-ray diffraction pattern of an extruded fiber of 2b at room
temperature (beam direction normal to fiber axis).

Figure 7 shows the X-ray diffraction pattern of compound
15c at 110°C. The first three reflections can be indexed in
agreement with an approximately rectangular structure with
a=33.7 A, but the split reflection at about 6.5° indicates a
small distortion from a rectangular geometry. The reflection

80000
60000
5
S,
2 40000
&
(]
£
20000
0 L\M e .
0 10 20 30

2007
Figure 7. X-ray diffraction pattern of compound 15¢ at 110°C.

at 4.67 A is indexed as a 001-reflection, indicating the stacking
periodicity. Assuming a center-to-center distance of 3.6 A,
this corresponds to a tilt angle of about 40° for the molecular
plane with respect to the column axis.

Scanning tunneling microscopy (STM): As mentioned in the
introduction, different current-voltage characteristics through
single alkylated HBC molecules of 1b have been detected for
the aromatic and aliphatic parts,['*! and it is expected that the
functionalization of the aromatic core will influence the
packing patterns and possibly the current voltage character-
istics. The immobilization of the functionalized HBCs in two-
dimensional molecular patterns and the submolecularly
resolved scanning tunneling microscopy (STM) are also
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prerequisites for the spectroscopy. Therefore, in situ STM
measurements were carried out at the solid—fluid interface
between an organic solution containing the functionalized
HBCs (1b, 1d, 2a, and 15a—-c), and the atomically flat basal
plane of highly oriented pyrolytic graphite (HOPG), follow-
ing a strategy developed some time ago.['! 44

The present investigation is concerned with the influence of
chemical modification on the two-dimensional crystal struc-
ture. In particular, how far will the replacement of an alkyl
side chain by a hydrogen atom or a bromine atom or the
insertion of amino groups into an alkyl chain modify the two-
dimensional crystal structures? The electronic characteriza-
tion of the molecules within the patterns shall be presented
elsewhere.[*]

For hexaalkyl-substituted HBC 1b two different molecular
patterns could be observed (Figure 8a). Like in all STM
images of the present paper the areas of higher tunneling
current are attributed to the aromatic moiety of the mole-
cules.*7*1 Besides a rhombic lattice, which has been already
described for 1b,[¥l also a two-dimensional crystal structure is
found, in which the molecules are dimerized. In Figure 8a two

Figure 8. a) STM image (constant height mode) of the two-dimensional
crystal structures of 1b; b) packing model of the dimer row structure of 1b;
¢) packing model of the rhombic lattice of 1b.

domains are visible, which are separated by a wide domain
boundary, where the molecules are disordered. The domain in
the upper part of the STM image exhibits the rhombic lattice,
while in the domain in the lower part of the image the dimer
row structure is observed. The lattice constants of both
crystalline structures are given in Table 3.

The parallel orientation of all alkyl side chains along a
substrate lattice axis leads to a closely packed crystal. From
the comparison of Figure 8a with the STM images revealing
the underlying graphite lattice (not displayed) one can
determine, which axes of both two-dimensional lattices
correspond to graphite axes. Packing models have been
constructed and displayed in Figure 8b,c. The short diagonal
of the unit cell of the dimer row structure corresponds
to a graphite lattice axis, while there is no correspon-
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Table 3. Lattice constants of all described two-dimensional crystal struc-
tures of functionalized HBC.

Lattice type  Lattice parameters Area per molecule in nm?

a=3.40+0.17 nm 6.63£0.75
b=4.02+0.21 nm
a="76°+2°
x=1.64+0.17 nm
p=61°+4°
a=1.88+0.09 nm
b=2.68+0.11 nm
a=280°+2°
a=2.89+0.11 nm
b=4.56+0.08 nm
a="T72°+3°
x=1.84+0.16 nm
pB=61°+2°
a=1.86£0.07 nm
b=2.60+0.08 nm
a="79°+3°
a=2.98 +0.06 nm
b=4.29+0.08 nm
a=75"+2°
x=1.83+0.14 nm
p=63°+5°
a=2.89+0.15 nm
b=4.36+0.37 nm
a=76°+4°
x=1.70+£0.16 nm
B=66°+4°
a=2.94+0.08 nm
b=4.394+0.23 nm
a=T1°4+2°
x=1.82+0.21 nm
p=56°+4°
a=b=641+0.16 nm
a=60°42.5°
¢=2.70+0.16 nm
p=29°+1°
p=5.72+0.15nm
g=2.75+0.12nm
x=1.644+0.95 nm

1b  dimer rows

rhombic 4.96 +0.48

1d dimer rows 6.27 £0.45

rhombic 475+0.37

15a  dimer rows 6.17 £0.30

15b  dimer rows 6.11+0.97

6.10+£0.57

15¢  dimer rows

2a hexagonal 5.07+£0.39

dence between the axes of the rhombic lattice (determined
by the positions of the aromatic cores) and the graphite
substrate.

For pentaalkyl-substituted HBC 1d also two molecular
patterns could be observed: A dimer row structure (Figure 9a,
Table 3) and a rhombic lattice (Figure 9c, Table 3). Similarly
to the case of 1b, discussed above, packing models have been
constructed, which are shown in Figure 9b (dimer rows) and
Figure 9d (rhombic lattice). Obviously, the symmetries of
both structures are identical to the ones reported for 1b.

By introducing amino groups one may expect changes of
the molecular arrangement due to hydrogen bonds between
neighboring molecules. The STM image of 15a (Figure 10a)
reveals dimer rows.

The average area per molecule (6.17 nm? 4 0.30 nm?, see
Table 3) is a little larger than the calculated valuel
(5.69 nm?). From the experiment, the short diagonal of the
unit cell corresponds to a graphite lattice axis. Therefore, one
may expect that all alkyl chains are aligned along this axis
(Figure 10b). Moreover, Figure 10b demonstrates that distan-
ces between the amino groups of neighboring molecules are
too large for intermolecular hydrogen bonds. On the other
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Figure 9. a) STM image (constant current mode) of the dimer row
structure of 1d; b) packing model of the dimer row structure of 1d;
c) STM image (constant current mode) of the rhombic lattice of 1d;
d) packing model of the rhombic lattice of 1d.

Figure 10. a) STM image (constant height mode) of the dimer row
structure of 15a; b) packing model of the dimer row structure of 15a;
¢) STM image (constant height mode) of the dimer row structure of 15a,
with interstitials (marked with x).

hand, hydrogen bonds cannot be completely excluded, given
the error of the unit cell data.

The described lattice of dimer rows is the only molecular
pattern observed for 15a. Often additional molecules are
located between the dimer rows in interstitial positions.

Chem. Eur. J. 2000, 6, No. 23

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Figure 10c shows quite a high number of these interstitial
molecules.

No change of the lattice constants was observed caused by
the additional molecules, but locally a closer packing is
obtained. The calculated value for a closely packed crystal
indicates that alkyl chains have to be lifted out of the
crystalline interfacial monolayer into the organic solution;
otherwise, within the monolayer there would be not enough
empty space for interstitial molecules. The analysis of all
measured STM images indicates that the additional incorpo-
ration of molecules does not initiate a phase transition to a
more closely packed crystal structure, but rather the inter-
stitials are filled statistically. The already known dimer row
structure is also the typical two-dimensional lattice for 15b
and 15¢ (Table 3).

The symmetries of the two-dimensional crystals of the
functionalized HBCs reported so far are the same as for the
fully alkylated HBC. A different case is a bromo-substituted
HBC 2a. Figure 11 shows the STM image of 2a, which is a

Figure 11. STM image (constant current mode) of the hexagonal lattice of
2a.

rather complex two-dimensional lattice structure. The lattice
contains two types of molecules: molecules associated in
trimers and single molecules. The orientation of neighboring
trimers alternates.

Single molecules and trimers assemble in a supramolecular
pattern. A hexagonal lattice results (Table 3), in which single
molecules fill positions in the center of an ensemble of six
trimers, while every trimer is surrounded by three single
molecules.

The positions of the bromine atoms within the two-dimen-
sional crystal structure of 2a could not be resolved. As it has
been often observed for crystals of other chloro-, bromo-, and
iodo derivatives,”'~] halogen end groups tend to be adjacent
to each other. For that reason, it seems to be most probable
that within the two-dimensional lattice of 2a bromine atoms
are located in the center of trimers (see Discussion).

Discussion

It appears that mono- and dibromo derivatives of HBC 2a,b,¢
are readily available via the Diels—Alder synthesis of
adequately substituted hexaphenylbenzenes and their subse-
quent cyclodehydrogenation. The chemical transformation of
the bromo substituted HBC derivatives is limited for several
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reasons. The molecules are unstable under highly acidic
conditions and show a relatively low solubility in organic
solvents at room temperature. This is especially true for the
dibromo compound 2e¢, which has an even lower solubility
than 2a or 2b. Further problems arise in the purification
process of these extremely large polycyclic aromatic hydro-
carbons. It is often not possible to separate different HBC
derivatives on a chromatography column or to get analytically
pure samples by recrystallization, due to the long alkyl tails.
Therefore, it is necessary to have clean reactions with a high
conversion, especially in case of dibromo-HBCs 2b and 2c¢.
The synthesis of 15, 18, and 19 may serve as typical examples.
It is possible to react the “superbenzene” HBC-molecule
under various conditions known from benzene chemistry. In
contrast to phthalocyanines, where selectively functionalized
derivatives are hard to obtain, the HBCs allow a direct
correlation of the varying substitution pattern with the
packing behavior and the electronic properties.

X-ray diffraction of all HBC derivatives described herein
reveals the formation of hexagonal columnar mesophases with
the exception of 15¢ which exhibits an approximately rectan-
gular structure. The density of the substituted HBCs, calculated
from the X-ray diffraction data, is typically on the order of
0.95-1.0 gcm~3 as is expected for these kinds of compounds.
Only compounds 2b and 2¢ have a higher density of about
1.07 gcm =, presumably due to the heavy bromo substituents.
The calculated volume of a CH, group is on average 31.4 A3
for the pure hydrocarbons, a relatively large, but still typical
value in discotic mesophases.”® > On substituting the alkyl
chains by a short but bulky group (e.g., bromo or methylester)
the calculated volume per CH, group increases to about 33—
35 A3 with this effect being most pronounced for the ortho
disubstituted hexa-peri-hexabenzocoronene derivatives. One
explanation for this observation is the flexibility of the alkyl
chains which does not allow the complete filling of the space
around the bulky substituents, thus leaving a small free
volume in the periphery of these groups.

We conclude that the different substituents in HBC
derivatives induce only small differences in the mesophase
structure and stability. This is in contrast to observations made
for triphenylenes where the mesophase stability is very
sensitive towards different substituents or substitution pat-
terns.’! An explanation for the different properties of
substituted HBCs compared with triphenylenes is the stronger
m—7 interaction and the larger size of the aromatic core in
case of HBC, which stabilizes the mesophase dramatically and
allows for the incorporation of different substituents without
losing mesomorphic properties.

While transitions from parent HBCs 1a,b,c to their chemi-
cally functionalized analogues does not cause significant
changes of the liquid crystalline phases, STM studies reveal
profound changes of the resulting monomolecular adsorbate
layers on HOPG surfaces. It is of key importance to carefully
follow the relation between molecular structures and their
two-dimensional patterns on substrates which may serve as
anchoring layers in devices. While organic chemistry has
accumulated a vast number of three-dimensional crystal
structures, the study of two-dimensional crystals is still in its
infancy.
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It becomes obvious from the STM image of hexaalkyl HBC
1b that the alkyl side chains are located in the area of lower
tunneling current. As with all other STM images presented in
this paper, they could not be molecularly resolved, indicating
a high conformational mobility at room temperature. How-
ever, on graphite the alkyl side chains tend to align along a
substrate lattice axis, as already described for many other
alkylated molecules studied with STM.[LL 1459

Noteworthy, the dimer row structure (Figure 8b) reveals
empty space in the two-dimensional arrangement of the
molecules of 1b. Correspondingly, the area per molecule
determined by the STM experiment (Agy=6.63 nm?+
0.75 nm?) is significantly larger than the calculated value for
closely packed molecules (A, =5.67 nm?) given by the
van der Waals contour of the flat lying molecules.”” The
empty space is presumably filled with solvent. The rhombic
lattice (Figure 8c) on the other hand, is closely packed (A, =
4.96 nm? 4 0.48 nm?). Since crystals generally tend to be
closely packed, the average area per molecule may be used
as a means to estimate the relative stability of both crystals:
The denser packing of molecules within the rhombic lattice
indicates its higher stability.[] Thus, it is not surprising that
with time the denser and more stable rhombic lattice is the
favored two-dimensional crystal structure of 1b molecules.

The dimer row structure and rhombic lattice of 1d were
found to coexist for a long time (Figures 9a—d). Unfortu-
nately, the phase transition between both crystal structures
could not be observed in situ in the STM, probably because of
the limited measuring time.’'! The area which one 1d flat
lying molecule needs within the rhombic lattice (A,,=
475 nm? =+ 0.37 nm?), differs substantially from the dimer
row case (Ag=6.27 nm?=+0.45 nm?). The theoretical value
for closely packed molecules of 1d (Ayeor=4.99 nm?), as
calculated from the van der Waals contour of flat flying
molecules,P fits well with A,. Thus, the thombic lattice
structure has to be considered as the most stable crystalline
modification of 1d (as already demonstrated for 1b). Based
on this assumption the less closely packed dimer row structure
may be a metastable preadsorbate.

The crystal symmetries of 1d are unchanged in comparison
with those of 1b. This is not obvious, since the symmetry of the
free molecules is reduced by the chemical modification, and
new crystal symmetries might be anticipated. The absence of
additional intermolecular forces may explain why the sub-
stitution of an alkyl chain by a simple hydrogen atom does not
entail any significant changes of crystal symmetry. The present
investigation of crystal structures of 1b and 1d indicates that
stronger chemical modifications are necessary to assemble
different stable molecular patterns.

The insertion of NH functionality into the alkyl chains leads
to a stabilization of the dimer row structure when comparing
compounds 15 and 1b. The failure to observe a different
packing when varying both number and position of functional
groups indicates that the two-dimensional crystal symmetry is
probably more determined by requirements of dense packing
than by additional intermolecular forces such as, for example
hydrogen bonding.

A completely different situation is encountered for the
monolayer of the bromo-substituted HBC 2a because one
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visualizes patterns coexisting of both trimeric assemblies and
single molecules. The proximity of bromo end groups and the
formation of trimers could be caused by attractive interac-
tionsl®% between bromine atoms of neighboring molecules.
Close intermolecular contacts between more than two halo-
gen groups as described in the present case for 2a have been
reported for many crystals,5* 62 671 and triangular arrange-
ments of halogen end groups are known, for example for 1,4-
dichloro-benzene.”” In general, two types of attractive
interactions may be considered. Dispersion forcesl® can be
responsible for the formation of crystalline structures where
the halogen atoms (except fluorine)®! are close to each other.
In this case the intermolecular distances are determined by
the sum of van der Waals radii of interacting atoms. The
reason for halogen—halogen intermolecular contacts, which
are shorter than expected from the van der Waals radius, has
been controversially discussed in the literature. Pricel®? and
Nyburgl®®l explain the decreased intermolecular distances
between halogen end groups by an anisotropic model for the
repulsion term. However, Desirajul® and Parthasarathyl®
conclude from angle preferences of intermolecular forces
around halogen atoms that specific attractive interactions
exist, which have been interpreted, for example as “donor—
acceptor” interactions, “charge-transfer” interactions or “in-
cipient electrophilic and nucleophilic attack”. Assuming in a
model treatment of the triangular arrangement of 2a that the
bromine atoms point toward the trimer center one estimates a
distance of the aromatic cores of 1.64 nm. This distance agrees
very well with the experimental value of 1.6 nm +0.1 nm.
However, owing to the considerable error of the calculated
distance one cannot decide on whether the distances are
shorter than van der Waals type contacts (reduced van der
Waals radii by 20 % are within the error).

Conclusion

We have presented a new method to synthesize unsymmetri-
cally substituted hexa-peri-hexabenzocoronenes by oxidative
cyclodehydrogenation of suitable hexaphenylbenzene deriv-
atives with iron(i)chloride in nitromethane, which tolerates
bromine functions at the aromatic core. These bromo groups
enable benzene-like substitution reactions for hexabenzocor-
onene, even though the reactions are limited due to the
solubility of the HBC and the more demanding purification
from similar by-products. Nevertheless, we were able to
synthesize HBCs with several electron donating or electron
withdrawing groups (Scheme 8 and 9).

These new hexa-peri-hexabenzocoronene derivatives self-
assemble in the bulk as well as at the solid—fluid interface
between an organic solution and HOPG. In situ scanning
tunneling microscopy shows the influence of the substituents
on the molecular packing in a two-dimensional crystal.
Interestingly, the molecular symmetry is not determining the
packing pattern. The hexaalkyl HBC 1b exhibits the same two
typical motives as the pentaalkyl HBC 1d, namely a rhombic
and a “dimer row” structure. Introducing a bromo function at
the aromatic core causes a completely different packing
pattern. The bromine groups of different molecules seem to
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interact strongly and thereby induce a hexagonal super-
structure of six trimers and a single molecule. A similar
superstructure could not be observed in the bulk mesophase.

The mesophases of the HBC derivatives are very stable
with respect to variation of the substitution pattern. At high
temperatures an ordered hexagonal columnar mesophase is
observed. This might be due to the high temperature
necessary for reaching the mesophase, which induces a high
mobility of the molecules that competes with specific
intermolecular forces such as the bromine—bromine inter-
action. On the other hand, the change from two-dimensional
to three-dimensional may also be important bringing addi-
tional intermolecular forces into play. Noteworthy, while the
amino groups in 15 induce only a slightly changed packing
behavior in the two-dimensional crystals, these compounds
were the only ones exhibiting an additional mesophase
structure below the transition to the hexagonal columnar
phase. We attribute this to hydrogen bonding between NH
groups in the bulk mesophase.

In summary, the work presented proves the feasibility of
“HBC-chemistry”. The structural characterization gives first
indications how the substitution of the aromatic core affects
two-dimensional and three-dimensional ordering. Further-
more, gathering knowledge on the formation of monomolec-
ular adsorbate layers and, in particular, correlating molecular
structure and the packing mode in two-dimensional crystals
are important steps toward molecular electronics. Subsequent
studies by scanning tunneling spectroscopy can then detect an
influence on the current voltage curve of the aromatic core
upon a change of its electron density.

Experimental Section

STM procedure

In situ STM images were obtained at the interface between the basal plane
of highly oriented pyrolytic graphite (HOPG, Union Carbide, quality ZYB)
and a diluted solution of the functionalized HBCs in 1,2,4-trichlorobenzene
(c=10"*moll™"), following an experimental procedure reported else-
where.[': 4 Experiments were performed at room temperature with an in-
house built microscope, which is based on the “Beetle” type STMI® ®l and
Omicron controls (CPU-3CE, SPM software version 2.1). Both electro-
chemically etched (28 KOH+6N KCN) and mechanically cut Pt/Ir (80:20)
tips were used. Typical operation conditions for imaging the graphite lattice
were negative sample bias (30 -200 mV), tunneling currents around 0.2 nA
and scan rates of 30 Hz per line.

First, STM images of the freshly cleaved substrate in pure solvent or air
were recorded in “constant height” mode to calibrate the scanner for the
currently used tip. Afterwards a drop of the organic solution containing the
HBC was deposited on the graphite surface. Often spontaneous crystal-
lization was observed; otherwise the crystallization was induced by an
external voltage pulse between sample and tip (—(2-4) V). The two-
dimensional crystals of physisorbed molecules were studied in the
“constant current mode” as well as in the “constant height mode” under
ambient conditions (negative sample bias: 1.0-1.8 V, tunneling current:
0.1-0.6 nA, scan rates: 30 Hz per line). After imaging of the molecular
pattern the bias voltage was reduced to 30-200 mV, which allows to
characterize the underlying graphite lattice.[*> ! Based on this method one
may determine the relative orientation between adsorbate and substrate
lattices.

General methods

'"H-NMR and C-NMR spectra were recorded in CDCl;, CDCL/CS, 1:1,
and C,D,Cl, on a Varian Gemini 200, Bruker DPX 250, Bruker AMX300,
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and Bruker DRX500 with use of the solvent proton or carbon signal as
internal standard. Melting points were determined on a Biichi hot stage
apparatus and are uncorrected. Infrared spectra were recorded on a Nicolet
FT-IR 320 spectrophotometer as KBr pellets. Mass spectra were obtained
on a VG Instruments ZAB 2-SE-FPD by using FD. Elemental analysis
were carried out on a Foss Heraeus Vario EL.

Differential scanning calorimetry (DSC) was measured on a Mettler DSC
30 with heating and cooling rates of 5—10°Cmin~'. First order transition
temperatures were reported as the minima of their endothermic peaks
during heating. A Zeiss Axiophot with a nitrogen flushed Linkam THM
600 hot stage was used to characterize the polarization microscopy textures
and to estimate clearing temperatures. Heating and cooling rates varied
between 5 and 20°Cmin~.

X-ray diffraction experiments were performed using a Siemens D 500 Kris-
talloflex with a graphite-monochromatized Cuy, X-ray beam, emitted from
a rotating Rigaku RV-300 anode. The temperature of the samples, which
were directly on a copper sample-holder or in glass capillaries, was
measured by a bimetal sensor and calibrated by reference measurements.

Materials

NiCL(dppp), 1M dodecylmagnesiumbromide in diethyl ether, AICl; (99 %),
dodecanoyl chloride (98 %), hydrazine hydrate (98 %), piperidine (99 %),
trimethylsilylacetylene (98%), KF (99 %), 4-bromoiodobenzene (98 %),
sodium hydride (95 %), iron pentacarbonyl, diphenyl ether (99 %), nitro-
methane (96+ %), undecylamine (98 %), copper cyanide (99%), cyclo-
hexanol (99 % ), and N-methyl-2-pyrrolidinone (99 + %) (all from Aldrich)
were used as received. Triphenylphosphine (97 %), iodine (99.5%), CS,
(99 + %), dimethylformamide, benzyltriethylammoniumchloride (98%),
and potassium-tert-butanolate (all from Fluka) were used as received.
Iron(t)chloride (98 %), triethylamine (99 %), and copper iodide (98 %)
(all from Merck) were used as received. Trans-dichlorobis(triphenylphos-
phine)palladium(11) (99 % ), tris(dibenzylideneacetone)-dipalladium(o), and
(R)-BINAP (98%) (all from Strem) were used as received. Dimethyl
sulfoxide, methanol, ethanol, and chloroform (A.C.S. reagent, Riedel-de
Haén) were used as received. THF (A.C.S. reagent, Riedel-de Haén) was
refluxed over potassium and distilled freshly before use. Toluene (A.C.S.
reagent, Riedel-de Haén) was refluxed over sodium and distilled freshly
before use, CH,Cl, (A.C.S. reagent, Riedel-de Haén) was dried over CaH,
and freshly distilled before use.

Synthesis

4,4'-Didodecyl-trans-stilbene (5b): Dodecylmagnesiumbromide (550 mL,
1M in diethyl ether, 0.55 mol) was added to a solution of 4,4'-dibromo-trans-
stilbenel™! (85 g, 251 mmol) and NiCl,(dppp) (549 g) in diethyl ether
(600 mL). After stirring overnight, 2M aqueous HCl was added to the
reaction mixture. The organic phase, together with some precipitate was
separated from the aqueous phase and the solvent was removed under
reduced pressure. The residue was dissolved in dichloromethane and
filtered over silica gel to afford 4,4'-didodecyl-trans-stilbene as a colorless
solid (119 g, 92%): M.p. 80-82°C; '"H NMR (300 MHz, CDCl;): d =7.43
(d,J=8.0Hz,4H), 718 (d,/=8.0 Hz, 4H), 7.05 (s,2H), 2.60 (t, / =7.6 Hz,
4H), 1.1-1.8 (m, 40H), 0.90 (d, /=7.6 Hz, 6H); *C NMR (75 MHz,
CDClL;): 6 =142.8,135.4,129.1, 128.1, 126.7, 36.1, 32.3, 31.8, 30.1, 30.0, 29.9,
29.7, 23.1, 14.5; FD-MS: m/z (%): 516.4 [M]* (100); anal. calcd (%) for
CyHgo: C 88.30, H 11.70; found: C 87.91, H 11.43.

1,2-Dibromo-1,2-bis(4-dodecylphenyl)ethane (6): Bromine (6.7 mL,
131 mmol) was added to a solution of 5b (68 g, 131 mmol) in chloroform
(800 mL). After stirring overnight the solution was washed with aqueous
sodium sulfite and water (2 x) and dried (MgSO,). The solvent was
evaporated to afford 6 as a colorless solid (81 g, 90%): M.p. 115-117°C;
'H NMR (300 MHz, CDClLy): 6=1750 (d, /J=8.0Hz, 4H), 725 (d, J=
8.0Hz, 4H), 710 (d, /=8.0Hz, 4H), 700 (d, /J=8.0 Hz, 4H), 5.55 (s,
2H), 5.50 (s, 2H), 2.70 (t, J=78 Hz, 4H), 2.55 (t, /=78 Hz, 4H), 1.2-1.9
(m, 40H), 0.95 (d, /=7.6 Hz, 6 H); *C NMR (75 MHz, CDCL;): 6 =144.4,
143.8,137.8,135.5,129.1, 128.9, 128.5, 128.1, 59.9, 56.8, 36.1, 35.9, 32.3, 31.6,
31.5, 30.1, 30.0, 29.9, 29.8, 29.6, 23.1, 14.5; FD-MS: m/z (%): 676.7 [M]*
(100); anal. calcd (% ) for C3HgBr,: C 67.45, H 8.94; found: C 67.62, H 8.68.

4,4-Didodecyldiphenylacetylene (3a): A solution of 6 (80 g, 118 mmol)
and potassium-tert-butanolate (140 g, 1.248 mol) in tert-butanol (1 L) was
heated at reflux overnight. The reaction mixture had cooled to room
temperature and extracted with methyl-fert-butyl ether. The organic phase
was washed with 2m aqueous HCI and a saturated sodium bicarbonate
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solution and dried (MgSO,). After evaporation of the solvent the crude
product was recrystallized from toluene to afford 4,4'-didodecyldiphenyl-
acetylene (55 g, 69 % ): M.p. 58 °C; 'H NMR (300 MHz, CDCl;): 0 =740 (d,
J=84Hz, 4H), 712 (d, J=8.4 Hz, 4H), 2.58 (t, /=72 Hz, 4H), 1.6-1.2
(m, 40H), 0.86 (d, /=7.6 Hz, 6 H); *C NMR (75 MHz, CDCl,): d =143.6,
131.8,128.8,121.0, 89.3, 36.3, 36.2, 31.6, 30.0, 29.8, 29.8, 29.7,29.6, 23.1, 14.5;
FD-MS: m/z (%): 514.6 [M]* (100); anal. calcd (%) for CsHsg: C 88.65, H
11.35; found: C 88.51, H 11.33.

4-Bromododecanoylbenzene: Dodecanoyl chloride (219 g, 1 mol) was
added dropwise to a solution of bromobenzene (314 g, 2 mol) and
aluminum chloride (160 g, 1.2 mol). The mixture was stirred at 50°C for
1 h. The reaction mixture was then poured into ice water and extracted with
dichloromethane. The organic phase was washed with 2m HCI and brine
and dried (MgSO4). After removal of the solvent, the residue was purified
by recrystallization from ethanol to afford 4-bromododecanoylbenzene as
colorless plates (227 g, 67 %): M.p. 64.0°C; '"H NMR (300 MHz, CDCl,):
0=1773(d,J=8.0Hz,2H),7.52 (d,/=8.0 Hz,2H), 2.83 (t,/ = 7.5 Hz, 2H),
1.63 (q, /J=75Hz, 2H), 1.31-1.08 (m, 16H), 0.89 (t, J=70Hz, 3H);
3C NMR (75 MHz, CDCL): 6=199.86, 136.21, 132.24, 129.99, 128.36,
38.98, 32.29, 30.00, 29.87,29.85, 29.71, 24.68, 23.07, 14.49; FD-MS: m/z (%):
338.5 [M]* (100); anal. caled (%) for C;sH,,OBr: C 63.72, H 8.02; found: C
63.46, H 7.96.

4-Bromododecylbenzene (7): A mixture of 4-bromododecanoylbenzene
(200 g, 589 mmol), hydrazine hydrate (98%, 85.8 mL), and potassium
hydroxide (132 g, 2.36 mol) in triethylene glycol (1 L) was heated at reflux
for 2h. The mixture was distilled at atmospheric pressure until the
temperature of the reaction mixture reached 210°C. After cooling to room
temperature, the resulting mixture was poured into water, acidified with
conc. HCl (220 mL), and extracted with dichloromethane. The organic
phase was washed with water, dried (MgSO,) and concentrated under
reduced pressure. The residue was purified by column chromatography on
silica gel with petroleum ether to afford 7 as colorless oil (130 g, 68 % ):
'H NMR (300 MHz, CDCl;): 6=740 (d, /=8.0Hz, 2H), 7.06 (d, /=
8.0 Hz, 2H), 2.58 (t, /=75 Hz, 2H), 1.61 (quint, J=7.5Hz, 2H), 1.36-
1.18 (m, 18H), 0.92 (t, /=70 Hz, 3H); “C NMR (75 MHz, CDCl,): 6 =
142.25, 131.65, 130.56, 119.64, 35.76, 32.33, 31.72, 30.05, 29.98, 29.87, 29.76,
29.60, 23.10, 14.51; FD-MS: m/z (%): 324.2 [M]* (100).

4-[ (Trimethylsilyl)ethynyl]dodecylbenzene (8): A solution of 7 (20.3 g,
62.5 mmol), triphenylphosphine (1.65 g, 6.30 mmol), copper iodide (1.15 g,
6.02mmol), and trans-dichlorobis(triphenylphosphine)palladium (i)
(2.10 g, 3.00 mmol) in piperidine (400 mL) was heated at 50°C and
trimethylsilylacetylene (18 mL, 12.5 g, 127 mmol) was added dropwise.
The resulting mixture was stirred at 80°C for 24 h under an argon
atmosphere. The reaction mixture was poured into a saturated NH,CI
solution and extracted with dichloromethane. The organic phase was
washed with half-saturated ammonium chloride solution and water. After
removing the solvent the residue was purified by column chromatography
on silica gel with petroleum ether to afford 8 (19.1 g, 89 %) as a pale yellow
oil. '"H NMR (200 MHz, CDCl;): d =7.38 (d, J=8.0 Hz, 2H), 710 (d, / =
8.0 Hz, 2H), 2.59 (t,J =75 Hz, 2H), 1.58 (quint, J = 7.5 Hz, 2H), 1.46-1.12
(m, 18H), 0.89 (t, J=6.6 Hz, 3H), 0.25 (s, 3H).

4-Ethynyldodecylbenzene (9): A solution of potassium fluoride (4.39 g,
75.6 mmol) in water (21 mL) was added to a solution of 8 (129¢g
378 mmol) in dimethylformamide (300 mL). After stirring at room
temperature for 3 h the reaction mixture was poured into water and
extracted with toluene. The organic phase was washed with water, dried
(MgSO,), and concentrated under reduced pressure. The residue was
purified by column chromatography on silica gel with petroleum ether to
afford 9 (9.71 g, 95%) as a colorless oil. 'H NMR (200 MHz, CDCl;): d =
742 (d, J=8.1Hz, 2H), 7.14 (d, J=8.1 Hz, 2H), 3.03 (s, 1H), 2.61 (t, J =
7.7 Hz, 2H), 1.61 (quint, /=7.7 Hz, 2H), 1.44-1.11 (m, 18H), 0.90 (t, J =
6.2 Hz, 3H); *C NMR (50 MHz, CDCl,;): 6 = 144.37, 132.54, 128.87, 128.69,
119.87, 84.38, 76.88, 36.42, 32.46, 31.71, 30.19, 30.12, 30.02, 29.90, 29.78,
23.22,14.60; FD-MS: m/z (%): 270.3 [M]* (100).

4-Bromo-4'-dodecyldiphenylacetylene (3c¢): Triphenylphosphine (948 mg,
3.62 mmol), copper iodide (691 mg, 3.63 mmol), and trans-dichlorobis(tri-
phenylphosphine)palladium(11) (1.26 g, 1.80 mmol) in piperidine (280 mL)
9 (9.71 g, 35.9 mmol) was added dropwise to 4-bromoiodobenzene (11.2 g,
39.5 mmol). The resulting mixture was stirred at room temperature for 3 h
under an argon atmosphere. The reaction mixture was poured into a
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saturated ammonium chloride solution and extracted with dichlorome-
thane. The organic phase was washed with concentrated ammonium
chloride solution and water. After removing the solvent the residue was
purified by column chromatography on silica gel with petroleum ether to
yield 3¢ (11.34 g, 74%) as colorless needles. M.p. 69.5°C; 'H NMR
(500 MHz, CDCL,): 6 =745 (d, J=8.4 Hz, 2H), 741 (d, J=8.1 Hz, 2H),
7356 (d, J=8.4 Hz, 2H), 7.14 (d, J=8.1 Hz, 2H), 2.59 (t, /=76 Hz, 2H),
1.59 (t, J=76Hz, 2H), 1.33-1.20 (m, 18H), 0.87 (t, J=7.0Hz, 3H);
3C NMR (125 MHz, CDCl;): 6 =143.76, 132.96, 131.57, 131.50, 128.51,
122.54, 122.22, 120.04, 90.79, 87.67, 35.92, 31.92, 31.20, 29.66, 29.63, 29.56,
29.47, 29.34, 29.24, 22.68, 14.10. anal. caled (%) for C,sHy;Br: C 73.40, H
7.82, Br 18.78; found: C 73.85, H 7.71, Br 18.27.

1,3-Bis(4-dodecylphenyl)-propan-2-one (13b) as an example for the syn-
thesis of substituted diphenylpropan-2-ones: A vigorously stirred mixture
of 4-bromomethyldodecylbenzene (12b) (24 g, 71 mmol), iron penta-
carbonyl (73 g, 37 mmol) benzyltriethylammoniumchloride (0.54 g,
1.93 mmol) and sodium hydroxide (12.3 g dissolved in 7mL H,0O) in
dichloromethane (170 mL) was heated at reflux overnight. After cooling to
room temperature half concentrated HCI (130 mL) was added. The organic
phase was then washed with 2M HCI and water and dried (MgSO,). The
solvent was evaporated, and the residue was purified by column chroma-
tography with petrol ether/CH,Cl, 3:1 to afford 13a.

Compound 13a: Yield: 53%; m.p. 116°C; 'H NMR (300 MHz, CDCL,):
0=747 (d,J=8.4 Hz,4H), 7.04 (d, J =8.4 Hz, 4H), 3.69 (s, 4H); *C NMR
(75 MHz, CDCl,): 6 =205.1, 133.0, 132.3, 131.6, 121.7, 48.9; FD-MS: m/z
(%):367.7 [M]* (100); IR: ¥ = (KBr) 1715 (s), 1650 (m), 1488 (m), 1265 (m),
1012 (w), 738 (m), 704 (w); anal. caled (%) for C;sH;,Br,O: C 48.94, H 3.26;
found: C 48.71, H 3.05.

Compound 13b: Yield: 47 %; m.p. 72-74°C; 'H NMR (300 MHz, CDCl,):
0="715 (d, J=8.0 Hz, 4H), 7.07 (d, /=8.0 Hz, 4H), 3.69 (s, 4H), 2.60 (t,
J=74Hz, 4H), 1.7-1.1 (m, 40H), 091 (d, /=74 Hz, 6H); *C NMR
(75 MHz, CDCl;): 6 =206.5, 142.2, 131.7, 129.8, 129.2, 49.2, 36.1, 42.4, 31.9,
30.0,29.8,23.2, 14.6; FD-MS: m/z (%): 546,4 [M]*; IR (KBr): 7=3421 (s),
3043 (m), 2891 (s), 2849 (s), 1715 (s), 1467 (s); anal. caled (%) for C3Hg,O:
C 85.65, H 11.43; found: C 85.17, H 11.40.

4,4-Didodecylbenzil (11): A mixture of 4,4'-didodecyldiphenylacetylene
(50 g, 97 mmol) and iodine (12.2 g, 48 mmol) in dimethyl sulfoxide
(250 mL) was stirred at 155°C overnight. After cooling to room temper-
ature, the reaction mixture was poured into an aqueous sodium thiosulfate
solution (500 mL) and extracted with dichloromethane. The organic phase
was washed with water and dried (MgSO,). After evaporation of the
solvent the residue was purified by column chromatography with petrol
ether/dichloromethane 3:1 to yield 11 (55 g, 69 %) as yellow crystals. M.p.
47°C;'"HNMR (300 MHz, CDCl;): 6 =790 (d, /=82 Hz,4H), 7.30 (d, /=
8.2 Hz, 4H), 2.68 (t, /=74 Hz, 4H), 1.8-1.1 (m, 40H), 0.88 (d, /=7.6 Hz,
6H); 3C NMR (75 MHz, CDCl,): 6 =194.8, 151.2, 131.2, 128.8, 129.3, 36.5,
32.2,31.3,29.9,29.8,29.7,29.6,29.5,23.0, 14.4; FD-MS: m/z (%): 546.3 [M]*
(100); IR (KBr): 7 = 3438 (s), 2925 (m), 2850 (s), (s), 1671 (s), 1606 (s); anal.
caled (%) for C3Hss0,: C 83.46, H 10.69; found: C 83.49, H 10.89.
Tetrakis(4-dodecylphenyl)cyclopentadienone (14a) as an example for the
synthesis of substituted tetraarylcyclopentadienones: A solution of potas-
sium hydroxide (1.2 g, 22 mol) in ethanol (6 mL) was added to a refluxing
solution of 11 (12 mg, 22 mmol) and 1,3-bis(4-dodecylphenyl)propan-2-one
(10.81 g, 20 mmol) in ethanol (36 mL). After 5 min the reaction was cooled
to 0°C and the resulting purple oil was separated from the solvent. Column
chromatography of this viscous oil with petrol ether/dichloromethane 4:1
afforded 14a as a purple solid.

Compound 14a: Yield: 43 %; m.p. 55°C; '"H NMR (300 MHz, CDCl;): 6 =
719 (d, J=82 Hz, 4H), 7.05 (d, J=8.2 Hz, 4H), 6.98 (d, /=8.2 Hz, 4H),
6.83 (d, /=82 Hz,4H), 2.55 (t,/=75Hz,4H), 1.8-1.1 (m, 40H), 0.91 (d,
J=76Hz, 6H); *C NMR (75 MHz, CDCL): 6 =154.6, 143.6, 142.5, 131.2,
130.4, 129.8, 128.9, 128.5, 128.3, 125.2, 36.2, 32.4, 31.7, 31.5, 30.2, 30.0, 29.9,
29.7,23.2,14.6; FD-MS: m/z (%): 1057.0 [M]* (100); IR (KBr): 7 =2924 (s),
2853 (s), 1710 (s), 1465 (s); anal. caled (%) for C;H,,,0: C 87.43, H 11.05;
found: C 8712, H 11.12.

Compound 14b: Yield: 60 %; m.p. 55°C; 'H NMR (300 MHz, CDCL,): 6 =
7.34 (d, J=8.5Hz, 4H), 7.08 (d, J=8.5 Hz, 4H), 6.97 (d, /=8.0 Hz, 4H),
6.76 (d,J=8.0 Hz, 4H), 2.54 (t,J =7.5 Hz), 1.80-1.10 (m, 40H), 0.91 (t,J =
6.8 Hz, 6H); 3C NMR (75 MHz, CDCL;): 6 =199.6, 155.3, 143.9, 131.6,
131.2,130.2,129.8, 129.2, 128.1, 123.9, 121.7, 35.8, 31.9, 31.0, 29.7, 29.5, 29.4,
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29.2,22.7,14.1; FD-MS: m/z (%): 878.6 [M]* (100); IR (KBr): #=2924 (s),
2853 (s), 1709 (s), 1486 (m), 1465 (m), 1072 (m), 1010 (m), 847 (w), 766 (w);
anal. caled (% ) for Cs;HgBr,O: C72.44, H 7.52, Br 18.20; found: C 72.26, H
741, Br 17.80.

4-Bromo-4',4",4" 4" 4""-pentadodecylhexaphenylbenzene (4b) as an ex-
ample for the synthesis of substituted hexaphenylbenzenes: A mixture of
4-bromo-4'-dodecyldiphenylacetylene (11) (4.00 g, 9.41 mmol) and tetra(4-
dodecylphenyl)cyclopentadienone (15b) (10.0 g, 9.46 mmol) in diphenyl
ether (15 mL) was heated at reflux for 16 h under an argon atmosphere.
After cooling to room temperature ethanol (300 mL) was added to the
reaction mixture. The solvent was decanted and the residual oil was
purified by column chromatography on silica gel with petroleum ether/
dichloromethane 10:1 to afford 4b.

Compound 4b: Yield: 71 %; m.p. 35.5°C; 'H NMR (500 MHz, CDCl;): 6 =
6.93 (d, J=8.2 Hz, 2H), 6.66-6.61 (m, 16H), 6.59 (d, /=79 Hz, 6 H), 2.35
(t, /=76 Hz, 4H), 2.32 (t, J=7.6 Hz, 6H), 1.43-1.06 (m, 100H), 0.87 (t,
J=6.9 Hz, 15H); *C NMR (125 MHz, CDCl;): d =140.85, 140.57, 140.25,
140.11, 139.48, 139.19, 138.80, 138.06, 137.99, 137.84, 133.24, 131.30, 129.56,
126.77, 126.50, 119.06, 35.35, 35.32, 31.94, 31.23, 31.14, 29.76, 29.75, 29.69,
29.54,29.38, 28.88, 28.82, 22.69, 14.09; FD-MS: m/z (%): 1454.5 [M]* (100);
anal. caled (%) for C,,H,4Br: C 84.19, H 10.32, Br 5.49; found: C 84.30, H
10.43, Br 5.40.

Compound 4¢: Oil; yield: 76 %; '"H NMR (250 MHz, CDCl;): 6 =6.97 (d,
J=8.5Hz, 4H), 6.65 (d, J=8.5Hz, 4H), 6.62—6.60 (m, 16H), 2.38-2.28
(m, 8H), 1.38—1.04 (m, 80H), 0.88-0.83 (m, 12H); *C NMR (63 MHz,
CDCl;): 6 =140.7, 140.0, 139.3, 139.2, 138.9, 138.1, 137.3, 137.1, 132.7, 130.8,
129.5, 126.4, 126.2, 119.1, 34.9, 31.6, 30.8, 30.7, 29.4, 29.3, 29.2, 29.0, 28.5,
28.4,22.3,13.7; FD-MS: m/z (%): 1365.1 [M]* (100).

Compound 4d: Yield: 74 %; m.p. 71°C; '"H NMR (300 MHz, CDCL;): d =
6.88 (d,J=8.5 Hz, 4H), 6.61 (d, /] =8.5 Hz, 4H), 6.58-6.56 (m, 16 H), 2.29
(t,J=73Hz,8H), 1.35-1.04 (m, 80H), 0.91 (t, /= 6.8 Hz, 12H); C NMR
(75 MHz, CDCl,): 6 =141.6, 140.8, 140.4, 138.9, 134.6, 132.5, 130.8, 128.1,
120.2,36.7,33.3,32.5, 31.1, 31.0, 30.9, 30.7, 30.1, 24.1, 15.6; FD-MS: m/z (%):
1365.1 [M]* (100); anal. caled (%) for CyH,,,Br,: C79.19, H 9.09, Br 11.72;
found: C 79.24, H 8.95, Br 11.57.

2-Bromo-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoronene (2a) as
an example for the synthesis of substituted hexa-peri-hexabenzocoronenes:
A solution of iron(t)chloride (3.87 g, 23.9 mmol) in nitromethane (30 mL)
was added dropwise to a stirred solution of 4-bromo-4',4".4".4"" 4" -
pentadodecylhexaphenylbenzene (4b) (2.03 g, 140 mmol) in dichlorome-
thane (400 mL). An argon stream was bubbled through the reaction
mixture throughout the entire reaction. After stirring another 30 min the
reaction was quenched with methanol (200 mL). The precipitate was
filtered, washed with methanol (200 mL), and dried under reduced
pressure. The crude product was purified by column chromatography on
silica gel with hot toluene/petroleum ether to afford 2a.

Compound 2a: Yield: 93%; 'H NMR (500 MHz, 50% CDCI,/CS,): 6 =
7.99 (s,2H), 7.86 (s, 2H), 7.75 (s, 2H), 7.61 (s, 2H), 7.53 (s, 2H), 7.40 (s, 2H),
2.94 (m,2H),2.73 (m, 4H),2.51 (m,4H), 2.03 (m, 2H), 1.86 (m, 4H), 1.78 -
1.24 (m, 94H), 0.95-0.87 (m, 15H); “C NMR (125 MHz, 50% CDCly/
CS,): 0=138.86, 138.71, 138.64, 130.10, 128.82, 128.58, 128.29, 128.17,
127.03, 122.24, 121.99, 121.86, 121.76, 121.70, 120.64, 120.38, 120.22, 120.14,
120.00, 119.91, 118.40, 118.06, 117.81, 117.10, 37.40, 37.20, 36.86, 32.67, 32.50,
32.21,32.08, 31.96, 30.43, 30.34, 30.27, 30.18, 30.11, 30.08, 30.02, 29.99, 29.91,
29.56,22.86,14.19; FD-MS: m/z (%): 1442.1 [M]* (100); anal. calcd (%) for
CpHyyoBr: C 84.19, H 10.32, Br 5.49; found: C 84.26, H 10.39, Br 5.17.

Compound 2b: Yield: 89%; 'H NMR (250 MHz, 50% CDCI,/CS,): d =
7.77 (s,2H), 7.53 (s,2H), 7.32 (s,2H), 7.03 (s, 2H), 6.91 (s, 2H), 6.85 (s, 2H),
2.86 (t, J=72Hz, 4H), 2.52 (t,J =72 Hz, 4H), 2.09-1.90 (m, 4H), 1.85-
1.32 (m, 76 H), 1.02-0.97 (m, 12H); *C NMR (125 MHz, CDCL): 6 =
139.08, 138.58, 129.78, 129.13, 128.48, 128.29, 127.86, 126.44, 122.60, 122.22,
121.10, 120.92, 120.87, 120.69, 120.40, 120.00, 119.87, 117.54, 117.01, 116.00,
110.39, 37.67,37.28, 32.93, 32.61, 32.42, 30.85, 30.79, 30.64, 30.59, 30.56, 30.54,
30.45, 30.11, 23.49, 14.71; FD-MS: m/z (%): 1353.4 [M]* (100); anal. calcd
(%) for CyoH, 1,Br,: C79.86; H 8.34, Br 11.81; found: C 79.88, H 8.46, Br: 11.40.

Compound 2¢: Yield: 87 %; '"H NMR (300 MHz, 50 % CDCL/CS,): 6 =7.51
(s, 4H), 711 (s, 8H), 2.42 (t, J=7.4 Hz, 8H), 1.71-1.40 (m, 80H), 0.98 (t,
J=6.8 Hz,12H); “C NMR (75 MHz, CDCl;): 6 =138.8, 130.0, 127.8, 126.8,
122.6,121.4,121.1, 120.8, 120.2, 117.2, 116.9, 37.3, 32.8, 32.6, 30.9, 30.8, 30.7,
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30.6, 30.3, 23.7, 15.0; FD-MS: m/z (%): 1353.4 [M]* (100); anal. calcd (%)
for CyoH;1,Br,: C 79.86, H 8.34, Br 11.81; found: C 79.77, H 8.22, Br 11.32.

2-(N-Undecyl)amino-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoro-
nene (15a) as an example for the synthesis of amino-substituted hexa-peri-
hexabenzocoronenes: A mixture of 2-bromo-5,8,11,14,17-pentadodecyl-
hexa-peri-hexabenzocoronene (2a) (104 mg, 0.0718 mmol), undecylamine
(0.45 mL, 358 mg, 2.09 mmol), sodium tert-butoxide (242 mg, 2.52 mmol),
tris(dibenzylideneacetone)-dipalladium(o) (7.1 mg, 0.0078 mmol), and (R)-
BINAP  ((R)-(+)-2,2"-bis(diphenylphosphino)-1,1"-binaphthyl) (13 mg,
0.021 mmol) in toluene (10 mL) was heated at 80°C for 4 h under an
argon atmosphere. The resulting mixture was purified by column chroma-
tography on silica gel with hot toluene/petroleum ether to afford the
4-undecylaminohexabenzocoronene (83 mg, 75 %) as yellow crystals.

Compound 15a: '"H NMR (500 MHz, 50% CDCI,/CS,): 6 =8.30 (s, 4H),
8.26 (s,2H), 8.20 (s, 2H), 7.97 (s, 2H), 7.38 (s, 2H), 3.23 (t, /= 6.6 Hz, 2H),
2.97 (t, J=8.7Hz, 4H), 2.95 (t, J=8.7 Hz, 2H), 2.85 (t, /=78 Hz, 4H),
2.00-1.78 (m, 12H), 1.68-1.22 (m, 106 H), 0.95-0.85 (m, 18 H); 3*C NMR
(125 MHz, 50% CDCL/CS,): 6 =145.79, 139.31, 139.13, 139.03, 130.52,
129.56, 129.50, 129.31, 129.04, 123.25, 123.15, 123.11, 120.80, 120.68, 119.69,
119.31, 118.31, 118.09, 117.68, 105.49, 44.19, 37.35, 37.20, 32.56, 32.42, 32.07,
32.03, 30.30, 30.24, 30.18, 30.05, 30.00, 29.92, 29.89, 29.84, 29.55, 29.51, 27.77,
22.85,22.81,14.15; FD-MS: m/z (%): 1533.1 [M]* (100); anal. calcd (%) for
Ci;3HN: C 88.50, H 10.58, N 0.91; found: C 88.25, H 10.16, N 0.87.

Compound 15b: 'H NMR (500 MHz, 50 % CDCIL/CS,): 6 =8.58 (s, 2H),
8.55 (s, 2H), 8.51 (s, 2H), 8.28 (s, 2H), 7.67 (s, 2H),7.36 (s, 2H), 3.72 (m,
2H), 3.28 (t, /= 72 Hz, 4H), 3.09 (t, /=8.0 Hz, 4H), 3.02 (t, /= 8.1 Hz,
4H), 2.02-1.92 (m, 12H), 1.86-1.20 (m, 102H), 0.90-0.85 (m, 18H);
3C NMR (125 MHz, 50% CDCIL,/CS,): 6 =145.60, 139.09, 139.01, 130.54,
130.26, 129.54, 129.51, 129.47, 129.33, 123.51, 123.40, 120.86, 120.79, 120.73,
118.78, 118.54, 118.34, 117.91, 105.67, 105.44, 44.12, 37.37, 37.27, 32.58, 32.47,
32.05, 30.22, 30.05, 30.02, 29.95, 29.86, 29.54, 27.73, 22.90, 14.21; FD-MS:
miz (%): 15342 [M]* (100); anal. caled (%) for C,;,HN,: C 87.66, H
10.51, N 1.83; found: C 87.64, H 10.53, N 1.81.

Compound 15¢: 'H NMR (500 MHz, 50% CDCL/CS,): 6 =8.46 (s, 4H),
8.30 (s, 4H), 7.73 (s, 4H), 3.85 (brm, 2H), 3.37 (t, /= 6.6 Hz, 4H), 3.01 (t,
J=177Hz, 8H), 1.98-1.85 (m, 12H), 1.59-1.32 (m, 104 H), 0.90-0.85 (m,
18H); BC NMR (125 MHz, 50 % CDCIy/CS,): 0 = 145.2,138.5,130.0, 129.0,
128.7,122.8, 120.2, 118.4, 117.8, 1174, 105.0, 43.4, 36.4, 31.5, 31.2, 31.1, 29.3,
29.2,29.1, 29.0, 28.9, 28.6, 26.8, 22.0, 13.3; FD-MS: m/z (%): 1534.2 [M]*
(100); anal. caled (%) for C;;,H;¢N,: C 87.66, H 10.51; found: C 87.72, H
10.41.

2-Piperidino-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoronene
(17): A mixture of 2-bromo-5,8,11,14,17-pentadodecylhexa-peri-hexaben-
zocoronene (2a) (107 mg, 0.074 mmol), piperidine (0.21 mL, 181 mg,
2.12 mmol), sodium tert-butoxide (242 mg, 2.52 mmol), tris(dibenzylide-
neacetone)dipalladium(o) (7.9 mg, 0.0086 mmol), and (R)-BINAP ((R)-
(+)-2,2'-bis(diphenylphosphino)-1,1'-binaphthyl) (16 mg, 0.026 mmol) in
toluene (10 mL) was heated at 80°C for 4 h under an argon atmosphere.
The resulting mixture was purified by column chromatography on silica gel
with hot toluene/petroleum ether to afford 17 (83 mg, 78 %) as yellow
crystals. 'H NMR (500 MHz, 50% CDCL/CS,): 6 =8.25 (s, 2H), 8.22 (s,
2H), 8.16 (s,2H), 8.15 (s, 2H), 8.11 (s, 2H), 8.10 (s, 2H), 3.57 (t, /= 5.3 Hz,
4H), 2.95 (t, J=8.1Hz, 4H), 2.875 (t, J=7.5 Hz, 4H), 2.86 (t, /=75 Hz,
2H), 2.10-2.04 (m, 4H), 1.98-1.83 (m, 12H), 1.66—1.23 (m, 90H), 0.92—
0.85 (m, 15H); *C NMR (125 MHz, 50 % CDCI,/CS,): 6 =149.80, 139.26,
139.05, 130.45, 129.47,129.33, 129.11, 123.21, 122.88, 120.89, 120.76, 120.64,
119.34,119.22,119.19, 118.54, 118.46, 109.95, 51.64, 37.35, 37.28, 32.62, 32.46,
32.04, 30.22, 30.05, 30.00, 29.92, 29.84, 29.51, 26.63, 24.79, 22.82, 14.16; FD-
MS: m/z (%): 1446.6 [M]* (100); anal. calcd (%) for C,o;H;,;;N: C 88.80, H
10.24, N 0.97; found: C 88.21, H 10.26, N 0.91.

2-Cyclohexyloxyhexabenzocoronene (16): After stirring a mixture of
cyclohexanol (1.14 g, 11.4 mmol) and sodium hydride (338 mg, 14.1 mmol),
in toluene (50 mL) at room temperature for 1h, 2-bromo-5,8,11,14,17-
pentadodecylhexa-peri-hexabenzocoronene (2a) (503 mg, 0.348 mmol),
tris(dibenzylideneacetone)dipalladium(o) (33 mg, 0.036 mmol), and (R)-
BINAP  ((R)-(+)-2,2"-bis(diphenylphosphino)-1,1"-binaphthyl) (67 mg,
0.11 mmol) was added to the mixture. The resulting mixture was stirred
at 80°C for 2 h under an argon atmosphere. The reaction mixture was
poured into water and extracted with hot toluene. The organic phase was
washed with water, dried (MgSO,), and concentrated under reduced
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pressure. The residue was purified by column chromatography on silica gel
with petroleum ether/carbon disulfide 3:1 and hot toluene/petroleum ether
1:1 to afford 16 (87 mg, 17 %) as yellow crystals. 'H NMR (500 MHz, 50 %
CDCI,/CS,): 6 =827 (s, 2H), 8.26 (s,2H), 8.19 (s, 2H), 8.17 (s, 4H), 8.14 (s,
2H), 4.76 (m, 1H), 2.98 (t, /= 8.4 Hz, 4H), 2.93 (t,/ =8.4 Hz, 2H), 2.91 (t,
J=84Hz, 4H), 2.39-2.32 (m, 2H), 2.16-2.08 (m, 2H), 2.00-1.88 (m,
14H), 1.85-1.77 (m, 2H), 1.76-1.24 (m, 90H), 0.892 (t, /= 6.6 Hz, 15H);
BC NMR (125 MHz, 50% CDCL/S,): 6 =155.57, 139.31, 139.14, 131.22,
129.42,129.31, 129.20, 129.13, 129.10, 123.08, 122.79, 121.13, 120.89, 120.72,
120.67,119.78,119.19, 118.67, 118.48, 109.00, 75.35, 37.26, 37.23, 32.46, 32.43,
32.38,32.32,32.04, 30.19, 30.16, 30.04, 30.00, 29.93, 29.85, 29.53, 26.17, 24.06,
22.89, 14.20; FD-MS: m/z (%): 1462.0 [M]* (100); anal. caled (%) for
C0sH1450: C 88.70, H 10.20; found: C 88.27, H 10.22.

2-Methoxycarbonyl-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoro-
nene (18 a) as an example for the synthesis of methylester-substituted hexa-
peri-hexabenzocoronenes: A mixture of 2-bromo-5,8,11,14,17-pentadode-
cylhexa-peri-hexabenzocoronene (10) (530 mg, 0.367 mmol), triphenyl-
phosphine (100 mg, 0.383 mmol), triethylamine (1.06 g, 10.1 mmol), meth-
anol (703 mg, 21.9 mmol), and trans-dichlorobis(triphenylphosphine)palla-
dium() (131 mg, 0.186 mmol) in tetrahydrofuran (20 mL) was stirred at
100°C for 5 d under a carbon monoxide atmosphere (5 atm) in a 40 mL
autoclave. After cooling the reaction mixture the solvent was removed
under reduced pressure. The residue was purified by column chromatog-
raphy on silica gel with hot toluene/petroleum ether to afford 2-methoxy-
carbonyl-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoronene (325 mg,
62 %) as orange yellow crystals.

Compound 18a: 'H NMR (500 MHz, 50% CDCL/CS,): 6 =8.47 (s, 2H),
780 (s, 2H), 7.74 (s, 2H), 7.71 (s, 2H), 7.66 (s, 2H), 7.63 (s, 2H), 4.14 (s, 3H),
276 (t, J=8.1 Hz, 2H), 2.66 (t, J=8.1 Hz, 4H), 2.59 (t, J=8.1 Hz, 4H),
1.88 (q,J =8.1 Hz, 2H), 1.83—1.72 (m, 8H), 1.64 — 1.23 (m, 90 H), 0.93 - 0.88
(m, 15H); BC NMR (125 MHz, 50% CDCIL/CS,): 6 =167.15, 139.16,
138.90, 128.93, 128.62, 128.52, 128.46, 128.26, 126.43, 125.15, 121.89, 120.65,
120.49, 120.41, 120.25, 119.28, 119.04, 118.22, 117.31, 51.86, 37.24, 37.12,
37.03, 32.49, 32.41, 32.37, 32.07, 31.96, 30.39, 30.34, 30.12, 30.08, 30.05, 29.98,
29.89, 29.55, 22.86, 14.18; FD-MS: m/z (%): 1422.3 [M]* (100); anal. calcd
(%) for C,o,H,40,: C 87.83, H 9.92; found: C 87,63, H 9.03.

Compound 18b: 'H NMR (250 MHz, CD,CL/CS,): 6 =7.83 (s, 2H), 7.78 (s,
2H), 761 (s, 2H), 750 (s, 2H), 736 (s, 2H), 7.25 (s, 2H), 3.99 (s, 3H), 2.71 (t,
J=75Hz, 4H), 2.49 (t,J =72 Hz, 4H), 1.91 - 1.25 (m, 80 H), 1.03-0.88 (m,
12H); ®*C NMR (125 MHz, CD,CL/CS,): 6 = 16723, 140.36, 140.21, 129.76,
129.64, 129.21, 128.79, 128.50, 126.41, 122.41, 122.21, 121.92, 121.61, 121.45,
119.66, 119.40, 118.43, 52.81, 38.56, 38.29, 33.61, 33.37, 31.94, 31.90, 31.66,
31.56, 31.52, 31.43, 31.10, 24.50, 15.72; FD-MS: m/z (%): 1311.9 [M]* (100);
anal. caled (%) for CoH;130,: C 86.06, H 9.07; found: C 86.03, H 8.98.

2-Cyano-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoronene (19a): A
mixture of 2-bromo-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoro-
nene (315 mg, 0.219 mmol) and copper cyanide (4.10 g, 45.7 mmol) in N-
methyl-2-pyrrolidinone (30 mL) was heated at 185°C for 20 h under an
argon atmosphere. The reaction mixture was poured into 10 % ammonium
hydroxide solution. The precipitated crystals were collected by filtration,
washed with water and purified by column chromatography on silica gel
with CS,/petroleum ether 1:1 and toluene/petroleum ether 1:1 to afford the
2-cyano-5,8,11,14,17-pentadodecylhexa-peri-hexabenzocoronene (184 mg,
61 %) as yellow crystals. 'H NMR (500 MHz, 50 % CDCIy/CS,): 6 =792 (s,
2H),7.76 (s,2H), 7.35 (s,2H), 7.16 (s, 2H), 7.08 (s,2H), 6.82 (s, 2H), 2.89 (t,
J=82Hz, 2H), 2.66 (t, J=82Hz, 4H), 2.17 (t, J=82Hz, 4H), 1.97
(quint, J=8.2 Hz, 2H), 1.80 (quint, J=8.2 Hz, 4H), 1.71-1.25 (m, 94H),
0.98-0.87 (m, 15H); *C NMR (125 MHz, 50% CDCIL/CS,): 6 =139.44,
138.82, 138.57, 128.75, 128.14, 127.76, 127.60, 127.53, 125.92, 124.25, 121.37,
121.30, 121.12, 120.68, 120.35, 120.29, 120.15, 119.98, 119.22, 118.67, 117.80,
117.36, 115.43, 107.19, 3727, 37.09, 36.41, 32.68, 32.45, 32.08, 31.98, 31.81,
30.43,30.36, 30.24, 30.20, 30.16, 30.11, 30.07, 30.04, 30.01, 29.92, 29.58, 22.91,
14.21; FD-MS: m/z (%): 1388.4 [M]" (100); anal. calcd (% ) for C,;H;3;N: C
89.05, H 9.94, N 1.01; found: C 88.41, H 10.03, N 0.90.
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Modular Chemistry with Aluminum Phosphanides:

Cluster Formation of (AIP), (n=3,6,7), Al,P;, and Al,Li,P, Frameworks

Matthias Driess,* Stephan Kuntz, Christian Monsé, and Klaus Merz!?!

Abstract: The ALP; heterocycle 1 is
formed in 94 % yield by the reaction of
the primary silylphosphane 6a with
Me;Al in toluene at 70°C. While 1
crystallizes in an isomerically pure form,
in which the six-membered Al;P; ring
prefers the chair conformation and the
P-H hydrogen atoms adopt exo posi-
tions, it isomerizes in solution to give
different diastereomers as shown by 'H
and 3'P NMR spectroscopy. Intermolec-
ular cyclocondensation of 1 at 110°C in
toluene leads, under liberation of meth-
ane, to the distorted hexameric-prismat-

capability of 1 to function as a building
block was further used for the synthesis
of the solvent-separated ion pair
[Li(thf),]* [(Me,Al)4(PR);]~ (3) which
was prepared by a one-pot reaction of 1
with nBuLi and Me,AICl in 15% yield.
The structure of 3 was established by an
X-ray diffraction analysis. Double de-
protonation at phosphorus in 1 with
RPLi, (R=iPr;Si) (molar ratio 1:2),

Keywords: aggregation - aluminum
- cluster compounds - phosphorus -
pnictides

and subsequent transformation of the
reaction mixture with Me;Al afforded
the novel donor-solvent-free cluster 4 in
62% vyield. The latter consists of a
rhombododecahedral Al,Li,P; frame-
work, in which the Li centers are three-
coordinate. The reaction of the silyl-
phosphane 6b with the trimethylamine
adduct of alane furnishes not only the
hexamer (RPAIH);, (R=({PrMe,C)-
Me,Si) but also the corresponding hep-
tamer S, which has a nonregular poly-
hedral (AIP), framework and represents
the first cluster of this type.

ic (AlP), cluster 2 in 98% yield. The

Introduction

The availability of molecular cluster compounds of different
sizes, such as metal clusters!!! and II/VI colloids,? is of
considerable interest for the development of the chemistry
and physics of nanoparticles.?l Therefore a great deal of
research activity is currently devoted to the development of
novel methods for the synthesis of tailored and functional
clusters starting from simple molecular building blocks. One
of the important optoelectronic materials are binary and
multinary III/V semiconductors (e.g., GaN, InGaAs, In-
GaAlP; triel/pentel phases), which are accessible by thermal
decomposition of molecular single-source precursors in the
gas phase (chemical vapor deposition, CVD) or in solution.[
However, the mechanism of the cluster formation and reasons
behind the different dispersions are as yet hardly understood.
A useful model system for cluster formation is provided by the
intermolecular conversion of small, molecular III (triel)/V
(pentel) aggregates into larger ones. This modular construc-

[a] Prof. Dr. M. Driess, Dipl.-Chem. S. Kuntz, Dipl.-Chem. C. Monsé,
Dr. K. Merz
Lehrstuhl fiir Anorganische Chemie I, Fakultit fiir Chemie
Ruhr-Universitdt Bochum, Universitétsstrasse 150
44801 Bochum (Germany)
Fax: (-+49)234-321-4378
E-mail: matthias.driess@acl.ruhr-uni-bochum.de
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tion principle is based on the aggregation of the building
blocks through the formation of additional donor—acceptor
bonds (Scheme 1).

Q [6+6]
2 —_—

(MX)q

[4+4+4+4]

e 4

(MX)e

(MX),
® = M=RAl, RGa
O =X=RP, RAs

Scheme 1. Formation of hexagonal-prismatic (MX), frameworks from MX
dimers and trimers.

Molecular triel phosphanide and arsanide aggregates with
different (MX), frameworks (M = ALF! Ga;l) X =P, As; n=
2,3,4,6) appear to be particularly suitable for this process,
since dimeric, trimeric, and other oligomeric building blocks
are readily available. On the other hand, triel phosphanides
and arsanides have been investigated far less than related
aluminum- and gallium-nitrogen analogues (triel-imino
aggregates)l’l and therefore deserve special attention. Corre-
spondingly, the formation of aluminum arsanides with a
higher degree of aggregation (n >2) has been demonstrated
so far only in the case of dimeric, NMes-stabilized aluminum
arsanides which, under elimination of NMe;, easily undergo
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trimerization to give clusters with a hexameric (AlAs),
skeleton (Scheme 1).8] We report here on the first modular
aluminum phosphanide trimer 1, which easily dimerizes to the
hexamer 2 and forms the anionic Al,P; cage in 3, and the
AlLi,P; cluster 4 (see Scheme 2). Furthermore, we describe
the first aluminum phosphanide heptamer 5 which formally
consits of two complementary anionic Al/P; and cationic
ALP, cluster halves.

Results and Discussion

The heterocycle 1 is accessible by the reaction of the primary
silylphosphane 6 a with AlMe; at 70 °C in the molar ratio of 1:1
in 94% yield (Scheme 2). While solutions of 1 as expected

Me
Me\ i H R Me
Al—p Me P—Al
RPH, MeATOC R.. /0 N\ Me noc o AISpl PR
—r “Me o Vel o] Me
6a: R =/ PrSi COHON L TMe —cn A
s A—P * RPL Al
e ‘ : /AI E/ ~
_ R Me’
a) BULI/THF s
a) BuLi/THF RPLI
b) Me,AIC! b) Me,AICI ] 3; Mes%’\zl
—C,H _
—te'” - Eigw o
Me © )
i} Mes /F’\\AFNIe
R //L‘\E/Hk
7\ ‘AI/P R [Ll(thf)4] § A ,}/L _79_
Li /P\ |
MeoAl / \AI Me” AlkpéAl\ Me
!
3 4

Scheme 2. Synthesis of 1-4.

show a diastereomeric mixture (H and P NMR spec-
tra),’® %l it crystallizes in an isomerically pure form with a
chairlike Al;P; framework and the P-H hydrogen atoms in
axial positions, owing to the steric demand of the silyl groups
(Figure 1). This is proven by an X-ray structure analysis which
revealed Al-P (2.453(2) A) and Si—P distances (2.281(3) A)
similar to those observed in related dimers and trimers.

Figure 1. Solid-state structure of 1. Selected distances [A] and angles [°]:
Al1-P1 2.453(2), P1-Sil 2.281(3), P1-H1 1.36(7); Sil-P1-All 117.22(6),
All-P1-All 116.12(11), Si1-P1-H1 98(3), Al1-P1-H1 101(1).
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The correspondingly reactive PH and AlMe functions in 1
facilitate the intermolecular condensation reaction to 2 at
110°C in toluene; that is, two six-membered Al;P; rings are
linked together under liberation of CH,. An X-ray structure
elucidation of 2 proves the presence of a distorted hexagonal-
prismatic (AlP)s skeleton (Figure 2). The Al-P distances in
the ALP; base (2.379(2), 2.387(2) A are only marginally

Figure 2. Molecular structure of 2. Selected distances [A] and angles [*]:
Al1-P1 2.379(2), P1-Sil 2.262(2), Al1-C 1.861(3); Sil-P1-All 116.00(7),
Al1-P1-Al (AL;P; moieties) 122.44(6), Al1-P1-Al (ALP, moieties) 84.17(6).

shorter than those in the four-membered AlLP, ring moieties
(2.430(2) A), thus implying a strong flattening out with
respect to the original Al;P; chair conformation in 1. The
cluster topology of 2 is identical with that in AlH-analogous
(AlAs)s aggregates, which, however, were obtained through
trimerization of the respective (AlAs), building blocks
according to Scheme 1.1 The comparatively high P-H bond
acidity of 1 also opens up other modular reaction pathways.
Thus, reaction of 1 with nBuLi and Me,AlCl (molar ratio of
1:2:1) in THF affords the solvent-separated ion pair 3, which
contains a Al,P; aggregate anion. Remarkably, 3 is more
efficiently accessible by a one-pot reaction of 6a with nBuLi
and Me,AlCl in the molar ratio of 5:5:4 as outlined in
Scheme 2. The multinuclear NMR spectra of 3 do not display
any unexpected features, and the 2?Al NMR spectrum shows
expectedly only one very broad signal at 6=49 (h,,=
3200 Hz).®! The constitution of 3 has been corroborated by
an X-ray structure analysis which revealed that the Al-P
distances in the separated Al,P; anion are only a little shorter
than that observed in 1 (Figure 3).

Double deprotonation at phosphorus in 1 with RPLi, as a
base (R =SiiPr;) in the molar ratio 1:2 in toluene leads to a
phosphanide mixture that also contains RPHLI. Its reaction
with one molar equivalent of AlMe; furnishes the neutral
rhombododecahedral ALLi,P, cluster 4 in 62% yield; 4
represents the first lithium aluminum phosphanediide of this
type. It crystallizes in the monoclinic space group P2,/n, and
the bonding and topology of the centrosymmetric AlLi,P,
framework is identical with that of the currently described
arsenic homologues.[®! However, all Li centers (A* coordina-
tion) in 4 are coordinatively unsaturated (Figure 4). The Al-P
and Li—P distances are identical with those in related
phosphanediides®” and 1-3. Furthermore, in experiments
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Figure 3. Molecular structure of the Al,P; anion in the [Li(thf),] salt 3.
Selected distances [A] and angles [°]: AIl-P1 2.422(3), P1-Sil 2.250(3),
Al1-C 2.010(6); Al1-P1-Al (ALP; moiety) 112.16(10), P1-All-P (ALP,
moieties) 92.47(11).

Figure 4. Solid-state structure of 4. Selected distances [A] and angles []:
Al1-P1 2.425(2), Li1—P1 2.495(6), Lil—Li 2.864(8), P1-Sil 2.235(2).

toward the synthesis of higher (AIP), clusters (n > 6) starting
from simple building blocks, we demonstrated that the
reaction of the silylphosphane 6b with H;Al(NMe;) furnishes
not only predominantly the respective hexagonal-prismatic
(AIP), derivative 2’ but also the heptamer 5, which, however
crystallizes very slowley from the reaction mixture [Eq. (1)].

HaAl(NMeg)
RPH, > " (RP—AH); + (RP—AIH);

— Ha, — NMeg (1)
6b: R = (iPrMe.C)MesSi 2 5

Since 5 cannot be dissolved in common organic solvents
without decomposition, its structure could only be established
by single-crystal X-ray diffraction analysis. The oval Al,P;
framework with its four-coordinate Al and P atoms can be
simply described as an adduct composed of two complemen-
tary (ionic) Al;P, and AlP; cluster halves that are linked
together through three P (donor)-Al (acceptor) bonds, in
which the Al-P distances of the “anchor bonds” are similar
with those in the cluster halves (Figure 5).

Furthermore, it is remarkable that the identical “free”
anionic Al,P; cluster half is in fact present in 3 (see Figure 3).
Similar heptameric structures have also been observed for
related iminoalanes [RAINR']; (R=R’=Me, Et).l"l Octa-
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Figure 5. Molecular structure of 5. For clarity the organic groups at silicon
are omitted. Selected distances [A]: Al1—P1 2.395(6), P1-Sil 2.265(6).

meric clusters [RAINR’]; are also accessible by variation of
the synthetic conditions and the steric requirements of the
substituents at aluminum and nitrogen, but they also have a
nonregular polyhedral framework.™ The latter oligomeric
iminoalanes provide support for the existence of higher
phosphorus analogues. We are currently investigating whether
larger (AIP), and (AlAs), clusters are accessible by similar
synthetic methods.

Experimental Section

All experiments were routinely carried out under anerobic and anhydrous
conditions by using Schlenk techniques. Solvents were appropriately dried,
destilled, and saturated with Ar prior to use. NMR spectra were recorded
on a Bruker DPX250 spectrometer using dry degassed [Dgltoluene:
"H NMR (250 MHz), *'P NMR (101 MHz), Al NMR (65 MHz); chemical
shifts (0) are given relative to external standards ('H, TMS; 3P, 85%
H;PO,; 7Al, 30% AIClL;). All isolated compounds gave C, H analyses
consistent with their formulas.

Synthesis of the (AIP); heterocycle 1: A solution of AlMe; (0.72 g,
10 mmol) in toluene (25 mL) and Et,0 (15 mL) was allowed to react with
6a (1.90 g, 10 mmol). After the mixture had been heated at 70°C for 12 h,
the volatile components were removed in vacuum at 50°C. The solid
residue was recrystallized from a little hexane, affording colorless needles.
Yield: 2.31 g (3.14 mmol), 94%. '"H NMR: 6 =—0.12 (t, 9H; AlMe), 1.10
(m, 63H; iPr), 1.15 (br, 3H; PH); Al NMR: 6 =43 (br); P NMR: 6 =
—241.0 (m), —244.1 (br.m), —249.3 (br.t), —251.7 (br.t); elemental
analysis caled (%) for C;3HgALP5Si; (739.1): C 53.62, H 11.45; found: C
53.29, H 11.40.

Synthesis of the (AIP), cluster 2: A solution of 1 (0.74 g, 1.00 mmol) in
toluene (20 mL) was refluxed for 12 h. After the evolution of CH, was
complete, the solution was cooled to room temperature, whereby the
product crystallized. Yield: 0.68 g (0.49 mmol), 98 %. '"H NMR: 6 =0.25 (s,
18H; AlMe); 1.21 (d, 126 H; iPr); Al NMR: 6 =46 (br); P NMR: 0 =
—235 (br); elemental analysis caled (%) for CeH;50AlP,Sis (1460.1): C
54.29, H 10.35; found: C 54.41, H 10.33

Formation of the Li salt 3: A solution of 6a (6.40 g, 33.67 mmol) in THF
(20 mL) was treated at —70°C with BuLi (21.0 mL, 33.6 mmol of a 1.6Mm
solution in hexane), whereby a clear, pale-yellow solution was formed.
After removal of all volatiles in vacuum, the lithium phosphanide was
dissolved in hexane (ca. 50 mL) and allowed to react at —70°C with
Me,AICI (33.7 mL, 33.7 mmol of a 1M solution in hexane). The resulting
slurry was stirred for 8 h and subsequently filtered. The ion pair crystallized
from the clear solution at 4°C within a few days in the form of colorless
needles. Yield: 5.30 g (4.94 mmol), 15%. M. p. 80°C (decomp); 'H NMR
([Dg]THF): 6 =3.66 (m, 16H; THF), 1.80 (m, 16H; THF), 1.47 (sept,
3J(H,H) =75 Hz, 3H, Me,CH), 1.16 (d, *J(H,H) =5.6 Hz, 54H, Me,CH),
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Table 1. Crystal data and structure refinement for compounds 1-5.

Compound 1 2 3 4 5

formula C33Hg, ALP5Si; CysHi50AlsPeSis CsoH,16ALLIOP;Si; CsgH,33A1,L1,P¢Sig CssHy4AlLP;Si;
formula weight 739.12 1460.10 1073.47 1325.72 1415.96
temperature [K] 203 203 203 203 203

crystal system. trigonal tetragonal monoclinic monoclinic triclinic

space group R3m P4ym P2/n P2/n Pl

a[A] 22.311(4) 13.955(8) 17.48(2) 13.089(6) 12.79(4)

b [A] 22.311(4) 13.955(8) 20.59(3) 23.12(2) 13.83(4)

c[A] 8.521(5) 21.99(2) 19.48(2) 15.021(9) 25.37(7)

a [’ 90 90 90 90 94.6(1)

AN 90 90 94.82(4) 115.83(3) 103.96(6)

v [°] 120 90 90 90 95.46(7)
volume [A3] 3674(2) 4282(5) 6983(14) 4091(4) 4308(22)

Z 3 2 4 2 2

p [gm3] 1.002 1.133 1.021 1.076 1.092

F(000) 1224 1596 2360 724 770

crystal size [mm] 0.2x0.3x0.2 0.2x0.1x0.3 0.2x02x0.2 0.1x0.2x0.1 0.2x0.1x0.3
Omax[“] 25.00 25.12 25.08 25.14 2578

hkl range —1/17,-26/1, —1/10 —16/5, —13/8, —26/25 —18/20, —16/24, —22/15 —14/15, —27/27, —17/10 —15/12, —16/15, —29/29
reflections collected 1534 10300 16616 20837 22632
independent reflections 901 3746 10058 7232 15238

u [em™] 2.68 3.06 2.21 1.47 1.71
transmission 1.000 0.472 1.000 0.538 1.000 0.318 0.980 0.670 1.000 0.508
parameters 76 200 592 352 722
goodness-of-fit on F? 0.886 0.992 0.939 1.147 1.020

R1 [I>20(1)] 0.0427 0.0652 0.0942 0.0605 0.0874

WR2 (all data) 0.0890 0.2036 0.2861 0.1836 0.2359

residual electron density [e A-3] 0.172/ —0.243 0.469/ —0.497 0.878/ —1.204 0.953/ —0.475 0.720/ - 0.783

—0.45 (br, 21 H, AICHj;); 3P NMR ([Dg]THF): 6 = —280.9 (s); ¥ Al NMR
([Dg]THF): 6 =48 (br., w,,=23200 Hz); 'Li NMR ([Ds]THF): 6 = —4.91
(s); elemental analysis calcd (%) for CsoH;;,AlLiO,P5Si; (1073.5): C 55.94,
H 10.89; found: C 55.65, H 10.85.

Synthesis of the AL, Li P cluster 4: A solution of AlMe; (0.36 g, 5 mmol) in
a solvent mixture of toluene (5 mL) and Et,O (15 mL) was treated with
iPr;SiPH, (1.43 g, 7.5 mmol). The mixture was heated at 70°C for 12 h and
subsequently allowed to react at —78°C with nBuLi (3.2 mL of a 1.6M
solution in hexane). The reaction mixture was allowed to warm up to room
temperature and stirred for 2 h. After the gas evolution was complete, the
clear yellow solution was concentrated to about 10 mL, whereby the
product crystallized in the form of colorless crystals. Yield: 1.37 g
(0.78 mmol), 62 %; 'Li NMR: 6 = —2.68 (br); ¥ Al NMR: 6 =36 (br); 3'P
NMR: 6=-319 (br); elemental analysis calcd for CsgH,33Al,Li,PSig
(1325.7): C 52.54, H 10.49; found C 52.21, H 10.45.

Synthesis of the (AIP); cluster 5: A solution of H;Al(NMe;) (0.89 g,
10 mmol) in Et,0 (25 mL) was allowed to react at — 78 °C with 6b (2.08 g,
10 mmol). The reaction mixture was cooled to room temperature within
12 h, concentrated in vacuum to about 5mL and stored at —25°C.
Crystallization from the solution, which contained mainly 2,/ afforded
colorless crystals of 5 after several months. Yield: 20 mg (0.01 mmol), 1%
elemental analysis calcd (%) for CsgH,40AlP,Si; (1416.0): C 47.50, H 9.96;
found: C 47.11, H 9.92.

X-ray structural analysis: Experimental details on the X-ray crystal
structure determinations of 1-5 are listed in Table 1. Intensity data were
collected on a Bruker-AXS-SMART diffractometer at —70°C by using
Moy, radiation in w scans. The structures were solved by direct methods
(SHELXS97) and refined by full-matrix least-square methods based on F?
using all measured reflections (SHELXL97) with anisotropic temperature
factors for all non-hydrogen atoms except for Li; the hydrogen atoms were
isotropically considered. Crystallographic data (excluding structure fac-
tors) for the structures reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no.
CCDC-141775 (1), CCDC-141771 (2), CCDC-141774 (3), CCDC-141772
(4), and CCDC-141773 (5). Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road Cambridge CB21EZ, UK
(fax: (+44)1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
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Diastereoisomeric Cationic n-Allylpalladium-(F,C)-MAP and MOP
Complexes and Their Relationship to Stereochemical Memory Effects in

Allylic Alkylation**

Guy C. Lloyd-Jones,*!?! Susanna C. Stephen,'*! Martin Murray,® Craig P. Butts,*!
Stépan Vyskocil,*!™*! and Pavel Kocovsky*!"!

Abstract: The axially chiral ligands
2-(diphenylphosphanyl)-2’-methoxy-

1,1’-binaphthalene (MOP; 6) and 2'-
dimethylamino-2-(diphenylphosphan-

yl)-1,1'-binaphthalene (MAP; 7) coordi-
nate to a cationic allylpalladium frag-
ment in an unusual bidentate (P,C)-
mode through the triarylphosphane
and ipso-carbon atom (C1’). The readily
prepared MAP and MOP complexes
[PA{(P.O)-(L)}(-allyD][OTH] (9 (L="7)

dimensional NMR spectroscopy experi-
ments. In both the solid state and in
solution, the allyl unit is shown to
coordinate in a slightly distorted #3-
mode that results in a more alkene-like
character at the allyl terminus trans to
phosphane ligand. The opposite allyl
terminus, which is trans to the ipso-
carbon atom (C1’), is more strongly
bound and the dominant allyl stereo-
dynamic process involves C—C bond

rotation in an n'-allyl intermediate
bound through this carbon. Palladium
complexes of MAP and MOP are very
efficient catalysts for allylic alkylation of
racemic cyclopentenyl pivalate with
[NaCH(CO,Me),] in THF. Isotopic de-
symmetrisation revealed that the reac-
tion occurs with powerful stereochemi-
cal memory effects and consequently
with low global ee values. The memory
effect is suggested to arise through

and 10 (L = 6)) have been characterised
in solution (NMR), in which two dia-
stereoisomeric rotamers are observed.
The stereochemical identity of the ro-
tamers is established by one- and two-

ory effects

Introduction

A “memory effect” in Pd-catalysed allylic alkylation may be
defined as the situation in which the reactions of isomeric
allylic substrates do not obey the classical mechanism to give
identical product ratios.! In the limiting regime, the stereo-
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selective generation of diastereoisomer-
ic [Pd{(P,.C)-L}(*-cyclopentenyl)]* ions
(L=MAP or MOP) and subsequent
capture by nucleophile before ion-pair
collapse or equilibration occurs.

chemical outcome of the reaction is governed not by the palla-
dium -ligand assembly but solely by the stereochemical identity
of the reacting substrate. Memory effects, first documented by
Fiaud and Malleron in 1981,2 have only recently enjoyed
more widespread attention.’! They may dramatically influ-
ence the selectivity of allylic alkylation reactions, in a manner
that may be desirablel* or deleterious (Figure 1).1%

In 1998, Hayashi et al., described powerful regiochemical
memory effects in the Pd-catalysed reactions of monosub-
stituted allylic acetates 1 (which gave 4) and 2 (which gave 5)
with [NaC(Me)C(CO,Me),] (3).B> 4 The high regiochemical
retention (70-90% ) was facilitated by use of the apparently
monodentate monophosphine ligand “(R)-MOP”F! ((R)-6,
Figure 2). This result stood in stark contrast to all other Pd
catalysts known at the timel® which give products 4 and 5
(usually favouring 4)[") in ratios that are essentially independ-
ent of whether 1 or 2 is employed (i.e., no memory effect). In
light of the results of Hayashi et al., we were thus puzzled by
the observation that our recently introduced “MAP” ligand
(7),®! which is a close structural relative of MOP, did not
behave analogously, and gave linear 4 as the major isomer
(91-99 %) from both 1 and 2 (R =Ph)®! (Figure 2).
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Figure 1. Left-hand reaction: a classical mechanism for allylic alkylation
with a monosubstituted allylic electrophile (two regioisomers). Right-hand
pair of reactions: a generic example of a memory effect in which the
regiochemical identity of the substrate determines the outcome.

Two further differences between MOP and MAP were
noted. The first was the lack of catalytic activity of Pd—- MAP
complexes in asymmetric alkene hydrosilylation®l—a reac-
tion for which Pd—MOP complexes are outstandingly effec-
tive.l”! Secondly, Pd—MAP complexes display useful activity
in Suzuki cross-coupling and Hartwig—Buchwald amina-
tion,® *I whilst Pd —MOP complexes are not especially active.
Based on X-ray crystallographic studies of MOP -Pd com-
plexes® 19 and reactivity/selectivity comparisons with analo-

Abstract in Czech: Axialné chirdlni ligandy 2-(difenylfosfino)-
2'-methoxy-1,1'-binaftalen “MOP” (6) a 2-(difenylfosfino)-2'-
dimethylamino-1,1'-binaftalen “MAP” (7) koordinuji katio-
noidni Pd-allylovy fragment neobvyklym zpusobem, pri
kterem se uplatnuje bidentdtni (P,C)-ligace pomoci triarylfos-
finove skupiny a ipso uhliku (CI’). Snadno pripravitelne
komplexy techto ligandu [Pd((P,C)-(L)(’-allyl)J[OTf] (9 a
10) byly charakterizovdany v roztoku (NMR), kde byly
pozorovdny dva diastereoizomerni rotamery. Stereochemickd
identita techto rotameru byla urcena pomoci 1 a 2D NMR
experimentu. Bylo prokdzdno, Ze v roztoku i pevneém stavu je
allylovd jednotka koordinovdna jako n’-ligand a vykazuje
mirnou distorzi, kterd vede ke zvyseni alkenoveho charakteru
uhliku orientovanemu trans k fosfinu. Koncovy uhlik na
opacné strane allylove jednotky, ktery je orientovan trans k
ipso-uhliku (CI'), je vdzdn pevneji. Prevazujici stereodyna-
micky proces proto zahrnuje rotaci kolem C—C vazby v n'-
intermedidtu, ktery je vdzdn pres tento koncovy uhlik. Pa-
lladiove komplexy MAP a MOP ligandu jsou velmi ucinnymi
katalyzdatory allylove alkylace racemickeho cyklopentenylpi-
valdtu s NaCH(CO,Me), v THF. Izotopickd desymetrizace
prokdzala, Ze tato reakce probihd s vyraznym stereochemic-
kym pamet’ovym efektem a tudiz s nizkym globdlnim ee. K
pamet’ovemu efektu patrne dochdzi z duvodu selektivniho
vzniku diastereoizomernich [Pd((P,C)-L)(’-cyklopentenyl) J*
kationti (L =MAP nebo MOP), ktere jsou atakovdny nu-
kleofilem drive, nez dojde k rozpadu iontoveho pdru nebo
stereochemicke ekvilibraci.

Chem. Eur. J. 2000, 6, No. 23

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

OAc
ph NF
(*)-2
Pd/(R)-6 | (3) (3) | Pd/ (R)-7
CMe(CO,Me), CMe(COzMe),
AN
ph N7 Ph
5 4

major isomer
using MOP (6)

MeO I I
ool

(R)-MOP, (R)-6

major isomer
using MAP (7)

MesN
T

(R)-MAP, (R)-7

(P.N)-MAP

(P,X)-MOP
X =0Ac, Cl, etc

Figure 2. Differing results in allylic alkylation of isocinnamyl acetate
catalysed by Pd complexes bearing MOP and MAP ligands. Inset: an
earlier postulate (ref.[8a, b]) for the difference which arises by MAP
bearing a better o donor (Me,N) being able to function as a bidentate
ligand.

gous ligands in which the MeO is replaced by alkyl®¥ it has
been demonstrated that the MeO group does not coordinate
to Pd.l"l Thus a monodentate (P,X) coordination mode (X =
e.g. OAc or Cl) is suggested for MOP in Pd-catalysed allylic
alkylation.B> % % 19 Hence, we suspected that therein may lie
the difference between MOP and MAP since in the latter, a
P.N coordination mode (in which the Me,N unit acts as a o
donor) is potentially available (see inset to Figure2). A
subsequent search for X-ray crystallographic evidence for this
PN coordination led instead to the surprising discovery of a
novel (PB,C)-coordination mode of both MAP and MOP
ligands.['”l Herein, we describe the preparation of these stable
and easily handled (P,C)-complexes (9 and 10; see Scheme 1)
and the study of their stereodynamics in solution by two-
dimensional NMR methods. We also demonstrate that
palladium complexes of MOP and MAP are efficient catalysts
for allylic alkylation of cyclopentenyl esters!'® with very high
stereochemical memory and very low global ee values.

Results and Discussion

Preparation of (P,C)-(L)-Pd-m-allyl complexes 9 and 10:
Reaction of (S)-MAP (S)-7 with one equivalent of [Pd(#*-
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allyl)(MeCN),][OTf] in CH,Cl, at 25°C occurred within
seconds and afforded, after evaporation of the solvent, the
cationic (P,C)-(7)-Pd-m-allyl complex (+)-9 as an orange solid
in >95% yield (Scheme 1). The pure complex was obtained

[Pd(®-allyl)(MeCN),][OT]

CHCl,

6, X = OMe |
7, X = NMe, 9 (P.C(n")

Scheme 1. Preparation of cationic MAP and MOP allylpalladium complexes (+)-9 and (+)-10.

as dark yellow crystals in 59% yield by slow diffusion of
diethyl ether into its bright yellow solution in CH,Cl,. The
(5)-MOP complex (+)-10 was prepared analogously and
isolated as pale yellow crystals (43 %) by diffusion of diethyl
ether into its solution in EtOAc. Single-crystal X-ray diffrac-
tion analysis!'? revealed that MOP enters into a more 7>-type
coordination (7r) of the C1'—C2’ C=C bond with the Pd cation,
whilst MAP, presumably because of its more electron-rich
enamine character, enters into a more 7'-type coordination
(o) of C1'.04

Complex (+)-9 exists, in the solid state, as a pair of
diastereoisomeric allyl rotamers: aS;aRp-9 (66%) and
aS;aSps-9 (34 %), where the stereochemical descriptors refer
to the axial chirality of the ligand (L) and the Pd-allyl axis
(Pd)." On the basis of NMR spectroscopy, complex 9
maintains its (P,C)-ligated structure in solution (CD,Cl,)
and aS;aSps-9 is the major diastereoisomer (ca.52%). Key
evidence for the (P,C)-coordination mode in solution comes
from the *C chemical shifts of C1’ and C2".1) Some selected
NMR data of 9 are presented in Figure 3. Extensive one- and

3 6.61(6.37>\_/P£D
1

Ph,R
3y 6.33 (6.33)

c@)
c@)

92.9 (94.3)
155.5 (155.5)
C(3)| 117.4 (116.8)
C(41 135.1 (135.1)

Figure 3. Selected one- and two-dimensional NMR data (CD,Cl,, —25°C)
for the two diastereoisomers of cationic complex 9 [(zt-allyl)Pd-(P,C)-
7][OTH]. In the lower part of the figure, chemical shifts of aS; aRp,-9 are in
parentheses and follow those of aS; aSps-9. Selected NOE connectivities are
indicated by double-headed arrows, selected FGHMBC correlations by
small filled circles and selected anisotropic shifts by large open circles.
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two-dimensional NMR spectroscopy experiments!!’l were
required in the full assignment of the 'H, 3C and 3P NMR
spectra of 9 and 10. In contrast to the solid state,/'?] both
diastereoisomers of 10 are observed in solution and aS;aRp4-
10 is the major diastereoisomer
(ca. 66%).

The deduction of the stereo-
chemical identity of aS;aSps-9
(52%) and aS;aRp9 (48%)
allyl rotamers relied heavily on
NOE contacts and anisotropic
shifts induced by proximity to
the ring current of a naphtha-
lene ring (see circled protons in
Figure 3). Particularly informa-
tive was the NOE between one
of the syn-allyl-CH and the NMe, group in the minor isomer
and the very different chemical shift of the anti protons on the
allyl terminus trans to P between major (6 =2.62) and minor
(0 =4.24) diastereoisomers. Such NOE and anisotropic shifts
allowed the identification of key protons in the MAP ligand 7
within the complex: C3'-H, C8'-H, C7-H and C8-H (see lower
part of Figure 3). These then provided definitive starting
points in analysis of two-dimensional spectra. For complex 10,
the same process of analysis of NOE connectivities and
anisotropic shifts of naphthyl!'¥! and allyl signals was em-
ployed in assignment of the 'H NMR spectrum. These,
together with the 3C NMR shifts of C2' (6 =157) and C(1")
(6=105) indicate that MOP, like MAP, maintains (P,C)-
ligation to the allylpalladium cation in solution.

10 (P.C(?)

Stereodynamics of cationic (£, C)-(L)-Pd-n-allyl complexes 9
and 10 in solution: Positive phase intermolecular correlations
are observed in the PNOSY spectrum!™! of 9 at +24.8°C, but
not at —25°C. Having assigned all allyl 'H NMR signals of
aS;aRps-9 and aS| aSpe-9, careful analysis of the cross-peaks at
+24.8°C indicates that they correspond to two different
mechanisms of exchange as shown in Figure 4. In the major

Ter

P

aSpq-9 ozt

(52 %) H/F\f/\g\H
H

Major process FPd A
cC—P

H

H H

aRpar9 e S

(48 %) H

Minor % process

H
Pd
o )
aSpqg-9 ri=g" Sp ©
H H c

Figure 4. Intermolecular connectivities observed by PNOSY (500 MHz,
CD,(Cl,, 24.8°C) between aS;aRps-9 and aS; aSpg-9. There are two modes of
interconversion: A (solid lines) and B/C (dashed lines) with a relative rate
ratio of about 0.7/0.3. Analogous connectivities are observed between
aS;aRp-10 and aS; aSpe-10, with greater overall exchange rate and relative
ratio of about 0.6/0.4.
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process (solid lines in Figure 4) there is syn—anti proton
exchange at the terminal allyl carbon that is trans to C; neither
syn—anti exchange at the terminal allyl carbon trans to P nor
interchange of allyl termini were detected. These features are
consistent with a switch from #*-allyl to an %' intermediate (o-
bound through the carbon frans to C1’ of 7), which allows a
C—C rotation (in which the faces of the alkene moiety are
exchanged) and then a regioselective return to 7*-mode of
binding (A in Figure 4) in which the alkene re-coordinates
trans to P.

The second and minor mode of interconversion of diaster-
eoisomers occurs with interchange of allyl termini with no
accompanying syn —anti exchange. Interchange of allyl termi-
ni requires apparent 180° m-allyl rotation about the Pd-(C, P)-
ligand fragment. In the absence of an external ligand (e.g. Cl)
to facilitate Berry pseudorotation, this must occur through
rotation of a fragment which is monocoordinated to Pd and cis
to a vacant coordination site. Two mechanisms would account
for this process: either C—Pd rotation in an #'-allyl (B in
Figure 4) or P—Pd rotation when MAP is monocoordinate (a
Bickvall type mechanism,” C in Figure 4). There are a
number of features in the NMR spectra that suggest the latter
is dominant.?! In addition to the intermolecular correlations,
there were weak intramolecular exchange cross-peaks whose
connectivities correspond to two-fold exchange (e.g., [A + B/
C]) during the spin-mixing time (7, =300 ms). The PNOSY
spectrum of complex 10 (24.7°C) displayed the same set of
connectivities as those observed with 9, but with substantially
increased line-broadening (one-dimensional) and cross-peak
intensities (two-dimensional). This is presumably a reflection
of the weaker bidentate ligation of MOP (#*-type coordina-
tion () of Cl, C2) in 10 relative to MAP (y'-type
coordination (o) of C1’) in 9 (vide supra).

The stereodynamics observed with both 9 and 10 suggest a
more o-like (alkyl) character at the allyl carbon atoms trans to
C and a more n-like (alkene) character between the central
CH and the allyl termini trans to P. These conclusions are
supported by the differences in C NMR spectroscopic
chemical shifts and Pd—C bond lengths (X-ray) between the
two allyl termini in the two complexes (Figure 5).

Memory effects in allylic alkylation reactions of cyclopentenyl
pivalate: Cyclopentenyl esters (e. g. 11) are reactive substrates
for Pd-catalysed allylic alkylation. The cyclic (anti,anti) -
cyclopentenylpalladium fragments in the intermediates that
they generate are much less manipulable, in terms of
torquoselectivity,?l than the predominantly linear (syn,syn)
m-allyl fragments generated by the ubiquitous 1,3-diphenyl-
propenyl esters. Consequently, the achievement of high
enantioselectivity in the allylic alkylation of small, symmet-
rical cycloalkenyl substrates is a challenging and increasingly
popular testing ground for asymmetric ligand design. Only a
handful of catalyst systems are known to effect the alkylation
of such substrates with high enantioselectivity.?l A pre-
requisite to achieving high enantioselectivity with 11 is that
both enantiomers converge on a single set of s-allylpalladium
intermediates (12 and 13 in Figure 6) which attain full
dynamic equilibrium before nucleophilic attack.
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Figure 5. Selected solution (*C NMR) and solid state (X-ray) data for
aS; aSpe-9 and aS; aSp-10 that suggest a more n-like (alkene) binding mode
at the allyl termini trans to P. Similar data are observed in the other
diastereoisomers of 9 and 10 in solution and also in 9 in the solid state (10
exists as predominantly a single diastereoisomer in the solid state).

No Memory Effect
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NUe
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S-14 R-14

Figure 6. Pd-catalysed allylic alkylation of racemic cyclopentenyl substrate
by a single reaction manifold. Under these conditions, the enantiomeric
outcome in 14 is solely derived from ligand control and there is no memory
effect.

Unlike the regiochemical memory effects outlined in
Figure 1, in reactions of 11, a stereochemical memory effect
may be invisible?¥ when racemic 11 is employed and 14 is
produced in low ee. Use of enantiomerically pure substrate 11
is one method for the detection of memory effects in such
systems. An alternative and more practical solution is to
employ our recently developed isotopic desymmetrisation
method which involves reaction of racemic-o-D-labelled
cyclopentenyl ester (4)-15 to give a-17 and y-17P%1 We
have applied this approach in the study of moderate stereo-
chemical memory effects observed in reactions catalysed by
Pd complexes bearing the Trost modular ligand 16.13 2627

%
CH(COzMe)Z Q
N O

D a-D-17 ;
©< NH HN PPh,
0,C(tBu)
a-D-15 /Q\ PPh;
D CH(CO,Me), (RR)-16
y-D-17
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We earlier reported that Pd complexes of MAP did not
exhibit a regiochemical memory effect in the reaction of
isocinnamyl acetate (2, R=Ph, X=0Ac) with [NaCR-
(CO,Me),] (R=H or Me).l’al Reactions of cyclopentenyl
pivalate 11 (employed in its D-labelled form (4:)-15)P proved
very different (Table 1).

In THF with 5mol% Pd catalyst bearing (S)-MAP and
prepared in situ (entries 1 and 2) there is a high degree of
regiochemical retention (rr) (81-86% a-17, 62-72% re
(a))?% and thus a powerful memory effect. Under halide-free
conditions with complex (+)-9 (i.e. Pd/L = 1:1), the effects are
even more pronounced (90% a-17, 80 % re, entry 3). In all
three cases, isotopic desymmetrisation analysis reveals that
the R enantiomer of 15 gives 17 with 64 —84 % ee (R),P% whilst
(85)-15 gives 17 in slightly lower selectivity (48-68 % ee) and of
opposite configuration (S). Thus the global ee is very low (6 -
15% ee (R)) but does suggest that the latent selectivity of the
catalyst favours production of (R)-17. When the reaction is
performed in CH,Cl, (in which the nucleophile is sparingly
soluble), the memory effect disappears (0% re, entry 4) and
both enantiomers of 15 give (R)-17 with the same selectivity
(52% ee (R)). Although the yield is much reduced in this
latter reaction (42 %), both enantiomers of 15 are completely
consumed and are converted into 17 with equal efficiency.

Returning to reactions conducted in THF, the effects of a
number of additives were tested (entries 5, 6 and 7). Firstly,
addition of MAP ligand to pro-catalyst (+)-9 (Pd/L=1:1.5,
entry 5) reduced the memory effect from 80% re to 76 % re
(a). Addition of 5 mol % Bu,NCl (Pd/Cl=1:1, entry 6) had a
more pronounced effect giving 17 in 62 % re (a)—identical to
that observed when the catalyst was prepared in situ from
[Pd,Cl,(allyl),], entry 1).*) However, addition of 5 mol%
[Bu,N][Ph;SiF,] (Pd/F =1:2, entry 7) had a lesser effect, only
slightly decreasing the memory effect in the manifold involv-
ing (S)-15 (giving 17 in 60 % ee (S)).

Changing from Na'* as nucleophile counter-ion to Cs*
(entry 8) reduced the memory effect but also substantially

reduced the yield of 17 (23 %) and enantioselectivity in both
manifolds. However, the base appears to act as reaction
proceeds rather than prior to reaction and thus the concen-
tration of “[CsCH(CO,Me),]” is low (vide infra). Finally, use
of racemic ligand (+)-7 (entry 9) still gives high regiochemical
retention and, obviously a racemic product (0% ee 17).
Although the high symmetry of the memory effect precludes
the accurate extraction of relative rates of reaction of matched
and mismatched substrates,*” (R)-15 may be described as
chirality-matched with (S)-MAP and mismatched with (R)-
MAP. Very similar results are observed with MOP (compare
entries 10, 11 and 12 with entries 1, 2 and 9, respectively).

Mechanistic considerations: Under nearly all conditions
studied, the memory effects with MAP and MOP ligands
are far more powerful and more symmetrical than those
observed with the Trost modular ligand 16.5%3¢1 The
symmetry suggests that the m-allylpalladium(1) intermediates
initially formed from opposite enantiomers of substrate are
diastereoisomeric. The enantioselectivities arising in matched
and mismatched manifolds under memory-effect conditions
(in THF) are mostly a result of the influence of the chirality of
the precursor 15. By contrast, under nonmemory effect
conditions (e.g. in CH,Cl,) the chirality of the precursor 15
has no influence on the enantiomeric outcome (52% ee R)
which is a result solely of the influence of the chirality of the
ligand (S)-7 (see isotopically desymmetrised *C NMR spec-
troscopic analyses, Figure 7).

In order to better understand the origins of these memory
effects, one would like to be able to isolate and characterise
the intermediate m-cyclopentenylpalladium complexes. How-
ever, in our hands, this has not been successful. This is
presumably a result of their instability through facile syn- or
anti-B-hydride elimination®! to give cyclopentadienyl hydri-
dopalladium complexes which probably accounts for the poor
yields of the catalysed reactions when the nucleophile
concentration is low (see Table 1, entries 4 and 8). However,

Table 1. Allylic alkylation of cyclopentenyl pivaloate (+)-15 (a/y > 500, 0.12M) with 2.25 equivalents of [NaCH(CO,CHs),] catalysed by 5 mol % Pd catalyst

bearing MAP (7) and MOP (6) ligands.[?!

Entry Ligand Catalyst®! Additive erl (R/S)-17 from: rr (o)l eell Yield
[mol %] (R)-15 (aly) (8)15(ylax) [%] 17 [%] 171 [%]
1 (S)-7 A el /8 13/37 81 (79) 15 (10) (R) 853
2 (S)-7 B el 4317 11/39 86 (82) 6 (6) (R) 80.7
3 (5)-7 c el 46/4 8/42 90 (88) 9(8) (R) 80.1
4m (5)-7 c CH,CL, 38/12 38/12 1l (50) 51(52) (R) 4.4
5 (5)-7 c (5)7 (2.5) 4473 13/37 88 (81) 6 (14) (R) 94.7
6 (5)-7 c F-lil(5) 4713 10/40 92 (87) 18 (14) (R) 853
7 (%)-7 C CIM(s) () (=) 81 () () 91.6
8 (5)-7 c Cstl 36/14 26124 _1l(60) 25 (24) (R) 27
9 ()7 A el 40110 10/40 82 (79) 0 (0) 87.0
10 (5)-6 A ) 45/5 16/34 82 (79) 19 (22) (R) 81.8
1 (5)-6 B e} 44/6 16/34 84 (78) 20 (20) (R) 86.4
12 ()6 A el 38/12 10/40 89 (78) 0(4) (5) 83.5

[a] All reactions conducted in THF (except entry 4) and at 25°C. [b] Catalyst is either generated in situ by reaction of ligand with [Pd,(73-C;H;),CL,]
(conditions A) or [Pd,(dba),]- CHCI; (conditions B), (Pd/L=1:1.5) or from pre-formed complex (+)-9 (conditions C). [c] er=enantiomeric ratio as
determined by 3C NMR analysis. [d] rr=regiochemical retention (global &) as a mol fraction of 17 [rr = («/a + )] where a and y ratios were determined by
HNMR (and *C NMR). [e] ee = global ee of overall sample of 17 as determined by *C NMR analysis of CO,Me signals, ee in brackets is ee calculated from
aly ratios. [f] Yield of analytically pure 17 obtained after chromatography on silica gel. [g] No additive. [h] Reaction conducted in CH,Cl, instead of in THF.
[i] Not determined. [j] 5 mol % tetrabutylammonium triphenyl silyl difluoride. [k] 5 mol % tetrabutylammonium chloride. [I] Nucleophile generated in situ
from Cs,CO,/CH,(CO,Me),.
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Figure 7. ®C NMR analysis of allylic alkylation products (a,y-p-17) arising
from reaction of a-p-15 with [NaCH(CO,Me),] catalysed by pro-catalyst
(4+)-9 in THF or CH,Cl, (Table 1, entries 3 and 4). Products arising from
matched and mismatched substrates are indicated with an open and closed
circle respectively (only C signals from C4 are shown). The analysis is
based on a combination of two effects: the deuterium-label effects isotopic
desymmetrisation (a and y isomers cause different *C-isotope shifts at
C(4) of 17) and a chiral shift reagent [(+)-Eu(hfc);] allows distinction of
(R)-17 and (S)-17.
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consideration of the m-allylpalladium complexes9 and 10,
described earlier, may be instructive. In both complexes the
allyl terminus trans-related to the m-accepting P donor has a
longer Pd—C bond, has more m-character, higher *C chemical
shift and is more readily dissociated from Pd. Consequently,
this terminus might be expected to undergo nucleophilic
attack by, for example, [NaCH(CO,Me),] much more readily
than that frans to ipso-Cl’ (see Figures4 and 5). This is
consistent with the generally accepted concept of nucleophilic
attack trans to the most m-accepting ligand®® >3 or at the
weakest bound carbon atom.B*! If one considers the forma-
tion of the m-allylpalladium(ir) complex as the reverse process
of nucleophilic attack, reaction Pd’~MAP or Pd°-~MOP is
expected to proceed through ionisation with the nucleofuge at
the position trans to the P donor.? Therefore, enantiomeric
cyclopentenyl pivalates should generate diastereoisomeric
cations [(m-cyclopentenyl)Pd-(P,C)-L]* 18" (L=MAP) or 19*
(L=MOP) (Scheme 2). These cations will afford enan-
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Scheme 2. A mechanistic rationale for the memory effects arising in allylic
alkylation of cyclopentenyl pivalate (X=¢BuCO, or Cl) by [NaCH-
(CO,Me),] catalysed by Pd complexes bearing MAP or MOP ligands; see
text for full discussion.

tiomeric allylic alkylation products on attack of the nucleo-
phile at the allyl termini trans to P (see arrows indicating trans
sites in Scheme 2). Based on the stereodynamics observed
with 9 and 10, one might anticipate that diastereoisomers of
complexes 18" and 19", which cannot undergo C—C single
bond rotation in #n'-allyl intermediates, should interconvert
very slowly indeed.’®! Consequently, if nucleophilic attack is
rapid and trans selectivity is high, then a powerful stereo-
chemical memory effect will result.

In understanding the variability of the memory effect (see
Table 1) we must further consider the diastereoisomeric
cations 18" and 19*. These are expected to exist as ion pairs
in THF,®"l that is {18+, X~} and {19+, X~} where the identity of
the counter-ion X~ will depend on the exact reaction
conditions. Collapse of the ion pair (see Scheme 2) would
give [(m-cyclopentenyl)(X)Pd-(P)-L] complexes 20 (L=
MAP) and 21 (L =MOP) and is thermodynamically favour-
able if X~ is a better ligand for Pd* than C1'/C2’ (e.g. X=
Cl1).3> 11 However, although diastereoisomer interconversion
in the resultant complexes will be slow,*! the neutrality of 20
and 21 is expected to make them significantly less reactive
towards a carbanion nucleophile than the cations 18" and
19+.51 Thus, under conditions where palladophilic ions are
present (e.g. Cl, entries 1 and 7, Table 1) or when nucleophile
concentration is low (e.g. entries 4 and 8, Table 1), or when
there is poor solvation of the ion pair (e.g. CH,Cl,, entry 4,
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Table 1), ion pair collapse (to 20 or 21) and diastereoisomer
equilibration will become a contributing factor. If complete
diastereoisomer equilibration occurs prior to capture by
nucleophile, the memory effect is absent and the latent
selectivity™® of the ligand is revealed.

Conclusion

Allylic alkylation reactions of cyclopentenyl pivalate (11)
with [NaCH(CO,Me),] in THF catalysed by Pd complexes of
MOP and MAP proceed with powerful stereochemical
memory effects and very low enantiomeric excess (as revealed
by isotopic desymmetrisation analysis,*] Figure 7). These
results highlight the danger of drawing conclusions about
catalyst selectivity without testing for memory effects.

In an earlier study by Hayashi et al.,”®! the reaction of
cyclohexenyl acetate catalysed by [Pd,(allyl),Cl,]/MOP was
shown to proceed with a powerful regiochemical memory
effect. The regiochemical retention with cyclohexenyl acetate
(82% a) may be compared with the results we have obtained
with cyclopentenyl pivalate under identical conditions using
either MOP (82 % o) or MAP (81 % a) (Table 1, entries 1 and
10, respectively). To account for the powerful regiochemical
retention observed in reactions of cyclohexenyl acetate,
Hayashi et al.’ suggested a mechanism in which the catalytic
flux involved nucleophilic attack of neutral [Pd(L)(X)-
(n-C¢Hy)] complexes, directly analogous to 21. Neutral
complexes were invoked since evidence for bidentate (P,C)-
coordination was not observed in the 'H NMR spectra of
isolated Pd"-mt-allyl complexes of MOP generated by addition
of allylic esters to Pd°(P,C)-MOP,*! or by addition of MOP to
[PdX(m-allyl)],,”*! or in the X-ray crystal structure of a
[MOP - Pd(Cl)(s-prenyl)] complex.[”]

However, we recently found a (P,C)-coordination mode in
the X-ray crystal structures of cationic allylpalladium com-
plexes (9 and 10) of MAP and MOP.'?2l We have now studied
these complexes in detail by NMR and confirmed that,
a) bidentate (P,C)-mode of coordination is maintained in
solution and b) slow diastereoisomer interconversion pro-
ceeds predominantly through C—C rotation in an #!-coordi-
nated allyl intermediate (A in Figure 4). Consequently,
oxidative addition of cyclopentenyl-type substrates to [Pd’-
(P,C)-L] complexes*!l is expected to generate analogous (-
cyclopentenyl)Pd cations 18* and 19* (Scheme 2) as the
primary products. These nonisolable complexes are antici-
pated to undergo slow diastereoisomer interconversion (only
via B or C in Figure 4). We therefore suggest that, with
cycloalkenyl esters, the memory effects observed with MOP
and MAP arise predominantly through rapid capture of the
initially formed and more reactive ion-paired®! complex
{[(rt-cycloalkenyl)Pd((P,C)-L)]|"[X]} in which the bidentate
(P,C)-coordination mode present in the Pd’ precursor is
maintained. Poor solvation, presence of chloride or low
nucleophile concentration are conditions that engender equi-
libration of collapse of the cation-anion pair to give the less
reactive neutral complex [(mt-cycloalkenyl)Pd(X)(L)] before
nucleophilic attack. Future work will aim to address the stark
differences between MOP and MAP in the Pd-catalysed
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allylic alkylation reactions of isocinnamyl type substrates (2)
and the role of (P,C)-coordinated Pd—MAP complexes in the
catalytic cycles of Suzuki and Hartwig—Buchwald reac-
tions.[2a.]

Experimental Section

General: Solvents and reagents were purified by standard procedures.
Anhydrous solvents were purchased from Fluka or Aldrich and used as
received. When appropriate, reactions were carried out under nitrogen or
argon using standard Schlenk techniques. NMR experiments were per-
formed on JEOL Delta 270, GX400 and Alpha 500 instruments. Spectral
simulation ("H) of the allyl signals of Pd complexes was performed using g-
NMR software. Electrospray mass spectra were obtained on a VG Quattro
instrument (Cone voltage 50 V). Elemental analysis of the compounds were
performed by the analytical service of the School of Chemistry, University of
Bristol. IR spectra: Perkin-Elmer 1600 FT, samples were prepared as thin
films on NaCl or as KBr discs, absorptions are reported in cm™' as strong
(s), medium (m) or weak (w). Flash column chromatography: Merck silica
gel 60 eluting with a constant gravity head of about 15 cm solvent. Thin
layer chromatography: 0.25 mm, Merck silica gel 60 F254 visualising at
254 nm or with acidic (H,SO,) aq. KMnO, solution (ca. 2%).

Preparation of complex (+)-9: A bright yellow solution of (S5)-(—)-MAP
(7) (585.0 mg, 1.21 mmol) in anhydrous CH,Cl, (6.5 mL) was added to a
colourless solution of [Pd(7°-C;Hs)(MeCN),]JOTf (459.96 mg, 1.21 mmol)
in anhydrous CH,Cl, (11 mL), under nitrogen, to give a dark orange
solution. Evaporation of the solvent afforded 9 as an orange solid
(898.9 mg, 95%). Crystallisation by diffusion of diethyl ether (v/v 5:1)
into a solution of 9 in CH,Cl, afforded a mixture of larger dark orange and
smaller yellow crystals, 559.4 mg (59.4%). M.p. dark orange crystals:
179.5-180°C, yellow crystals: 199°C. Both crystal habits dissolve to give
the same complex 9 (NMR). [a]¥ =1024 (c=0.717 in CH,Cl,); 'H NMR
(500 MHz, CD,Cl,, 25°C, CHDCl,): Compound aS;aSp;-9 (major): 6 =
8.09 (brd, *J(H,H) =8 Hz, 1H; C4-H), 8.03 (d, */(H,H) =8 Hz, 1H; C4"-
H), 7.95 (d, *J(H,H) =8 Hz, 1H; C5-H), 7.76 (d, *J(H,H) =8 Hz, 1H; C5'-
H), 773 (d, 3J(H,H) =8 Hz, 1H; C3-H), 7.73 (m, 1H; C3-H), 7.53 (dd,
3J(H,H) =8, 8 Hz, 1H; C6-H), 7.52-7.29 (brm, 10H; arom. H), 7.24 (dd,
3J(H.H) =8, 8 Hz, 1 H; C7-H), 722 (brdd, */(H,H) =8, 8 Hz, 1 H; C6-H),
6.96 (dd, 3J(H,H) =8, 8 Hz, 1H; C7"-H), 6.60 (d, *J(H,H) =8 Hz, 1H; C8'-
H), 6.30 (d, */(H,H) =8 Hz, 1H; C8-H), 5.73 (simul. dddd, *J(H,H) =6.0,
6.7,14, 14 Hz, 1 H; allyl C2-H), 3.86 (simul. ddd, 2J(H,H) = 1.0 *J(H,H) =6,
3J(H,P) =6.0 Hz, 1Hj; allyl CHsyn, trans 3'P), 3.68 (simul. ddd, 2J(H,H) =
1.0, 3J(H,H) = 6.7, */(H,H) = 1.0 Hz, 1H; allyl CHsyn, cis *'P), 2.80 (simul.
dd, ?J(H,H) = 1.0, %J/(H,H) = 14.0 Hz, 1 H; allyl CHanti, cis *'P), 2.78 (s, 6 H;
N(CHs),), 2.59 (simul. ddd, 2/(H,H) = 1.0, 3/(H,H) = 14.0, 3J(H,P) = 9.0 Hz,
1H; allyl CHanti, trans 3'P). Compound aS; aRpg-9 (minor): 6 =8.07 (brd,
3J(H,H) =8 Hz, 1H; C4-H), 7.98 (d, *J(H,H) =8 Hz, 1H; C4-H), 7.95 (d,
3J(HH) =8 Hz, 1H; C5-H), 7.79 (d, 3J(H,H) =8 Hz, 1H; C3'-H), 7.73 (m,
1H; C3-H), 7.71 (d, 3/(H,H) =8 Hz, 1H; C5-H), 7.53 (t, *J(H,H) =8 Hz,
1H; C6-H), 7.52-729 (brm, 10H; arom. H), 7.24 (t, 3/(H,H) =8 Hz, 1H;
C7-H), 717 (brt, 3/(H,H) =8 Hz, 1H; C6'-H), 6.88 (dd, */(H,H) =8 Hz,
1H; C7-H), 6.36 (d, *J(H,H) =8 Hz, 1H; C8-H), 6.32 (d, *J(H,H) =8 Hz,
1H; C8-H), 5.27 (simul. dddd, 3/(H,H) =14.0, 14.0, 6.7, 5.2, 1H; allyl C2-
H), 4.21 (simul., ddd, 2J(H,H) = 1.0, 3/(H,H) = 14, 3J(H,P) =9 Hz, 1 H; allyl
CHanti, trans 3'P), 3.71 (simul., ddd, 2/(H,H)=1.0, 3/(H,H) =6.7, */(H,
H)=1.0 Hz, 1H; allyl CHsyn, cis 3'P), 3.18 (simul., dddd, 2/(H,H) =1.0,
3J(HH)=5.2,3%/(H,P) =52, /(H,H) = 1.0 Hz, 1H; allyl CHsyn, trans 3'P),
2.96 (s, 6H; N(CHs),), 2.58 (simul., dd, 2/(H,H) = 1.0, *J(H,H) = 14.0, 1H;
allyl CHanri, cis 3'P). BC{'H} NMR (125 MHz, CD,Cl,, 26°C, CD,Cl,),
Compound aS; aSps-9: 6 =155.47 (C2' =N), 147.18 (d, 2J(C,P) =27 Hz, C1),
135.08 (C4'), 134.20 (C9"), 130.15 (C4-H), 128.77 (C5'-H), 128.48 (C7-H),
128.08 (C7-H), 127.97 (C3), 126.86 (C10'), 124.49 (C8'-H), 124.46 (C6'-H),
120.83 (d, 2J(C,P) =6 Hz; allyl C2), 117.41 (C3’-H), 92.94 (brs, C1'-Pd),
89.92 (d, 3/(C,P) =30 Hz; allyl Ctrans 3'P), 59.29 (d, 2J(C,P) =3 Hz, allyl
Ccis 3'P), 46.30 (N(CHj;),). Compound aS;aRps-9: 6 =155.47 (C2'=N),
146.97 (d, 2J(C,P) =26 Hz, C1), 135.08 (C4'-H), 133.64 (C9'), 130.15 (C4-H)
128.82, (C5'-H), 128.37 (C7'-H), 128.09 (C7-H), 127.95 (C3-H), 126.64
(C10), 124.60 (C8'-H), 124.22 (C6'-H), 120.04 (d, 2/(C,P) = 6 Hz; allyl C2),
116.81 (C3'-H), 94.32 (brs, C1'-Pd), 93.56 (d, 3/(C,P) =30 Hz; allyl Ctrans
31P), 56.43 (d, 2J(C,P) =3 Hz, allyl Ccis 3'P), 47.11 (N(CHs),).
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The following carbon signals could not be distinguished between com-
pounds aS;aRp;-9 and aS;aSps9: 0)134.01 and 133.70 (2 xd 3J(C,P)=
14Hz, arom.C-Hortho), 13319 (C(10)), 13274 and 13243 (2xd,
3J(C,P) =13 Hz, arom.C-Hortho), 132.38 and 132.26 (C9), 131.49, 131.43,
131.31, and 131.12 (4 x d, *J(C,P) =2 Hz, arom.C-Hpara), 129.83, 129.68,
129.68 (3 x Cyy); 129.25 and 129.16 (2 x d, “J(C,P) = 8 Hz, arom.C-Hmera),
128.96 and 128.81 (2 x d, */(C,P) = 11 Hz, arom.C-Hmeta), 128.60 (C6-H),
128.53 (C5-H), 124.65 (C8-H): C2 was not located. 3P NMR (202 MHz,
CD,Cl,, 25°C, CD,Cl,): 6 =33.42 (s, aS;aSpq-9 ), 33.37 (s, aS aRps-9 ); IR
(KBr, cm™'): #=3054w, 1613w, 1435m, 1264s, 1151m, 1097w, 1030m, 815w,
750w, 697w, 638m, 529m; MS (electrospray): m/z: 629 [M — OTf]*;
elemental analysis calcd for Cy;3H3;;NO;PSF;Pd (778.13) (%): C 58.66, H
4.27, N 1.80; found: C 58.23, H 4.33, N 1.93.

Preparation of Complex (+)-10: A colourless solution of (S)-(—)-MOP (6)
(85.00 mg, 0.18 mmol) in anhydrous CH,Cl, (2.3 mL) was added to a
colourless solution of [Pd(#*-C;H;)(MeCN),]OTf (68.69 mg, 0.18 mmol) in
anhydrous CH,Cl, (1.2 mL), under nitrogen, to give a bright yellow
solution. Evaporation of solvent afforded crude (+)-10 as a bright yellow
oil. Crystallisation by diffusion of diethyl ether (v/v, 5:1) into a solution of
(4+)-10 in EtOAc (v/v, 5:1) afforded yellow crystals, 59.7 mg (43.4%). M.p.
176°C (darkens); [a]} =276 (c=0.245 in CH,Cl,); '"H NMR (500 MHz,
CD,Cl,, —25°C, CHDCl,): Compounds aS; aRps-10 (major) and aS; aSp-10
(minor): 6 =8.09 (d, 3/(H,H) =8 Hz, 1H; C5'-H), 7.33-7.62 (m, 14H; C3-
H, C6-H, C6'-H, C7'-H, Ph,), 7.18 (ddd, *J(H,H) =7,7,*/(H,H) =1 Hz, 1 H;
C7-H), Compound aS;aRy-10: 6 =8.17 (d, 3J(H,H) =8 Hz, 1H; C4-H),
8.05 (d, *J(H,H) =8 Hz, 1H; C4-H), 7.94 (d, *J(H,H) =8 Hz, 1H; C5-H),
7.80 (d, *J(H,H) =8 Hz, 1H; C3'-H), 7.14 (d, */(H,H) =8 Hz, 1H; C8-H),
5.96 (d, *J(H,H) =8 Hz, 1H; C8-H); 5.70 (simul. dddd, *J(H,H) = 6.0, 6.4,
13.1, 14.3 Hz, 1H; allyl C2-H), 3.66 (simul. ddd, 2/(H,H) =1.0, *J(H,H) =
6.4, “J(H,H) = 1.0 Hz, 1Hj; allyl CHsyn, cis *'P), 3.61 (s, 3H, OCHs;), 3.098
(simul. ddd, */(H,H)=1.0 ¥(HH)=13.1, 3/(H,P)=9.7Hz, 1H; allyl
CHanti, trans *P), 3.085 (simul. dddd, 2/(H,H)=1.0, 3J(H,H)=6.0,
3J(H,P)=9.5, “/(HH) =1.0 Hz, 1H; allyl CHsyn, trans 3'P), 2.48 (simul.
dd, 2J(H,H) = 1.0, 3J(H,H) = 14.3 Hz, 1 H; allyl CHanti, cis *'P); compound
aS;aSp-10: 0=28.20 (d, */(HH)=8 Hz, 1H; C4-H), 8.04 (d, */(HH) =
8 Hz, 1H; C4-H), 7.93 (d, *J(H,H) =8 Hz, 1H; C5-H), 7.89 (d, */(H,H) =
8 Hz, 1H; C3'-H), 6.94 (d, *J(H,H) =8 Hz, 1H; C8-H), 5.94 (d, */(H.H) =
8 Hz, 1H; C8-H), 5.22 (simul. dddd, *J(H,H) =6.0, 6.0, 14.0, 14.3 Hz, 1 H;
allyl C2-H), 3.80 (simul. ddd, 2J(H,H)=1.0, 3J(H,H)=14.3, 3J(H,P) =
9.0 Hz, 1 H; allyl CHanti, trans 3'P), 3.73 (s, 3H, OCH,), 3.43 (simul. ddd,
2J(HH)=1.0, 3/(H,H) =6.7, “/(H,H) = 1.0 Hz, 1H; allyl CHsyn, cis *'P),
2.89 (simul. dd, 2/(H,H) = 1.0, *J(H,H) = 14.0 Hz, 1 H; allyl CHani, cis >'P),
2.80 (simul. dddd, %/(H,H)=1.0, 3/(H,H) =6.0, 3J(H,P) =6.0, “/(HH) =
1.0 Hz, 1H; allyl CHsyn, trans 3'P); “C{'"H} NMR (125 MHz, CD,Cl,,
25°C, CD,Cl,): aS;aRps-10 and aS; aSp,-10: 0 =143.1 (3/(C,P) =27 Hz; C1),
136.1 (d, Y(C,P)=2Hz; C2), 1342 (C9), 133.8 (d, 2J(C,P)=13 Hz;
Cortho), 133.4 (CS5'-H), 133.0 (C10"), 132.8 (C9), 132.7 (C10), 132.3 (brd,
2J(C,P) =19 Hz; Cortho), 131.4 (d, 3J(C,P) =7 Hz; C4-H), 130.5 (Cpara),
130.1 (d, 3J(C,P) =11 Hz; Cmeta), 131.0 (d, *J(C,P) = 11 Hz; Cmeta), 129.2
(Ce6), 129.1 (CS5), 128.7 (C7), 128.6 (Cpara), 1279 (C3), 126.3 (C6’, C8'),
125.5 (C8-H), 121.7 (C2 allyl), 116.5 (C3"), 105.4 (C1’), 57.30 (OCHs;);
aS;aRpg-10 155.8 (C2')134.8 (C4'), 129.5 (C7'), 100.6 (allyl Ctrans 3'P),59.1
(allyl Ccis 3'P); aS;aSps-10: 6 =156.7 (C2'), 134.6 (C4'-H), 129.7 (C7"-H),
98.8 (allyl Ctrans 3'P),59.3 (allyl Ccis 3'P); 3'P NMR (CD,Cl,, 202 MHz,
21°C): 33.7 (s, aSiaRp-10), 32.7 (s, aS;aSp-10); MS (electrospray): m/z:
615.54 [M — OTf]*; elemental analysis calcd for C;;H;,O,PSF;Pd (765.09)
(%): C 58.11, H 3.96; found: C 58.31, H 3.93.

1-[*H;]-cyclopentenyl pivalate 15: Cyclopent-2-enone (12.89 mL,
154 mmol) in Et,0 (125mL) was added dropwise to a suspension of
LiAl[?H,] (2.21g, 52.6 mmol) in Et,0 (50 mL). After complete addition,
water (12 mL) was added dropwise (CAUTION!) followed by MgSO, (ca.
10 g). The resulting suspension was stirred overnight and then filtered
through Celite, the filtrate concentrated in vacuo (250 mmHg, 40°C) to
about 15 mL, distilled and the fraction boiling at 59°C at about 20 mmHg
collected to afford (+)-1-[?H,]-cyclopent-2-en-1-ol, (10.5g, 83%) as a
colourless liquid. To a stirred solution of (+)-1-[?H,]-cyclopent-2-en-1-ol
(20g, 23.5mmol) in CH,Cl, (100 mL) was added Et;N (3.52mL,
253 mmol), DMAP (60mg, 0.54 mmol) and, finally, Me;CCOCI
(2.90 mL, 23.6 mmol). After 19 h, the reaction mixture was poured into
water (100 mL), extracted with CH,Cl, (150 mL), dried (MgSO,) and
concentrated in vacuo to afford a pale yellow oil. This was purified by
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chromatography onsilica gel (hexanes/EtOAc, 12:1) and then by kugelrohr
distillation (oven T=160°C, ca. 20 mmHg) to give (£)-15 (3.37 g,85%) as
a colourless oil, tlc, hexane/EtOAc, 12:1, R;=0.5. '"H NMR (CDCl;,
270 MHz, 21°C, TMS): 6 =6.1 (m, 1H; C3-H), 5.8 (m, 1H; C2-H), 2.5 (m,
1H; C4-Hsyn), 2.3 (m, 2H; C4-Hanti, C5-Hanti), 1.75 (m, 1H; C5-Hsyn),
1.2 (s, 1H; C(CH,);); 2H NMR (CHCl; 46 MHz, 21 °C, CDCL,): 6 =5.6 (brs,
C1-?H); BC{'H} NMR (75 MHz, CDCl;, 21°C, TMS): 6 =178.6 (C=0),
1372 (C3), 129.4 (C2), 89.9 (t, J(C,D) =24 Hz, C1), 38.6 (C(CH,);), 31.1
(C4), 29.7 (C5), 27.2 (C(CHy);).

Palladium-catalysed allylic alkylation with memory effect: The following
procedure (Table 1, entry 3) is typical: In a Schlenk tube, [Pd(7*-CsHs){(S)-
7)}][OsSCF;] (+)-(9) (23.02 mg, 0.030 mmol) was stirred, under N,, in THF
(1.0 mL) at 25 °C for 20 min to afford an orange solution/brown dispersion.
In a separate Schlenk tube, (+)-15 (100 mg, 0.59 mmol) was added through
microsyringe to a solution of [NaCH(CO,CH;),] (13) (205.0 mg,
1.33 mmol) in THF (4.1 mL). The solution of complex 9 was added
resulting in rapid formation of a bright orange, slightly viscous solution.
TLC (hexane/EtOAc, 12:1) after 5 min indicated the presence of 17 (R;=
0.34) and absence of (£)-15 (R;=0.50). The reaction mixture was
immediately quenched by addition of aqueous NH,Cl (10 mL, 2.65Mm)
and extracted with CH,Cl, (4 x 25 mL). The combined extracts were dried
(MgSO,) and evaporated to afford a pale brown oil and solid. This was
applied to a pre-solvated silica gel column (2.5 x 9 cm) and eluted with
hexane/EtOAc, 12:1, collecting 14 mL fractions (gravity column). Frac-
tions 4—7 (containing material of R;=0.34) were evaporated to afford a
mixture of (1')[?H,]- and (3')[*H,]-dimethyl (2'-cyclopentenyl)methanedi-
carboxylate a-17 and y-17, respectively, as a colourless oil (94.1 mg,
80.1%).?H NMR (CHCl;, 46 MHz, 21 °C, CDCl;): 6 =5.85 (brs, C3'-?H; y-
17), 3.34 (brs, C1'-?H; a-17); ratio a/y = 0.90:0.10.

Analysis of regioisotopomeric enantiomers of 17 by 3C NMR spectroscopy:
aly-17 (40 mg, 0.20 mmol) was dissolved in C¢Dg (0.70 mL) and then (+)-
[Eu(hfc);] (132.0 mg, 0.11 mmol; hfc=3-(heptafluoropropylhydroxy-
methylene)-p-camphorate) was added to give a clear bright yellow
solution. The enantiomer ratios of the isotopomers were estimated by
integration of the BC{'H} NMR (75 MHz, C;Dg, 25 °C) spectrum and then
applying correction factors determined by reference to a 1.02:1.00 sample
of racemic a-17/y-17. The following relative integrals (%) were obtained:
(S)-aly-17 (45.5%) 54.06, 53.57 ((CO,CH,),); (R)-aly-17 (54.5%) 53.86,
53.72 ((CO,CHa),); (S)-a-17 (42%) 33.63 (C4'), 30.79 (C5'); (R)-a-17
(46 %) 33.33 (C4'), 30.37 (C5'), (S)-y-17 (4 %) 33.51 (C4'), 30.91 (C5'), (R)-
y-17 (8 %) 33.21 (C4), 30.49 (C5').
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500 MHz ('H) in nitrogen-saturated CD,Cl,. In assignment of
structure, some experiments were run at —25°C to avoid complica-
tions of diastereoisomer interconversion.

It should be noted that there are no strong anisotropic shifts of
aromatic protons (all 4>6.9) in the 'H NMR spectrum of the
monodentate complex [(m-cyclohexenyl)(Cl)Pd-(P)-MOP], see sup-
porting information in ref. [3b], nor in the monodentate complex [ (-
prenyl)(Cl)Pd-(P)-MOP] (0 =6.96-8.04) see ref. [10]. Both of these
complexes were prepared by addition of MOP to dimeric (Cl)Pd-
allylic precursors.
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with 2.25 equivalents of NaCHE, (5 mol% [(dppf)Pd(allyl)][OTf],
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The origin of the memory effect, which manifests a dual and
asymmetric manifold, is still a matter of debate. Asymmetric ion-
pairing between nucleofuge and a Pd-allyl cation in which ligand 16 is
bonded through both P donors was originally suggested by Trost et al.
(see ref. [3a]); see also: a) B. M. Trost, R. C. Bunt, J. Am. Chem. Soc.
1998, 120, 70-79; b) B. M. Trost, X. Ariza, J. Am. Chem. Soc. 1999,
121,10727-10737. We have suggested an alternative process in which
the ionisation of the mismatched enantiomer of substrate is accom-
panied by (or prefaced by) a dissociation of one of the P donors (see
ref. [3c, e].
Negligible secondary kinetic isotope effects are observed in these
reactions, see for example Table 1, entry 4.

re” is global regiochemical excess (% ); re (a)=100[(a-y)/(a +y)].
These ee values are quoted in ignorance of the isotopic label, that is
that which would be observed if unlabelled substrate 11 were
employed. For the details of the ee determination, see the Exper-
imental Section.
[Pd,dba;] - CHCl; can sometimes act as a source of chloride, see: O.
Loiseleur, P. Meier, A. Pfaltz, Angew. Chem. 1996, 108, 218-220;
Angew. Chem. Int. Ed. Engl. 1996, 35, 200-202, and the results in
Table 1, entry 2 could be due to the dba or the chloride.
The equation (K,/Kpm) = [Xn/(1 — X)]; Where Xy, = [(Cobs — Cm)/ (0t —
Umm)] {Where ag, 0mm and a,, are the mole fractions a-17 observed
with (+)-L, and from matched/mismatched manifolds with enantio-
merically pure L, and x,, the mole fraction of substrate fractionated
through matched manifold} can be applied providing that a,, + -
G. R. Cook, P. S. Shanker, Tetrahedron Lett. 1998, 39, 4991 —4994.
a) P.E. Blochl, A. Togni, Organometallics 1996, 15, 4125-4132;
b) T. R. Ward, Organometallics 1996, 15, 2836-2838; c) H. Steinha-
gen, M. Reggelin, G. Helmchen, Angew. Chem. 1997, 109, 2199 —2202;
Angew. Chem. Int. Ed. Engl. 1997, 36, 2108-2110; for recent
discussion of the relationship between Pd—C allyl bond lengths and
regioselectivity of nucleophilic attack see: d) C. Jonasson, M. Kritikos,
J.-E. Béckvall, K. J. Szab6, Chem. Eur. J. 2000, 6, 432—436.
H.-J. Gais, H. Eichelmann, N. Spalthoff, F. Gerhards, M. Frank, G.
Raabe, Tetrahedron: Asymmetry 1998, 9, 235-248.
Unlike 9 and 10, which were studied under strictly “Pd" conditions”,
18 and 19* will be generated in the presence of Pd*-MAP or Pd’-
MOP respectively. A mechanism involving wt-allyl transfer from Pd" to

(37]

(38]

(39]

[40]

[41]

Pd° by S\2 transfer can be ruled out on the grounds that a) MOP and
MAP are bulky and bidentate and b) such a process would erode the
strict inversion-inversion sequence used for *C NMR analysis and
thereby alter the 50:50 product distribution (which is not observed).
For discussion of w-allyl transfer from Pd" to Pd’ see K. L. Granberg,
J.-E. Bickvall, J. Am. Chem. Soc. 1992, 114, 6858.

C. Amatore, A. Jutand, G. Meyer, L. Mottier, Chem. Eur. J. 1999, 5,
466 -473.

This is based on the cyclohexenyl analogues of 21 (where L =PPh; or
MOP and X =Cl) which have been studied by Hayashi et al., see
ref. [3b]. The interconversion of enantiomers (L =PPh;) and diaster-
eoisomers (L = MOP) occurs very slowly, the key difference being the
effect of excess L on the rate (10 mol % PPhs, ca. 40-fold rate increase
at —15°C; 100 mol % MOP, ca. 1.2-fold at 20°C). This difference was
ascribed to the steric bulk of MOP inhibiting generation of [(7t-
cyclohexenyl)Pd(L),|*[Cl]".

For a discussion see: B. Akermark, S. Hasson, B, Krakenberger, A.
Vitagliano, K. Zetterberg, Organometallics. 1984, 3, 679-682, and
references therein.

Although a latent selectivity of 52% ee is obtained in CH,Cl,, the
latent selectivity in THF need not be of similar magnitude: I.J. S.
Fairlamb, G. C. Lloyd-Jones, S. C. Stephen, unpublished results. Note
that [aR aRp] is the major diastereoisomer of [(mt-cyclohexe-
nyl)(C1)Pd-(P)-6] (see ref. [3b]) and that this corresponds to that
which would be expected in analogous complex 21, if the major
diastereoisomer in solution reflects the major enantiomer of product
(17) generated.

A long-lived palladium(o) complex of MOP (Pd/6=1) has been
reported by Hayashi et al. (see ref. [3b]); this behaviour contrasts the
analogous but unstable PPh; complex (P/Pd=1) which rapidly
disproportionates. The stability of the MOP complex was ascribed
to bidentate (P,C)-coordination. Based on the high-field '"H NMR
chemical shifts of C7"-H (0 =6.00) and C8"-H (6 =6.22), the C7=C8'
unit of the naphthyl ring was assigned as the site of (»>-Pd)
coordination. Low chemical shifts of both C8-H and C8-H are
observed in complex 10 (C8-H, 6 =5.86; C8'-H, 0 =6.88/7.15), 9 (C8-
H, 0=16.30/6.32; C8-H, 6 =6.60/6.36) and MAP-PdCl, (C8-H, 6 =
6.33; C8-H, 6 =6.58, see ref. [12a]). We ascribe these high-field shifts
to anisotropic effects of the naphthyl rings (see complex 9, Figure 3).
Oxidative addition of cyclopentenyl pivalate 11 to Pd® complexes of
MOP or MAP could thus occur from either a bidentate (P,C)-
[C7=C8'] or (P,C)-[C1'=C2'] type complex (with a 1,3-Pd shift from
the former) to give cations 18" and 19+.
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Pseudoprolines (?Pro) in Drug Design:
Direct Insertion of #Pro Systems into Cyclosporin C

Michael Keller, Torsten Wohr, Pascal Dumy, Luc Patiny, and Manfred Mutter*!?!

Abstract: The insertion of acetals that
exhibit variable structural features into
complex peptides such as cyclosporin C
(CsC) results in oxazolidine derivatives
(pseudoprolines, ¥Pro) of tailored phys-
ico-chemical and biological properties.
N,O-Acetalation of the 2-threonine hy-
droxyl group and the preceding amide
nitrogen of CsC is achieved by treating
the molecule with a number of both

tals. The ¥YPro-containing CsC deriva-
tives exhibit enhanced conformational
backbone rigidity, as suggested by ana-
lIytical HPLC, NMR spectroscopy and
by kinetic measurements on binding

Keywords: amino acids - cyclospor-
in derivatives - drug research
isomerases - peptides - pseudopro-
lines

with their receptor protein cyclophilin A
(CypA) that were not time-dependent.
ICs, values for calf-thymus CypA were
obtained by kinetic evaluation of its
isomerase activity. The
choice of the para-substituted aryl di-
methyl acetals allows the inhibitory
properties of the corresponding deriva-
tives to be modulated to either prodrugs
or moderately strongly binding cyclo-

cis — trans

arylated and non-arylated dimethyl ace-

Introduction

Numerous chemical methods for the modulation or optimi-
sation of the physico-chemical, pharmacological and bio-
logical properties of natural peptides or lead compounds have
been developed and successfully applied in drug develop-
ment. The recently introduced pseudoproline concept offers
an elegant and versatile alternative to existing strategies for
the chemical modification of bioactive peptides. According to
this approach, serine-, threonine- and cysteine-containing
peptides can readily be converted by intraresidual N,O- or
N,S-acetalation into five-membered ring systems (oxazoli-
dines or thiazolidines), referred to as pseudoprolines (¥Pro)
due to their structural similarities to the naturally occurring
amino acid proline (Scheme 1).I1 So far, pseudoprolines have

0
coor il COOH

YHN 1YN3_4B‘
—B‘R H* Rz\»Q15 R
HX R™ "X

Y-Xag

1.2
Y-Xaai(‘l’R R pro)
Scheme 1. Formation of pseudoprolines: Xaa; = Ser (X =0, R =H) or Thr
(X=0, R=CHj;,Y = N-protected amino acid Xaa; ;) give oxazolidine-
containing dipeptide derivatives; Xaa;=Cys (X=S, R=H, Y=H) gives
thiazolidines.
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sporin C derivatives.

found applications in providing solubilising, secondary-struc-
ture disrupting building blocks for the synthesis of difficult
peptide sequences!? and for the reversible induction of cis-
amide bonds into peptide backbones.’] More recently, the
YPro concept was extended to targeting cis-amide bonds in
biologically relevant recognition processes.

Up to now, the incorporation of ¥Pro systems into peptide
backbones was achieved by preforming the corresponding
YPro building blocks according to Scheme 1 and subsequent-
ly coupling them to the peptide chain. Here, we explore the
direct incorporation of pseudoprolines into complex peptide
structures using the example of cyclosporin C (CsC). This
strategy allows the efficient preparation of a large variety of
derivatives that exhibit differential structural and functional
features.

Cyclosporins are a family of hydrophobic, cyclic undeca-
peptides with a remarkable variety of biological functions.
Among these are immunosuppression,©! promotion of nerve
outgrowth in neurodegenerative diseasesl® and blockage of
HIV-1 replication.l Today, some 30 members of the family
have been isolated from natural sources.’l The best known is
cyclosporin A (CsA), which has been in clinical use since 1983
under the trade names Sandimmun® and Neoral® to prevent
rejection of organ transplants. Since the discovery in 1986 that
the activation of CD4 + cells is inhibited by CsA, research for
new cyclosporin derivatives has intensified with the aim of
finding a selective drug for immunosuppression and blockage
of the HIV-1 pathway.®l The mode of action of all cyclosporins
and their derivatives is linked to their receptor proteins, the
ubiquitously occurring peptidylprolyl cis/trans isomerase
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cyclophilin (Cyp).’! The strong HsC._,OH o
. . . 1" 1 3
hydrophobic binding of the two VaIMe-MeBmt—NH—Iv-z—“—Sar )R\ ValMe-MeBmt-N Sar
loops protruding from the surface MeLeti o o MeO” “OMe MeLel'J R 2 CHs
of the enzyme involves interac- Meleus s s . > MeLeu o/
tions between 13 residues of Cyp D-Ala—Ala—MelLeuVal-—Meleu H* D-Ala—Ala—MeleuVal—Meleu

and residues 10(MeLeu),
11(MeVal), 1(MeBmt), 2(Abu)
and 3(Sar) of the undecapeptide
(Figure 1). The other half of the
cyclic peptide remains exposed on
the surface; this enables further interactions with a second
protein, the cellular phosphatase calcineurin (Cn).l'] The
complex [(CsA-Cyp)-Cn] has been proved to be responsible
for immunosuppression by inhibiting the transcription of
essential genes for cytokines, for example IL-2.

CsC

of CsC.

Figure 1. Molecular structure of cyclosporin A (CsA; R=H) and cyclo-
sporin C (CsC; R =0OH). The binding region for cyclophilin A comprises
residues 1-3, 10 and 11.

CypA is also required for HIV-1 replication. The HIV-1
Gag polyprotein Pr558% specifically binds CypA through a
proline-rich conserved domain at the N-terminal region of the
p24#¢ capsid protein.'!l In addition, host CypA is incorpo-
rated into HIV-1 virions and is a requirement for viral
replication.'”) The presence of cyclosporin prevents these
interactions and inhibits the replication of the virus. For this
reason, a strong ligand for cyclophilin A which can interrupt
the interaction between cyclophilin and p24%¢ would be a
potent candidate for an HIV drug.["*]

We focus here on the analogue cyclosporin C (CsC), which
exhibits similar structural and functional properties to CsA.["Y
Most notably, CsC differs from the commercial drug CsA only
by the substitution of threonine for 2-aminobutyric acid
(Abu) at residue 2 (Figure 1); this allows the application of a
direct-insertion strategy for accessing novel ¥Pro-containing
derivatives. The structural modification in the binding region
of cyclosporin with its receptor proteins!™™ should afford new
insights into the molecular recognition process of Cs receptor
interactions. In addition, the temporary insertion of a C-2
substituent (R in Scheme 2) of variable structural and func-
tional properties offers interesting perspectives in prodrug
design.[¢]

Chem. Eur. J. 2000, 6, No. 23
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Thr(¥™*"pro)csc

Scheme 2. Regioselective N,O-acetalation of cyclic undecapeptide CsC to 2-C-substituted ¥Pro-derivatives

Results and Discussion

Synthesis and characterisation of CsC derivatives 3a-i:
During N,O-acetalation, the side chain OH functions of both
the 1-Bmt and 2-Thr could potentially react to form a
perhydro-oxazinone or an oxazolidine (¥Pro) system, re-
spectively (Scheme 3). According to previous work by von
Wartburg and co-workers,['”) a pronounced difference in the
reactivities of the two hydroxyl groups results in a regiose-
lective acetylation of the 2-L-threonine residue when treated

OH
H O Ac-anhydride
N2 =
CH, Pytidine
H,c” OH
1 2

DMA (H*, Tol., 80°C)

3a-i !

Scheme 3. Differential reactivity of the OH side chains of 1-Bmt and 2-Thr
during N,O-acetalation of CsC. After selective acylation at 2-Thr to
derivative 2, no acetalation to 4 is observed. Direct insertion of a series of
dimethyl acetals RHC(OCHj;), (DMA) into 1 results in ¥Pro-containing
CsC derivatives (3a—i in Table 1)

with acetic anhydride in pyridine to yield 2. In order to
exclude the occurrence of a competing reaction that gives the
perhydro-oxazinone (4), acetylation of CsC (1) was carried
out and the isolated [2-Ac-Thr|CsC (2) was treated with a
number of arylated dimethyl acetals under conditions typi-
cally applied in the formation of oxazolidines (¥Pro).

Even after extended reaction times at 80°C, no detectable
YPro insertion occurred. Therefore, it was concluded that the
difference in reactivity of the two homologous side-chain
functionalities is sufficiently high for a regioselective reaction
of cyclosporin C with the corresponding dimethyl acetals. As
shown in Table 1, a number of both arylated and non-arylated
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Table 1. ¥Pro 2-C monosubstituted derivatives of CsC obtained by condensa-
tion of dimethyl acetals (DMA, RHC(OCH3;),) to CsC (see Schemes 2 and 3).
1Cs, values concern inhibition of calf-thymus cyclophilin A.

R Com- Reaction time Yield Mass 1Cs/
pound [min] [%] caled  found m/z1 1Csyca
Ph 3altl 45 74 1306.7  1306.7 6.0
p-Ph—CH, 3pll 30 89 1382.8  1383.8 5.8
CH,=CH 3cb 60 75 1256.7 12577 5.3
p-MeO,C-C(H, 3dP® 120 55 1364.7  1364.7 7.8
p-MeO-C¢H,  3ell 60 90 13362 13372 52.1
3ficl 60 90 13362 13372 15.4
p-AllOOC—CH, 3g 50 95 1390.7 1391 4.0
p-HOOC—CH, 3h 5004 75 1350.7 1351 24.1
PEG 3i 240 20 ~1851 ~1851ll 21.5

[a] ESI-MS. [b] Epimeric mixture [2-C(R) + (S)]. [c] Compounds 3e and 3 f are
separated epimers. The stereochemical assignment at the ¥Pro 2-C position of
epimers 3e and 3 f was determined by '"H NMR spectroscopy. [d] Obtained by
allyl-deprotection of compound 3g. All=allyl protection group. [e] Typical
Gaussian distribution in ESI-MS due to polydisperse polymeric distribution.

dimethyl acetals react smoothly with cyclosporin C to give the
corresponding oxazolidine derivatives 3a—i (Scheme 3) in
yields between 20 and 90 %.

A striking feature of the HPLC analysis of compounds 3a—
i is the sharper shape of the peaks compared with CsC
(Figure 2); this points to a narrower distribution of confor-
mations['®! due to the conformational constraints induced by

a)

Figure 2. a) HPLC profile of CsC. b) HPLC profile of CsC ¥Pro
derivative 3e. ¢) HPLC profile of CsC ¥Pro derivative 3f. Gradient:
50-100% acetonitrile in water, 50 min, Cyg.

the oxazolidine system (Figures 2 and 4, shown below). This
result is further confirmed by '"H NMR analysis of the NH
region. In the case of the pseudoproline derivative 2-L-
Thr(¥*Hpro) (3a) only two major conformers are observed
in DMSO, whilst in the case of the starting material CsC, a
large number of conformers is present (Figure 3). This finding
shows that the threonine —sarcosine region within cyclospor-

4360

88 86 B84 B2 80 78 76 74 72 70 68 66 64
5

818 8{6 8{4 8i2 8i0 7:8 716 714 712 710 61.8 GtG 6T4

Figure 3. Top: 'H NMR spectra of CsC. Bottom:'H NMR spectra of
[2-L-Thr(¥**pro)]CsC 3a in DMSO. The presence of the pseudoproline
reduces the number of conformers.

ins is particularly involved in conformational stabilisation. As
previously demonstrated by Wenger et al.,['”] the CsA deriv-
ative [D-MeSer®]CsA exhibits nearly identical backbone
conformations in solution and when bound to cyclophilin.
This conformational stabilisation is not necessarily limited to
residues in close sequential proximity to ¥Pro and the
biologically active all-trans form can be stabilised in solution
through long-range interactions through the peptide back-
bone. It may therefore be suggested that, in the oxazolidine-
containing derivatives of CsC, a backbone conformation
similar to the bioactive conformation is stabilised. This
hypothesis is supported by inhibitory measurements of
derivatives 3a—i. CsA and CsC are known to be slow-binding
inhibitors, exhibiting maximum inhibition to cyclophilins only
after 30 minutes from onset owing to major conformational
changes. For the YPro-containing CsC derivatives, no such
time-dependent kinetics could be detected; this suggests a
preformed, bioactive-like backbone conformation for these
peptides. In order to exclude traces of CsC under the
conditions of the biological tests, a monoclonal antibody*!
raised against CsC was added. This revealed that the medium
was devoid of detectable amounts of CsC.

The use of aldehydes to form intraresidual N,O-acetals
results in a chiral centre at the 2-C position of the oxazolidine,
that is, 2-C(R) and 2-C(S) (Scheme 3). In the case of the
anisaldehydedimethyl acetal-derived epimers (3 e and 3 f), we
were able to separate the two products by reversed-phase
HPLC. '"H NMR analysis allowed for the stereochemistry of
the pseudoproline unit to be attributed according to previ-
ously established techniques.’?] The 2-C protons were iden-
tified by an NOE crosspeak to the ortho protons of the 2-C p-
methoxyphenyl (pmp) substituent. In the case of the 2-C(R)
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epimer, the S-proton of the threonine forms a strong cross-
peak to the ortho-pmp protons, which is missing for the 2-C(S)
congener. Additionally, the a-Thr exhibits an NOE crosspeak
to the 2-C(S) proton of the oxazolidine. In agreement with our
findings for pseudoproline-containing dipeptides, the 2-C(S)
epimer (3e) exhibits a double set of signals. This is most
probably due to the higher transition-state barrier of cis/trans
isomerisation along the 'Bmt-*Thr(¥Pro) peptide bond and
results in separate signals for each conformer.?® The NMR
analysis of the phenyl derivative (3a) in DMSO shows the
presence of two conformers of a major product and,
presumably, its epimer in a ratio of 50:30:20. This is in
agreement with previous findings in ¥Pro-containing dipep-
tide building blocks.?!

The chemical stability of the cyclic peptides strongly
depends on the substituent (R) at the para position of the
aryl units, as revealed by a significant correlation between
reaction time and stability of the oxazolidine systems.!
Electron-withdrawing substituents stabilise the cyclic form
against acidic hydrolysis, whilst electron-donating groups
provide more acid-labile pseudoprolines. Under conditions
similar to the digestive tract (HCl/THF at pH 1), cyclospor-
in C was reconstituted from derivatives 3a—i (¢;, of about
three days, see Figure 4); this suggests the potential use of
these derivatives as prodrugs.

CsC
t=300h I 7 CsC(¥Pro)
t=0
100 <

75+

50
&
§
25 g
¢
5
0 1 1 b 1
e 3 a8 s e
- ~N ~m <t
time/h

Figure 4. Hydrolysis experiments of 3e at pH 1. Top: HPLC detection of
the hydrolysis of 3e to CsC. Gradient: 50—100% acetonitrile in water,
20 min, C,4. Bottom: Evolution (%) of CsC (<) during hydrolysis of 3e (o).
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For example, the design of prodrugs that exhibit tailored
physico-chemical and pharmaco-kinetic properties, such as
solubility in water, appeared particularly appealing. For the
temporary conversion of cyclosporin C into a water-soluble
compound, polyethyleneglycol (PEG) aldehyde (M~ 850)
was transformed into the appropriate dimethyl acetal and
treated with cyclosporin C to yield [2-L-Thr(¥*ESHpro)|CsC
(3i in Table 1) as prototype of this novel class of CsC
derivatives.

Inhibitory effects of compounds 3 a—i for calf-thymus cyclo-
philin A: The rather drastic chemical modification of cyclo-
sporin C at the threonine residue implied in the binding to
cyclophilin (the receptor protein of cyclosporins) suggests a
significant impact on the biological activities of derivatives
3a—i. An active-site-binding test for cis/trans isomerases
developed by Fischer et al.l?? was used to probe the properties
of the CsC derivatives on their binding to CypA.

For each measurement, the well-investigated CsA was
taken as a reference. The difference between fully catalysed
(noninhibited) and thermal isomerisation served as the end
points of the scale. First-order rate constants of cis — trans
isomerisation, measured as a function of different concen-
trations of pseudoproline-containing CsC derivatives, were
plotted against the corresponding inhibitor concentrations,
and experimental data were fitted into an exponential
function. In the case of weak inhibition, such as for derivatives
3e, 3h and 3i, no total inhibition was achieved at standard
concentrations of the corresponding peptide and extrapola-
tion was used to determine complete inhibition. Resolution to
50% inhibition of the corresponding equation gave the 1Cy,
values (Table 1) for each compound.

Surprisingly, the oxazolidine-containing derivatives 3a—i
exhibit moderate to weak binding to cyclophilin A, the
ubiquitous receptor protein of cyclosporins. Hydrophilic and
polar derivatives, such as derivative 3h which contains free
carboxylic acid or the PEG-containing compound 3i, show
residual activities of <5% and are consequently candidates
for prodrug design. Most notably, the introduction of func-
tional groups, such as allyl or carboxyl, at the 2-C position of
YPro (3¢, 3h) allows further modifications to be made. The
separate investigation of the two epimers 3e and 3 f indicates
that the chirality of the 2-C position has a substantial impact
on substrate recognition by CypA, with the two compounds
differing in their inhibitory properties for the peptidylprolyl
isomerase activity of cyclophilin A by a factor of about 3.5.
Consequently, separated stereoisomers, such as 3e and 3f,
allow for valuable insights into the conformational properties
of these derivatives with regard to blocking the active site of
CypA.

In conclusion, the regioselective insertion of ¥Pro systems
into complex peptides, such as CsC, has been achieved in one
step in acceptable yields and results in a novel class of active-
site inhibitors of cyclophilin A. By accessing CsC derivatives
which exhibit tailored pharmacokinetic properties, the intro-
duction of functional 2-C substituents into the ¥Pro system in
combination with strategies of combinatorial chemistry opens
interesting perspectives for prodrug development. Work
along these lines is in progress in our laboratory.
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Experimental Section

Material and methods: Reagents and solvents were purchased from Fluka
(Buchs, Switzerland) unless otherwise stated and used without further
purification. Calf-thymus cyclophilin A and N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES) were purchased from Sigma (Steinheim,
Germany). Suc-Ala-Ala-Pro-Phe-pNA came from BACHEM (Bubendorf,
Switzerland). HPLC was performed on Waters equipment with columns
packed with Vydac Nucleosil 300 A/5um C,; particles. Analytical columns
(250 x 4.6 mm) were operated at 1 mLmin~! and preparative columns
(250 x 21 mm) at 18 mLmin~! with UV monitoring at 214 nm. Solvent A
was water purified on a Milli Q ion-exchange cartridge-containing 0.09 %
trifluoroacetic acid (TFA) and solvent B was either acetonitrile HPLC-R
(preparative) or HPLC-S (analytical; both purchased from Biosolve,
Valkenswaard, Netherlands) which contained 0.09% TFA. 'H NMR
experiments were run on a Bruker DPX400. Mass spectra were obtained
by electron spray ionisation (ESI-MS) on a Finnigan LC710. UV
absorption measurements were conducted on a Cary50 instrument and
the kinetics analysed by the Cary50 software package kinetics program.
Abbreviations: NMM = N-methylmorpholine, DCM = dichloromethane,
pNA = para-nitroaniline, PPTS = pyridinium-p-toluene sulfonic acid,
DCC =dicyclohexylcarbodiimide, DMP = dimethoxypropane.

General synthetic procedure for 3a—i: Dry CsC (50 mg, 41 umol), R\,R?-
C(OMe), (205 pmol, 5 equiv) and PPTS (4.0 mg, 0.4 equiv) in dry toluene
(4 mL) were heated under reflux. After completion of the reaction (see
Table 1), the organic layer was washed with Na,CO; (10 %, 2 x 5 mL) and
water (2 x 5 mL), and dried over magnesium sulfate. The organic layer was
concentrated under reduced pressure to give an oil. The crude material was
dissolved in 2 mL of acetonitrile (solvent B)/water (solvent A) 1:1 (v/v) and
purified by reversed phase HPLC (Cy;, 60-100% solvent B, 40 min).
Lyophilisation afforded [L-Thr(¥R"®pro)]CsC as a white powder.

Determination of ICy values for derivatives 3a—i: According to the
chymotrypsin coupled assay,??! the succinyl tetrapeptide Suc-Ala-Ala-Pro-
Phe-pNA acts as a substrate for both cyclophilin and chymotrypsin, which
specifically cleaves trans-Ala-Pro bond, leaving the cis-Ala-Pro bond in a
disturbed equilibrium. This cis-Ala-Pro conformer of the tetrapeptide
isomerises back to the trans form and is subsequently cleaved by
chymotrypsin. UV monitoring at 390 nm allows the cis — trans isomer-
isation process to be measured as a first-order process. Addition of the
peptidylprolyl cis/trans isomerase cyclophilin A accelerates the reaction of
the thermal isomerisation at nanomolar concentrations by up to a factor of
20-25.21 Upon addition of cyclosporin A and some other members of the
cyclosporin family, cyclophilin is inhibited: this reverses the above
accelerating effect of cyclophilin to the thermal isomerisation rate of
Ala-Pro. X-ray crystallography, mainly carried out by the group of
Walkinshaw,?* has demonstrated that the cyclosporins bind to the active
site of cyclophilins and exert an inhibitory effect on the cis/trans isomerase
function of the enzyme. Cyclosporin A, which has been shown to inhibit
cyclophilin A with a K; of 2.5nm! or 5.6nm?*], was taken as a positive
control. The acetylated CsC derivative 2 (Scheme 3) served as a negative
control.

Suc-Ala-Ala-Pro-Phe-pNA was dissolved in TFE/LiCl (0.5M) to a concen-
tration of 10 mgmL~". For each experiment, 3 pL aliquots from this stock
solution were added to a solution of chymotrypsin (25um) in HEPES
(35mmM, 100mm NaCl, pH 7.8) which contained 3.8nwm calf-thymus cyclo-
philin A. The cyclophilin A had been incubated with the corresponding
inhibitor for at least 45 minutes for the experiments that were not time-
dependent, and for intervals of 5, 10, 20 or 45 minutes for the time-
dependent experiments. The UV absorption of liberated para-nitroaniline
was monitored at 390 nm (¢ for pNA=11814 M 'cm™!) and the kinetic
phases of the curves were analysed by first-order fit to give the
corresponding pseudo-first-order rate constant for each inhibitor concen-
tration. All experiments were carried out at 5°C in triplicate.

Active-site titration of cyclophilin A: In order to determine the exact
concentration of cyclophilin, active site titration with CsA was carried out
as described by Kofron et al.?*! The mathematical model for competitive-
binding inhibition as described by Williams and Morrison??” was used to
determine both the K; of CsA and the concentration of CypA.?! These
stock solutions were used as standards for the determination of relative ICs,
values of compounds 3a—i.
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Monomer, Dimer, Tetramer, Polymer: Structural Diversity in Zinc and
Cadmium Complexes of Chelate-Tethered Nucleobases

Michelle A. Shipman,*! Clayton Price,'*! Ashleigh E. Gibson,*! Mark R. J. Elsegood,™!
William Clegg, and Andrew Houlton*!?!

Abstract: A series of Zn" and Cd"
complexes of adenine and guanine de-
rivatives containing a diamine tether
have been isolated from aqueous solu-
tions and characterised by single crystal
X-ray analysis. These studies reveal a
wide range of structural types including
monomeric, dimeric, tetrameric and

polymeric architectures. The extended
structures arise from the ability of the
ligands to bridge metal ions using the

Keywords: G-quartet - hydrogen
bonds - nucleobases - metal binding
- nanostructures

chelating tether in conjunction with N7
of the nucleobase. Additional metal—
nucleobase co-ordination is generally
observed at the N3-site of the adenine
derivatives. With Cd", ethylenediamine-
NO9-ethylguanine forms an inverted
G-tetrad type structure.

Introduction

Coordinate bond formation is increasingly used to assemble
extended structures either as discrete geometric entities, such
as helicates, triangles, squares and hexagons, or as polymeric
structures.' Nucleobases, because of their propensity for
binding metal ions through a variety of bonding modes,
including bridging interactions, are well suited for generating
such multi-component molecular architectures.>®! These
systems have even been shown to be capable of including
guest molecules.”! Furthermore, the capacity of nucleobases
to form inter-molecular hydrogen bonds provides an addi-
tional directional interaction which may be exploited for
molecular aggregation with the formation of extended hydro-
gen bonded arrays.[*7]

Towards this we have recently begun to investigate the co-
ordination chemistry of a series of chelate-tethered nucleo-
base derivatives.[!l We have previously described monomeric
and polymeric complexes, including a cationic polynucleotide
analogue, derived from these ligand systems.!*d In this work
we report on Zn'" and Cd" complexes of ethylenediamine-
tethered derivatives of adenine and guanine. X-ray crystallo-
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graphic characterisation of the products isolated from aque-
ous solutions reveals a diversity of structural types including
mono-, di-, tetra- and polymeric species. The results demon-
strate the application of chelate-tethered nucleobases in
generating extended molecular structures based on metal -
ligand bond formation.

Results and Discussion

Zn" complexation: Crystals isolated from an aqueous solution
containing a 1:1 stoichiometric mixture of Zn(ClO,), and
A-Et-enH-Cl (A-Et-enH - CI: ethylenediamine-N9-ethylade-
nine hydrochloride) were characterised as [Zn(Cl)(A-Et-en))-
(H,0)][ClO,] 1, by single crystal X-ray analysis. The metal ion
adopts a distorted trigonal bipyramidal co-ordination geom-
etry (X N12-Zn-O1 166.5°; sum of equatorial angles =360°) as
shown in Figure 1. The A-Et-en acts as a tridentate ligand and
binds the metal ion via the diamine function and N3 of the
adenine moiety. This binding mode is analogous to that seen
in Cu' complexes containing adenine-diamine derivatives
though in these cases the metal ion adopts a square pyramidal
geometry.’ < The remaining co-ordination sites are occupied
by a water molecule and a chloride anion. The adenine moiety
lies at an angle of 115° with respect to the plane defined by
Zn1/N3/CI1/N15.

By contrast, crystals isolated from aqueous solution of
ZnCl, and A-Et-enH-Cl, again present in 1:1 stoichiometry,
contain [(Zn;Cls(A-Et-en),(H,0),] 2, a centrosymmetric
molecule with a metal:nucleobase ratio of 3:2, see Figure 2.
The trinuclear molecular unit contains two unique Zn ions.
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Figure 1. Molecular structure of the monomeric 1. Selected bond lengths
[A]: Zn1-N3 2.0701(16), Zn—N12 2.1807(19), Zn—N15 2.071(2), Zn—O1W
2.1787(17), Zn—CI1 2.2465(6).

Figure 2. Molecular structure of the trimetallic complex in 2. Selected
bond lengths [A]: Zn1-N7 2.004(8), Zn1—Cl1 2.268(5), Zn1—CI2 2.271(4),
Znl—CI3 2.257(5), Zn1A—N7 1.973(18), Zn1A—CI1A 2.248(15), ZnlA—
CI2A 2.244(13), ZnlA—CI3A 2.254(14), Zn2—-N13 2.137(7), Zn2—N16
2.121(8), Zn2—01 2.261(7).

The octahedral Zn2 ion is co-ordinated by two diamine
functions and a trans-arrangement of H,O molecules. The
pendant adenine moieties each co-ordinate at N7 to a
[ZnCl;]~ group.

A search of the Cambridge Crystallographic Data Base
found several examples of zinc complexes containing adenine
or guanine derivatives. Interestingly, these predominantly
feature coordinated [ZnCl;]~ groups at the N7 position. The
Zn—N7 bond length ranges from 2.077 to 2.094 A from five
structures.’l The values in 2 are similar.

Some aspects of the structural differences observed in the
solid state are supported by results obtained from analyses in
solution. For example, titrations of A-Et-enH:Cl with
Zn(ClO,), carried out in D,0O and followed by 'H NMR
spectroscopy show a loss of fine-structure for resonances
corresponding to the -CH,CH,- chains (Figure 3). In addition,
slight shifts, when compared with those of the free ligand, are
also seen. For example, the protons on C10 and C11 (using the
labels of the X-ray structures) move downfield slightly, from
0=4.10 to 425 and 6=2.92 to 3.04, respectively. The
aromatic protons are also slightly shifted, H8 from 6 =7.87
to 798 and H2 from 6=788 to 8.06. The most dramatic
difference, however, is the broadening of one of the aromatic
proton resonances of the nucleobase, which is observed as the
metal ion concentration increases. The linewidth of the H8
resonance is constant over the entire metal:ligand concen-
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%) Figure 3. Aromatic region of the '"H NMR spectrum for Zn(ClO,), and

A-Et-enH-Cl in D,O illustrating the broadening of the H2 resonance of
the adenine moiety.

tration ranges at 2.1 Hz; by contrast the H2 resonance
increased to 30 Hz at equimolar metal:ligand ratio. On the
basis of ROESY experiments this proton can be confirmed as
H2 and the broadening of this signal is consistent with metal
ion interacting at an adjacent site, that is N3.['l However, this
effect was seen to be anion dependent. For example,
Zn(NO;), gave similar results to those obtained for Zn(ClO,),
(H2 =34 Hz and H8 =2 Hz for 1:1 Zn:ligand concentration);
in contrast, ZnCl, showed negligible effect (H2 =8, H§ =2 Hz
at 1:1 Zn:ligand ratio). These observations, in agreement with
crystal structure evidence, suggest that in the presence of
strongly coordinating ligands, such as CI~ ions, metal—nu-
cleobase interactions may be inhibited or modified leading to
the formation of other product(s).

Analysis of solutions using ES-MS also indicated speciation
to be highly dependent on the nature of the metal salt used.
For example, with Zn(ClO,), the positive ion ESMS exhibits a
major peak at m/z 222 corresponding to [A-Et-enH]*. Peaks
attributable to complexation are observed which correspond
to [Zn(CIO,)L]* (m/z 386) and [Zn(Cl)L]* (m/z 322). The
negative ion spectrum is dominated by Cl1O,~ (m/z 99), though
weak peaks can be assigned for [Zn(ClO,);L]~ (m/z 584),
LH,[(ClOy);]~ (m/z 420) and [Zn(ClO,);]~ (m/z 363).

For solutions containing ZnCl, and A-Et-enH-Cl (1:1
ratio) positive ion ES-MS revealed the presence of polynu-
clear species with peaks assigned for the following complexed
species: [Zn;L,Cls]t (m/z 815), [Zn;L,CL]* (m/z 679),
[ZnCLLH]" (m/z 358) [ZnCIL]" (m/z 322). Interestingly the
negative ion ES-MS was dominated by a peak at m/z 171
corresponding to [ZnCl;]~. On the basis of these assignments
the solid state structure of 2 is perhaps unsurprising.
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The formation of polynuclear species was also observed
with the guanine-diamine. ES-MS analysis of aqueous solu-
tions containing G-Pr-enH - Cl and an equimolar equivalent of
Zn(NOs), in addition to the peak at m/z 252 corresponding to
[G-Pr-enH]*, contained peaks at m/z 350 and 378 corre-
sponding to [ZnCl(L)]* and [Zn(NO;)L]", respectively.
However, crystals isolated from such solutions were shown
to contain a dimeric complex, [{ZnCl(G-Pr-en)},][NO;], 3,
Figure 4. In this case the Zn ion adopts a distorted tetrahedral

Figure 4. Molecular structure of centrosymmetric dimer 3. Selected bond
lengths [A]: Zn1—CI1 2.2321(7), Zn1-N7 2.0021(19), Zn1-N13 2.079(2),
Zn1-N16 2.005(2); intramolecular Zn -+ Zn separation 8.2 A.

co-ordination geometry, the diamine function, Cl~ and N7 of
the guanine moiety are involved in metal ion binding. The
molecular unit is centrosymmetric with each diamine function
co-ordinating to one metal ion whilst the tethered guanine
binds to the second metal ion via N7. There is no interaction
with the N3 site. Within the molecule the guanine residues do
not stack above one another. Nitrate anions hydrogen bond to
the N1 and N2 sites (N1.-O18 2.852; N2..-N19 2.947 A)
while the O6 site of guanine interacts with an occluded water
molecule (O6++- O2w 2.901 A). There is also a relatively short
C8-H ---O-NO," interaction (C8++- 020 3.128 A), highlighting
the polar nature of this C—H bond, which results in chains
throughout the crystal lattice.

In fact, the molecular packing in each of the complexes 1-3
is stabilized predominantly by hydrogen bonding. Of most
interest is a comparison of the base pairs formed in 1 and 2
due to the self-complementary nature of the adenine moieties
(Figures 5 and 6). In both cases hydrogen bonded pairs are
formed through an interaction of the Watson — Crick faces of
the adenine moieties. In 1 the N1+..N6A distance is 2.940 A
while in 2 this separation is 2.969 A. Hence despite the change
in the site of metal ion binding in these structures (N3 versus
N7) no difference in the hydrogen bonding is observed.

Complexation of Cd": 'H NMR spectra of a D,O solution of
Cd(NOs;), and A-Et-enH - Cl (1:1 molar ratio) showed signifi-
cant broadening for the adenine proton H2 in an analogous
manner to that observed for Zn(NO;),. In fact the magnitude
of the broadening was comparable (H2=28 Hz and H8 =
3 Hz). Similarly, a loss of fine-structure of the resonances
attributed to the methylene chains was observed and again
slight differences in the chemical shifts were apparent

Chem. Eur. J. 2000, 6, No. 23
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Figure 5. The centrosymmetric base-pairing interaction involving the
Watson — Crick face of N3-coordinated adenine in 1. The N1 .-+ N6 distance
is 2.940 A.

Figure 6. The centrosymmetric base-pairing interaction involving the
Watson — Crick face of N7-coordinated adenine in 2. The N1 --- N6 distance
is 2.969 A.

compared to the free ligand. The shifts were generally
downfield, for example protons on C10 and C11 shifting 6 =
2.92 to 3.05 and 0 =4.10 to 4.25 and also the adenine protons
H2 6=7.88 to 8.12 and H8 6 =7.87 to 8.03. '3Cd NMR data
for these solutions exhibited two resonances (6 =181 and 156
in a ratio of 1:10). Comparison with literature data suggests
the minor species to involve octahedral co-ordination with
oxygen donors.'!l The major species (6 = 156) is indicative of
predominantly N-donor ligands.!'?

ES-MS further highlighted the presence of multiple, and
also multinuclear, species in solution. In the positive ion
spectra peaks at m/z 370 and 397, which correspond to
complexed species [CACIL]" and [Cd(NO;)L]*, were ob-
served in addition to less intense peaks at higher molecular
weight assigned to polynuclear species: m/z 773 [Cd,CLL,]*,
852 [Cd,y(NO;);L,] 7, and 870 [Cd,CL(NO;)L,]*.

X-ray analysis of crystals isolated from such solutions were
characterised as [{Cd,Cls(A-Et-en),},] 4. The isolation of 4
from solutions containing Cd(NO;), and A-Et-enH-Cl in a
1:1 molar ratio is unexpected; however, the tendency for Cd"
ions to form halide bridges is well documented and clearly is a
significant factor in this case.'¥! The structure contains two
unique Cd ions; Cdl occupies a centre of symmetry and is
coordinated in an octahedral geometry by four bridging
chloride anions, the remaining co-ordination sites being
occupied by N7 of adenine moieties. Cd2 is also octahedral
though this is rather distorted from idealized geometry. The
ligands coordinated to Cd2 comprise three Cl- anions (two
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bridging and one terminal) and three nitrogen donor atoms,
provided by the diamine function and N3 of adenine (Fig-
ure 7). Hence the same tridentate binding mode is observed as

Figure 7. Trimetallic unit in 4. Selected bond lengths [A]: Cd1-N7A
2.389(5), Cd1-CI1 2.6674(19), Cd1-CI2 2.6097(16), Cd2-N12 2.368(6),
Cd2—-N15 2.329(6), Cd2—N3 2.418(5), Cd2—CIl 2.6490(18), Cd2—CI2
2.7662(18), Cd2—CI3 2.7132(18); Cd +++ Cd separations 3.943 A.

seen in 1, though in 4 an additional interaction to the ligand at
N7 is observed. This resulting combination of bridging
interactions generates a polymeric structure that may be
considered as an interlocking of trimetallic sheets, the Cd---
Cd separation within a sheet being 3.943 A (see Figure 8).

P

Figure 8. Polymeric chain in 4 generated by interlocking the trimetallic
units through lattice translations along the b-axis. The adenine --+adenine
pairs are slipped with respect to one another and do not exhibit stacking
interactions. The Cd---Cd distance along the polymer chain is 8.031 A.

Pairs of adenine moieties then separate these sheets (inter-
sheet spacing =8.031 A as measured for the shortest Cd+-- Cd
distance); however, these bases are not substantially stacked.

To the best of our knowledge there are few cases of
structurally characterised Cd-complexes of the purine nucle-
obases. A search of the Cambridge Crystallographic Data
Base found two examples containing adenine; in one case
adenine acts to form dimers by bridging two metal centres
through co-ordination at N9 and N3.['“I The other structure
contains a chloro bridged catena with N7 co-ordinated
9-methyladenine and (CH;),S=O acting as additional ligands
(Cd—N7 distance 2.358 A).*"l A single example of a Cd-
containing guanine derivative was found, that of 5'guanosine-
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monophosphate co-ordinating at N7 to [Cd(H,O)s]*" (Cd—N7
distance 2.373 A).[14]

Reaction between Cd" ions and a guanine-diamine were
investigated with CdSO, and G-Et-enH-Cl. Aqueous solu-
tions containing an equimolar ratio of these reagents were
again shown by 3Cd NMR and ES-MS to contain multiple
species. As for A-Et-en, two resonances were observed in the
3Cd NMR spectra (6 =183 and 119 in a 5:1 ratio). Again one
of the resonances (0 =183) is indicative of a predominantly
oxygen-based co-ordination sphere while the less intense
resonance is tentatively assigned as involving both N- and
O-donors.'t 21 Tn the positive ion ES-MS peaks at m/z 238 for
[G-Et-enH]* and 385 corresponding to [CACIL]" were
observed along with additional peaks containing Cd-isotopes
at m/z 683 and 795. These could be assigned to [CdL,HSO,]"
and to a dimeric species [Cd,(L)(L-H)SO,]", respectively.

X-ray analysis of crystals isolated from aqueous solutions
containing these reagents, [Cd,G-Et-en),(H,0),(SO,).] 5,
reveal the same ligand binding mode as observed in the zinc
complex, 3. However, in §, a tetrameric assembly is formed in
contrast to a dimer. The four octahedral Cd" centres (two
unique) lie in a same plane (deviation from the calculated
least squares plane is £0.059 A) and form the corners of a
square. Each is coordinated by a diamine function and N7 of
an adjacent guanine moiety, the remaining sites are occupied
by H,O and sulfate anions bonded above and below the
tetramer plane as shown in Figure 9. An intramolecular
hydrogen bonding interaction is observed within the square
involving 06+ N15A (2.07 A).

Figure 9. Unique atom numbering scheme for 5. Selected bond lengths
[A]: Cd1-N12 2.413(19), Cd1-N15 2291(19), Cd1-N7A 2.308(13),
Cd1-010 2.27(3), Cd1-O1lw 2.291(18), Cd1-O7 2.47(2), Cd2-NI12A
2.389(13), Cd2-NI15SA 2.258(14), Cd2—-O2w 2.281(13), Cd2—O11
2.452(12), Cd2—014 2.308(13).

The dimensions of the square are Cdl---Cd2,4,. 8.729 A,
Cdl++-Cd2A,4,. 7970 A and Cdl e+ Cd1Agpona 11451 A,
Cd2 -+ CA2A giggonat 12.176 A; corner angles are X Cd2-Cdl-
Cd2A 86.5° and ¥ Cdl1A-Cd2-Cdl 93.5°. The extremities of
the molecular assembly are defined by the guanine residues,
the mean diagonal distance between the exocyclic amino
groups being ~22 A. Each of the guanine molecules lies at an
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Figure 10. a) Left, view down the C, (approximate S,) axis of a Cd,—G, tetrad column in 5. The average metal --- metal distances are Cd -+ Cd,q, 8.35 and
Cd +++ Cdgiagonas = 11.81 A. b) Right, edge-on view of the G-tetrad column generated by sulfate bridging individual Cd,~G, squares. The interior cavity is

occupied with co-ordinated and unco-ordinated water molecules.

angle of either 17.2° or 16.0° to the plane defined by the four
cadmium centres. As has been pointed out by Lippert,
metal-derived molecular boxes generally form the necessary
90° angles through the cis-orientation of metal ion co-
ordination sites. By contrast, nucleobases can form 90° angles
through (N1+N7) bridging modes. It is noteworthy that in 5 it
is the ligands which also form the corners of the box, but here
N7 and the diamine are responsible.

Four SO,*~ anions co-ordinated to one face of a square act
to bridge metal centres (Cd---Cd distance 6.915A) in
adjacent squares and in this way a cylindrical polymer is
generated (Figure 10). The interior of this assembly is
occupied by the co-ordinated water molecules. Inter-cylinder
interactions are seen with stacking interactions involving the
six-membered rings of the guanine moieties (the inter-base
distance is approximately 3.5 A, each guanine residue is tilted
at an angle of 2.5° with respect to its neighbour below)
(Figure 11).

‘:.T__.-__-
___-_‘-,L-— G

Figure 11. Stacking of G-residues in 5 formed by interactions between
neighbouring columns. The stacking distance is 3.5 A.

It is interesting to compare the structure of 5 with other
nucleobase-tetramers. The best established is the G-tetrad
seen in telomeres (Figure 12).[1 Nucleobase-quartets have
also been reported for isoguanine!l'd and the guanosine
derivative (N,N-dimethylaniline)guanosinel'” as well as for
thyminel'® and uracil."!

Superficially there are a number of structural similarities
between, for example, the nucleotide quartets formed in
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telomeres and the Cd,-G, squares in 5. In both cases the
tetramer assembly shows a high degree of planarity and each
interacts further to form columnar aggregates. The substantial
difference, however, is in the nature of the association. In §
the tetramer units are assembled through metal -ligand bond
formation and the columnar arrangement is a result of sulfate
anions bridging adjacent cadmium centres (Figure 10b). The
formation of guanine quartets in telomeres on the other hand
is based on hydrogen bonding interactions to form individual
tetrads and aromatic stacking combined with metal ion
binding (e.g. K*) to form the extended structure. The differing
mode of interaction involved in the formation of the two
tetrameric assemblies accounts for the “inverted” nature of
Cd,-G, square in 5, as compared to the G-tetrad; in the case of
the former the guanine residues point out of the square with
their hydrogen bonding faces exposed.

There have been previous reports of molecular squares
derived from metallo-nucleobases with both pyrimidine and
purine examples represented.l! In particular cases the com-
plexes have been shown to be capable of further reactivity by
co-ordinating metal ions and also to associate neutral guest
species in a manner reminiscent to calix[4]arenes.!”)

A unique aspect of 5 as compared to these synthetic, and
natural tetrad cases is that because the guanine residues are
oriented in an exo-arrangement, the ability for Watson — Crick
base-pairing interactions is retained. The potential for binding
of multiple complementary nucleotides offers an additional
means for molecular aggregation. Interestingly, the recent
report on the stabilizing effect of Pt coordination to guanine-
N7 of the Watson-Crick G—C base pair®! suggests that
structures based on 5 may form quite stable assemblies with
complementary partners under the appropriate conditions
(Figure 12).

Summary
Despite the apparent diversity of structural types reported

here and elsewhere,® some general trends in the binding
modes of the chelate-tethered nucleobases are evident.
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Figure 12. Schematic comparing a G-tetrad (left) with a Cd,—G, square (right) from 5. Lower centre: an illustration of base pairing of B with four cytosine

molecules.

Without exception, and irrespective of the nucleobase, the
diamine function is seen to chelate to a single metal centre.
For the adenine derivatives there is a tendency for tridentate
co-ordination involving the minor groove site N3 in con-
junction with the diamine. Compound 2 described here is the
exception to this. In addition, the adenine moiety may also
bind a second metal ion through N7 to form a bridging [3 + 1]-
binding mode and thereby generate extended structures. Thus
far these have all been polymeric rather than discrete
molecular complexes. The chelate binding mode involving
the nucleobase is analogous to the macrochelation observed
for nucleotide phosphates as described by Sigel.?I In the cases
of guanine, to date, N7 binding is observed and hence
polynuclear species generally have been isolated.?? A further
point is that the tridentate binding mode involving N3 of the
nucleobase is not generally observed. The greater reactivity
of the N7 site in guanine as compared to adenine may account
for the fewer examples of monomeric complexes containing
guanine. The implications of these data are currently being
investigated.

4376 ——
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Experimental Section

The starting materials Zn(NOs3), - 6 H,0, and Zn(ClO,), and the deuterated
solvent D,0O were purchased from Aldrich Chemicals. ZnCl, was purchased
from Fluka and the cadmium salts 3CdSO,-8H,0 and Cd(NO;),:-4H,0
from BDH Chemicals. 'H, *C and '3Cd NMR spectra were recorded on a
Joel Lambda 500 instrument at 500.13, 125.74 and 177.46 MHz, respec-
tively. '3Cd NMR was also measured on a Bruker AC 300 spectrometer at
66.55 MHz. '3Cd NMR data are referenced to Cd(ClO,), and samples were
measured in water. Electrospray mass spectra (ES-MS) were measured at
the National Mass Spectrometry Service Centre in Swansea on equimolar
aqueous solutions containing metal salts and the appropriate diamine.
Elemental analyses were performed using a Carlo Erba 1106 instrument.

Ligand synthesis: The ligands, ethylenediamine-N9-ethyladenine and
ethylenediamine-N9-ethylguanine, as hydrochloride salts were prepared
as previously reported. ¢l Ethylenediamine-N9-propylguanine hydro-
chloride was prepared in an analogous manner to that described for ethyl
derivative employing 1-bromo-3-chloropropane as alkylating agent.
'H NMR (500 MHz, [D¢]DMSO): 6 =1.86 (m, 2H, CH,-CH,-CH,), 2.46
(t, 2H, NH-CH,-CH,-CH,), 2.70 (t, 2H, NH,-CH,-CH,-NH), 2.80 (t, 2H,
NH,-CH,-CH,-NH), 4.02 (t, 2H, CH,-CH,-Gua), 6.66 (s, 2H, Gua-N2H,),
7.71 (s, 1H, C8-H); *C NMR (500 MHz, [D]DMSO): 6 =29.39 (CH,-CH,-
CH,), 38.67 (NH,-CH,-CH,-NH), 40.58 (CH,-CH,-Gua), 45.32 (NH-CH,-
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CH,-CH,), 46.33 (NH,-CH,-CH,-NH), 116.58 (C5), 137.66 (C8), 151.20
(C4), 153.70 (C2), 156.91 (C6); anal. calcd for C;(H;;CIN;O: C 41.74, H
6.30, N 34.07; found: C 41.17, H 6.47, N 33.25.

Metal complexes 1-5: In each case the metal salt, typically 0.2 mmol, was
dissolved in water (1 mL) and to this an equimolar aqueous solution of the
appropriate ligand was added with stirring. The solutions were allowed to
stand at room temperature from which crystals suitable for single crystal
X-ray analysis were obtained. 1: anal. caled for C,H;;Cl,N;05Zn: C 24.59,
H 3.90, N 22.31; found: C 24.26, H 3.70, N 21.96; 2: anal. calcd for
CsHy,ClgN,O¢Zn,: C 22.53, H 4.41, N 20.44; found: C 22.15, H 4.38, N
20.44; 3: anal. calcd for Cy,yHyCLN,,O4Zn,: C 25.65, H 4.95, N 23.93;
found: C26.01, H 4.27, N 23.83; 4: anal. calcd for C;gH;,Cd;Cl;gN,4(NOs),,:
C 21.65, H 3.03, N 19.93; found: C 20.16, H 2.82, N 19.20; 5: elemental
analysis indicated contamination by CdSO, of the bulk sample isolated
from solution. Analysis corresponds to [Cd,(CyH;sN;0)4(SO,),] - (H,O);5+
(CdSO,),; caled C 17.76, H 3.56, N 16.11; found: C 17.53, H 3.54, N 15.81.

X-ray structure analyses: Crystal data for 1: [CyH,;,CIN;OZn][CIO,], M=
439.57, triclinic, space group PI, a=9.0267(13), b=9.6930(14), c=
11.3338(17) A, a=111.318(4), S=98.983(4), y=108.858(3)°, V=
831.0(2) A3, Z=2, peuca=1.757 gem3; Moy, radiation, 1=0.71073 A,
u=1836 mm~!, T=160 K. Of 5880 measured reflections, corrected for
absorption, 4102 were unique (R;,=0.0240, 6 <25.0°); R=0.0389 (F
values, F?>20), R,=0.1082 (F? values, all data), GOF=1.048 for 238
parameters, final difference map extremes +1.04 and —0.79 e A3, The
structure was solved by direct methods.

Crystal data for 2: [C;gH,,CIgN,,04Zn;], M, =959.47, triclinic, space group
P1, a=7.0057(8), b=11.1106(13), ¢ =12.1936(14) A, a =103.111(3), B=
90.814(3), y=93.017(3)°, V=922.76(18) A%, Z=1, Peuea=1.727 gem~3;
Moy, radiation, A =0.71073 A, u=2422 mm~!, T=160 K. Of 4732 meas-
ured reflections, corrected for absorption, 3156 were unique (R;, = 0.0430,
0 <25.0°); R=0.0849 (F values, F? >20), R, =0.2041 (F? values, all data),
GOF = 1.176 for 296 parameters, final difference map extremes +0.93 and
—0.87 ¢ A3, The structure was solved by direct methods. The terminal
ZnCl; unit is disordered over two sets of positions in the ratio
78.6:21.4(11) % . H-atoms were located and coordinates freely refined for
O1 and Olw (both 100% occupied). There is additionally a cavity filled
with diffuse and disordered electron density attributed to water of
crystallization. This was modeled approximately as one molecule of water
split over four positions.

Crystal data for 3: [C,yHsCI,Nc0,,Zn,], M, = 936.37, triclinic, space group
P1, a=79014(9), b=10.3484(11), c¢=11.7040(13) A, a=93.092(3), =
101.603(2), y =96.547(3)°, V=928.42(18) A%, Z=1, peyeqa=1.675 g cm~3;
Moy, radiation, 1 =0.71073 A, u=1519 mm~!, T=160 K. Of 8199 meas-
ured reflections, corrected for absorption, 4312 were unique (R;, = 0.0240,
0 <28.7°); R=0.0387 (F values, F? >20), R, =0.0831 (F? values, all data),
GOF =0.990 for 280 parameters, final difference map extremes + 0.44 and
—0.46 e A3, The structure was solved by direct methods.

Crystal data for 4: [C;gH3,Cd;ClgN,4], M, = 992.46, triclinic, space group P1,
a=8.0089(14), b=9.6202(17), ¢=10.1605(18) A, a=91.972(5), =
98.622(5), y=100.696(4)°, V=759.02) A3, Z=1, peyeq=2.171 gecm™3;
Moy, radiation, A =0.71073 A, u=2.649 mm~!, T=160 K. Of 6384 meas-
ured reflections, corrected for absorption, 3642 were unique (R;, = 0.0406,
0 <29.1°); R=0.0535 (F values, F? >20), R, =0.1368 (F? values, all data),
GOF =0.954 for 187 parameters, final difference map extremes +2.45 and
—1.18 e A3. The structure was solved by direct methods. All H-atoms are in
geometric positions. There is approx. 10 % NO;™ at the site of CI3, but this
could not be successfully modeled; it accounts for the main residual
electron density

Crystal data for 5: [C3sH74Cd N,304,S,], M, =1977.10, orthorhombic, space
group P2.22, a=22.726(4), b=22771 (4), ¢=69147(11) A, V=
3578.3(11) A3, Z=2, peyea=1.835gcm™3; synchrotron radiation, A=
0.6942 A, u=1390mm~!, T=160K. Of 11636 measured reflections,
corrected for absorption, 4856 were unique (R;, =0.0524, 6 <22.5°); R=
0.1100 (F values, F? >20), R, =0.2661 (F? values, all data), GOF =1.128
for 480 parameters, final difference map extremes +3.50 and —3.06 e A3
with the largest features close to Cd. The structure was solved by direct
methods from synchrotron data because of the very weak diffraction from
poor quality crystals. There is some minor twinning of the structure to
emulate tetragonal symmetry and also racemic twinning.
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Programs used: SHELXTL (G. M. Sheldrick, SHELXTL manual, Bruker
AXS Inc., Madison, WI, USA, 1998, version 5.1), SQUEEZE procedure
(A. L. Spek, PLATON, University of Urecht, The Netherlands, 1999).

Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-146117 1,
CCDC-146118 2, CCDC-146119 3, CCDC-146120 4, CCDC-146121 5.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033;
e-mail: deposit@ccdc.cam.ac.uk).
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Spanning or Looping ? The Order and Conformation of Bipolar Phospholipids
in Lipid Membranes Using 2H NMR Spectroscopy

L. A. Cuccia,®"! F. Morin,* A. Beck,'® ¢l N. Hébert,!» 9 G. Just,'?l and R. B. Lennox*!?!

Abstract: Solid-state ZH NMR spectro-
scopy was used to study and characterize
the conformation and order of bolaform
lipid membranes. A series of 2H-labeled
bolaform phosphatidylcholines has been
synthesized and their properties com-
pared to a [D,]dimyristoylphosphatidyl-

ing was used to extract the spectrum of
the oriented system from spectra con-
sisting of a superposition of randomly
oriented domains in an unoriented sam-
ple. A large (>90 %) and constant value
for the normalized segmental order
parameter (S,,) was observed for all

positions along the diacyl chain of the
bolaform lipids and only a small popu-
lation (<10%) of a less ordered con-
former was observed. The less ordered
conformer is assigned to the looping
conformation on the basis of compar-
ison with the deuterated macrocyclic

choline (DMPC) and a [Dg]-32 macro-
cyclic phosphatidylcholine. 3P NMR
measurements establish that the aque-
ous dispersions of these lipids adopt

. phospholipids
lamellar phases. Computational dePake-

Introduction

The bipolar lipids found in archaebacterial membranes impart
extreme stability to the membrane, allowing bacteria to
withstand either high temperatures (thermophilic bacteria) or
extremes of pH (acidophilic and alkaliphilic bacteria).l! These
bipolar lipids, generally termed bolaform lipids,?! have been
extensively studied and exhibit particularly interesting ther-
mal properties and morphologies.?? 3 The ability of bolaform
lipids to preferentially form a bilayer spanning conformation
compared to a looping conformation is the origin of much of
the special stabilization of the resulting membranes (Fig-
ure 1).1
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phospholipid which has an enforced
loop in its diacyl chain. The predominant
population(>90 %) of the bolaform lip-
ids is assigned to a highly ordered,
spanning conformer.

W9 G99 G9 I

g 90 JId9d

o

Figure 1. Schematic of membranes formed from: a) a diacyl phospholipid;
b) a macrocyclic lipid; ¢) a looping conformation of a bolaform lipid; and
d) a spanning conformation of a bolaform lipid.

Despite the importance of understanding membrane struc-
ture in relation to function, the relationships between con-
former equilibria and membrane state have been difficult to
detail. This difficulty arises because there has been no well-
defined protocol available to determine the relative popula-
tions of spanning and looping conformers. In fact, it is often
tacitly assumed without further study that the spanning
conformer is exclusively adopted. We have addressed this
problem by preparing a series of bolaform phospholipids and
developing a >H NMR-based protocol which quantifies the
spanning:looping ratio in aqueous bilayer dispersions.

Several studies provide evidence that macrocyclic bipolar
lipids extracted from archaebacterial membranes preferen-
tially adopt a spanning conformation to form a monolayer
membrane.’¥l In cases where there is not a macrocycle
present, a looping conformer can however be prominent. For
example, bipolar lipids with a photoactive linker for
labeling membrane proteins exhibit a 1:1 spanning:looping
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ratio.l”! 2H NMR studies have shown that a similar bipolar
lipid, oriented within dimyristoylphosphatidylcholine multi-
layers, adopts a 9:1 spanning:looping ratio.'> 'l A C;, bola-
form lipid exhibits a 1.5:1 spanning to looping ratio.l’l There is
also evidence that some tetraether bolaform amphiphiles
favor, but do not exclusively adopt, a spanning conforma-
tion.'>"] Finally, phospholipase A, hydrolysis and subsequent
product analysis of a sn-1-tethered dithiol bolaform phospha-
tidylcholine established that there is a finite looping popula-
tion in these vesicles.[> 1°]

The rate of spanning and looping interconversion, and
whether the monitoring process reports steady state or
dynamic populations is also important. Such an interconver-
sion process has close parallels to the ‘flip-flop’ process
implicated in the transbilayer movement of phospholipids.
Hemi-macrocyclic bolaamphiphilic lipids (which do not favor
a membrane-spanning conformation) have transbilayer dy-
namics similar to their related monopolar lipids.’! On the
other hand, bolaform lipids with a chain-stiffening biphenyl
unit in the middle of the main chain favor a membrane-
spanning conformation and show substantial resistance to
transbilayer migration.['”? The complex relationships between
chain composition and headgroups clearly influence both the
nature of the conformers as well as their kinetics of
interconversion.

NMR techniques have been extensively used for the
determination of lipid organization in membrane assem-
blies.s! Order parameter versus chain position profiles
derived from 2H NMR data provide a particularly useful
overview of the relationships between conformations and
dynamics of lipid chains.'*2!] The quadrupolar splitting (Av)
in ZH NMR spectroscopy is sensitive to the motions and
orientations experienced by a labeled residue. A powder (or
Pake) pattern represents the summation of the doublets
generated from all orientations of a particular C—D bond with
respect to the magnetic field. Lineshape analysis of solid-state
’H NMR spectra thus allows one to probe acyl chain order in
membranes in a noninvasive manner.??) The process which
computationally deconvolutes the signals obtained from non-
oriented samples (dePaking) provides high-resolution
H NMR spectra of aggregated lipids.*! DePakeing?*l effec-
tively allows one to isolate the doublets which correspond to
the 0° orientation (between the bilayer normal and the
applied magnetic field) from all the other orientations.??> 2!

In aqueous dispersions, the quadrupolar splitting is directly
related to the C—D bond orientational order parameter Scp.
The normalized segmental order parameter S, is propor-
tional to Scp and is particularly useful when discussing the
nature and location of chain segment motions. S, =0 when
there is an equal population of trans and gauche conformers
(isotropic motion caused by a completely disordered state)
and S, =1 when a completely ordered, all-trans conforma-
tion is adopted by the chains.®! The order parameter S, thus
gives an average measure of order at a particular position
along the labeled acyl chain. In general, the closer a C—D
segment is to the headgroup, the more restricted will be its
motion and the greater will be the value of the order
parameter. The S, profile for a saturated phopholipid above
its 7, (i.e. DMPC at 40°C) exhibits a plateau (S, =0.5) in
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the C2 to C6 region followed by a marked decrease in the
order parameter as one moves towards the chain terminus.
The small S, values reflect the progressive increase in the
torsional and motional freedom (caused by reduced steric
constraints) experienced by the chain past the first several
carbon atoms.?’!

Our efforts have been directed towards determining the
order characteristics of the spanning and looping states of
bolaform lipids. This 2H NMR investigation of saturated
bipolar phospholipids was prompted by a study which
distinguished between the looping and spanning conforma-
tions of saturated (a, w)-dicarboxylic acids."!

Results and Discussion

In order to establish protocols and place our findings in the
context of the literature reports of bolaform lipids, ([D,]-
13,13,14,14)-dimyristoylphosphatidylcholine ([D,DMPC; I)
was synthesized and studied. Two of the three bipolar lipids
used in this study are essentially two DMPC molecules
coupled at the w- and w'-positions of the sn-2 acyl chains.
Their acyl chains are deuterium labeled in either the middle of
the linking C28 diacyl chain ([Dg]-13,13,14,14,15,15,16,16; II)
or partially deuterated (66%) everywhere except in the
middle of this chain ([Hg]-13,13,14,14,15,15,16,16; III). The

%
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third partially deuterated (66 %) bipolar lipid is a synthetic
precursor to I, and has a chain stiffening diacetylene moiety
in the chain center (IV). Because a rigorous spectral assign-
ment requires a ‘reference’ molecule whose acyl chains are
forced to adopt a looping conformation, a *H-labeled 32-
macrocycle analogue ([Dg]-13,13,14,14,15,15,16,16; V) of
DMPC was synthesized and studied.

To initiate a discussion of lipid conformation, it is important
to establish the gross morphology of the entire lipid assembly.
3P NMR spectroscopy is particularly useful in distinguishing
between lamellar (L,) and hexagonal (H;;) phases.’ 3% The
negative chemical shift anisotropy (Ao) observed in the 3'P
NMR powder patterns of nondeuterated samples of I, I, and
V are characteristic of a lamellar membrane morphology
(Figure 2).PYU The thermal properties of lipid aggregates are

b)

i

L

1 T T 1
-100 l(I)O 5]0 (‘) -50 -100
<«— Av /kHz

100 50 0 50  -100
<«— Av /kHz

Figure 2. 3P NMR powder patterns of a) I (at 40°C, T,,+16.5°C); b) II
(nondeuterated) (at 70°C, T,,+24.9°C); and c) V (nondeuterated) (at
50°C; T, +27.5°C).

also sensitive to chain packing
and aggregate morphology. The
main gel-to-liquid crystalline
phase transition temperatures
(T,,) of aqueous dispersions of
I, I, IV (nondeuterated ana-
logue), and V are 24.5, 45.1,
24.1, and 22.5°C, respectively.
Neither the [D,]-substitution in
I nor linking the sn-1 and sn-2
acyl chains as a macrocycle, V,
affects the T, value, given that
T,,=24.3°C for DMPC.P The
bolaform lipid II, on the other
hand, has a significantly elevat-
ed T, value (45.1°C) as com-
pared to that of DMPC. This is
consistent with other bolaform
lipids, where the tethering of
the sn-2 chains raises the T,
value by 15 to 20°C relative to
the diacyl analogues.[® 3153l
An enhancement of both hy-
drophobic and van der Waals
interactions between adjacent

<— Av /kHz

<+— Av /kHz
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acyl chains causes the T}, value to increase. Such an increase in
the phase transition temperature suggests (but is not an
unequivocal demonstration) that a substantial proportion of
the bolaform adopts a spanning conformation. The diacety-
lene moiety within the bolaform lipid IV depresses the T, by
about 20 °C as compared to its saturated analogue IL. This is as
per expectations of the decrease of the T}, value caused by
chain unsaturation.

A clear demonstration of the spanning/looping phenomen-
on in an aggregated state can be directly accessed by using
’H NMR spectroscopy. All 2H spectra were obtained above
the T, value to ensure that each sample is in a similar phase
during measurement, that the spectra are well-resolved, and
that there is adequate signal-to-noise (Figure 3). The dePaked
spectra of aqueous dispersions of I and V define the
appearance of the spectra of disordered chains and their S,
values provide a means to compare the extent of order. The
spectra, and thus order parameters, of I (S,,,; =0.06 and 0.26)
and V (S,,,=0.19 and 0.32) are quite similar. There are two
Smot Values associated with each because each has labeling
sites which experience a different degree of (dis)order. The
small S, values of I for the terminal and penultimate chain
positions are consistent with those observed for DMPC.B4
Because the ?H labeling in V is located at C13 to C16 of the
32-macrocycle, the C—D bonds are forced to adopt a number
of orientations with respect to the applied magnetic field (and
membrane normal). The small S, values for V establish that
the ‘loop’ inherent in the macrocycle does indeed force the
C—D bonds to adopt a variety of orientations with respect to
the bilayer normal. The turn in the macrocycle (Figure 1b)
thus serves as the model of the turn in the looping bolaform
conformer illustrated in Figure 1c.

0 V1T U U S W
A el

-20 -40 40 -40

‘— Av /kHz +— Av /kHz

A b

<+— Av /kHz

Figure 3. 2H NMR powder patterns (lower) and corresponding dePaked spectra (upper) of unoriented hydrated
lipids a) I (at 40°C, T,,+16.5°C); b) II (at 50°C, T,,+4.9°C); c¢) Il (at 70°C, ca. T,,+25°C); d) IV (at 60°C,
T,+359°C);and e) V (at 40°C, T,,+17.5°C).
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Bolaform lipids II, III, and I'V each have two components in
their dePaked 2H spectra. The dominant component has a
large and constant S, value (0.56, 0.54, 0.50, respectively)
over the entire length of the diacyl chain. An S, =0.5 is
observed only near the glycerol backbone of the conventional
saturated phospholipids.?! The fact that S, is invariant is
especially noteworthy as it means that all segments of the
diacyl chain are motionally equivalent in this conformation.
Smot Of @ spanning conformation is of course expected to be
both large and relatively constant along the chain, given that
both ends of the molecule are effectively ‘pinned’ to opposite
sides of the membrane. This pinning greatly restricts the
number of conformers the acyl chains can adopt at, for
example, the chain midpoint (Figure 1d). This large and
constant value of S, is thus a very useful, and general,
diagnostic of the spanning conformation of bipolar lipids in a
membrane matrix.

The minor component (Av=17-42 kHz) in the spectra of
II-1V is associated with smaller S, values (0.13 to 0.33). The
distinction between the spanning and looping conformers in
IL, III, and IV is made clear by using the behavior of V as a
reference. The small Av values (and thus S,,,) observed in the
spectra of II-IV and V allows assignment of the minor
component to the looping conformer (Figure 1c). Of further
note is the fact that the spectra of II, III, and IV are very
similar although the positions of their labels are different.
Although IV also has a chain-stiffening diacetylene in the
middle of the diacyl chain, it still has a propensity to form a
looping conformer. The C28 diacyl chain in IV is evidently
long enough to accommodate a loop.

With the assignment of the spanning and looping con-
formers in hand, integration of the respective dePaked spectra
provides their relative populations. In this lamellar morphol-
ogy the great majority (>90%) of the bipolar lipid exists in
the highly ordered spanning state and only a minor population
(<10%) is associated with the disordered, looping state.
There clearly is a natural tendency of the bolaform lipids to
aggregate in an extended form which enhances both hydro-
phobic and van der Waals interactions and leads to the
thermal stabilization observed in 7, measurements. The
H NMR protocol presented here thus provides a definitive
link between the structural details of the lipids and the
properties of the resulting organized assembly.

The order parameter can also be used to determine physical
characteristics of the membrane. For example, it is possible to
determine the relationship between the order parameter
profile for a lamellar lipid phase and the lamellar hydrophobic
thickness. The average hydrophobic thickness of the mem-
brane ((L)) can be estimated by using the relationship (L) =
L[(1/2) = (Scp)], where L, is the fully extended all-trans
chain length and (Scp) is the average chain order parame-
ter.*l The hydrophobic thickness of an all-trans acyl chain in
DPPC is about 20 A, whereas in the liquid-crystalline phase
(>41°C) it is about 14 A. Therefore the bilayer hydrophobic
thickness is expected to decrease by 12 A on going from the
gel state to the liquid-crystalline state.[*! Similarly for DMPC,
the gel state all-trans bilayer hydrophobic thickness is about
35 A and in the liquid-crystalline state it is expected to be
about 24 A1 With an order parameter of about 0.5 along the

4382

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

entire length of the hydrocarbon chain, the more ordered
bolaform phospholipids (Il or III) have a hydrophobic
thickness of about 27 A in the liquid-crystalline state. There
is an increase of about 3 A from a liquid-crystalline DMPC
bilayer to a more ordered spanning conformation of IT and III
(which are, in essence, DMPC dimers). Interestingly, the
bolaform lipid membrane thickness corresponds to the
hydrophobic bilayer thickness of DPPC (ca. 28 A) in the
liquid-crystalline state. This is consistent with the observed
correspondence between the thermal properties of II (T, =
45.1°C) and DPPC (T, = 41.5°C)P? rather than DMPC (T, =
24.3°C).

These observations have important implications in the
structure and function of archaebacterial membranes, their
associated membrane proteins, and the manner in which
phospholipids are accessible to membrane-associating en-
zymes such as phospholipase A,. We are currently exploring
how the kinetics and thermodynamics of the spanning/looping
interconversion can be modulated by conditions and reagents.
The 2H NMR experiment will figure prominently in these
studies.

Experimental Section

Materials: 1-Myristoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine was
obtained from Avanti Polar Lipids (Alabaster, AL). 3-Tetradecyn-l-ol
was purchased from Farchan Laboratories (Gainesville, FL). D,O and
deuterium gas (99.99 %) were purchased from Cambridge Isotope Labo-
ratories, Inc. (Andover, MA). Wilkinson’s catalyst (tris(triphenylphospha-
ne)rhodium() chloride), 1,3-dicyclohexylcarbodiimide (DCC), 4-dimethyl-
aminopyridine (DMAP), 1-hydroxybenzotriazole (HOBt), and deuterium-
depleted water were obtained from Aldrich (Milwaukee, WI). 1,3-
Diaminopropane (ca. 90% N-deuterated) was prepared according to a
literature procedure.’ The synthesis of 13-tetradecyn-1-oic acid, 13,15-
octacosdiyn-1,28-dioic acid, and lipids I-V was based on a previous report
on the synthesis of unusual macrocyclic and bolaform phosphatidylcho-
lines.? Deuterium-labeled lipids were prepared by homogeneous catalytic
deuteration with deuterium gas using Wilkinson’s catalyst.**) Heteroge-
neous catalysis proved to be an unsatisfactory method for the deuteration
of straight-chain olefins due to double bond migration and exchange
reactions that result in unspecific labelling.’”? Homogeneous catalysis for
the preparation of specifically labelled fatty acids and lipids was based on a
modified procedure of Chapman and Quinn.¥ Preparation of perdeuter-
ated fatty acids relied on the deuteration of alkynols by isomerization of
triple bonds using N-deuterated 1,3-diaminopropane as outlined by
Abrams.*l The degree of deuteration in the perdeuterated fatty alcohols
and fatty acids was estimated by comparing proton integration values. The
percent deuteration in the perdeuterated lipids IIT and IV was estimated
using FAB mass spectrometry.

Myristic acid ([D,]-13,13,14,14): 13-Tetradecyn-1-oic acid (220 mg,
0.98 mmol) was dissolved in freshly distilled, argon-saturated THF
(7mL) in a pressure reactor. Wilkinson’s catalyst (100 mg, 0.11 mmol)
was added and the reactor was evacuated and flushed with argon five times.
The reactor was then flushed with deuterium gas and filled to a pressure of
1 psi. The mixture was stirred for 12 h at 35-40°C. The solvent was then
removed under vacuum and the residue was redissolved in hexanes. The
resulting solution was filtered through several plugs of Celite and activated
charcoal in order to remove all traces of the orange catalyst. The solvent
was removed under vacuum to yield myristic acid ([D,4]-13,13,14,14)
(60 mg, 0.26 mmol; 26 % ). '"H NMR (499.84 MHz, CDCl): 6 =2.34 (t,2H;
HOOCCH,), 1.63 (m, 2H; HOOCCH,CH,), 1.26 (m, 18H; CH,), 1.21 (s,
1H; CD,H).

2-[Myristoyl  ([D,]-13,13,14,14) ]-1-myristoyl-sn-glycero-3-phosphatidyl-
choline) (I): Myristic acid ([D,4]-13,13,14,14) (68 mg, 0.29 mmol), 1-myr-
istoyl-2-hydroxy-sn-glycero-3-phosphatidylcholine (187 mg, 0.40 mmol),
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DCC (72 mg, 0.35 mmol), DMAP (92 mg, 0.75 mmol), and 1-hydroxyben-
zotriazole (101 mg, 0.75 mmol) were dissolved in dry methanol-free
chloroform (15mL) and refluxed under dry argon for 2 h. Additional
DCC (72 mg, 0.35 mmoles) was added and the reaction was allowed to
reflux an additional 20 hours. The solvent was removed under vacuum and
the residue was chromatographed on silica (eluent: CHCl;/MeOH/H,0O
(70:26:4)). The purification yielded 100 mg (0.15 mmol) of I (52% with
respect to the fatty acid starting material). R, (silica, CHCly/MeOH/H,0
(70:26:4)): 0.5; '"H NMR (499.84 MHz, CDCl;): 6 =5.18 (m, 1H; C,H), 4.38
(brd 521 1H; 1/2CH,), 4.32 (brs 2H; CH,OP), 4.12 (brdd, 1H; 1/2CH,),
3.95 (brs, 2H; C;H,), 3.80 (brs, 2H; CH,N*), 3.34 (s, 9H; (CH;);N"), 2.30
(m, 4H; C,0COCH,, C,0COCH,), 158 (m, 4H; C,OCOCH,CH,,
C,0COCH,CH,), 1.25 (s, 38H; CH,), 0.88 (t, 3H; CHj,), 0.82 (brs, 1H;
CD,H). 2H NMR (76.73 MHz, CDCl;): d =1.24 (brs 2D; CD,), 0.84 (brs
2D; CD,H); *'P NMR (81.0 MHz, CDCl;:MeOD, 2:1): 6 = —0.39; FAB-
MS (nitrobenzyl alcohol (NBA): m/z: 704 [M+Na]*, 682 [MH]", 499 [M —
CsH;;NO,P]*.

Octacosa-1,28-dioic acid ([Dg]-13,13,14,14,15,15,16,16): 13,15-Octacosa-
diyn-1,28-dioic acid (280 mg, 0.63 mmol) was dissolved in freshly distilled,
argon-saturated THF (7 mL). Wilkinson’s catalyst (100 mg, 0.11 mmol) was
added and the flask was flushed with deuterium gas and fitted with a
balloon of deuterium gas. The mixture was stirred for 36 h at 35°C. The
resulting solution was filtered through a plug of Celite and activated
charcoal. The solvent was then removed under vacuum and the residual
catalyst was washed from the product with chloroform and acetone to yield
octacosa-1,28-dioic acid ([Dg]-13,13,14,14,15,15,16,16) (115 mg, 0.25 mmol;
40%). 'H NMR (499.84 MHz, CDCl;/MeOD (2:1)): 6=2.11 (t, 4H;
HOOCCH,), 1.43 (m, 4H; HOOCCH,CH,), 1.50 (m, 36 H: CH,).
2,2’-(Octacosa-1,28-dioyl [Dy]-13,13,14,14,15,15,16,16-)bis(1-myristoyl-sn-
glycero-3-phosphatidylcholine) (II): 1-Myristoyl-2-hydroxy-sn-glycero-3-
phosphatidylcholine (347 mg, 0.74 mmol), octacosa-1,28-dioic acid ([Dg]-
13,13,14,14,15,15,16,16) (115 mg, 0.25 mmol), DCC (57 mg, 0.28 mmol),
DMAP (73.5, mg 0.60 mmol), and HOBt (81 mg, 0.60 mmol) were
dissolved in dry methanol-free chloroform (15 mL) and refluxed under
dry argon for 2 h. Additional DCC (57 mg, 0.28 mmol) was added and the
reaction was refluxed for an additional 20 h. The solvent was removed
under vacuum and the residue was chromatographed on silica (eluent:
CHCIly/MeOH/H,O (40:50:10)). The purification yielded II (106 mg,
0.078 mmol, 31 % with respect to fatty acid starting material). R, (silica,
CHCIly/MeOH/H,0 (70:26:4)): 0.1; 'H NMR (499.84 MHz, CDCl;/MeOD
(2:1)):0=5.20 (m,2H; C,H), 4.4 (brd,J =5.21 Hz,2H; 1/2C,H,), 4.32 (brs
4H; CH,OP), 4.12 (brdd, 2H; 1/2CH,), 3.95 (brs, 4H; C;H,), 3.80 (brs,
4H; CH,N*), 3.34 (s, 18H; (CH;);N*), 2.28 (m, 8H; C,OCOCH,,
C,0COCH,), 136 (m, 8H; C,0COCH,CH,, C,0COCH,CH,), 1.03 (s,
76H; CH,), 0.64 (t, 6H; CH;); 2H NMR (76.73 MHz, CDCl;/MeOD (2:1)):
0=121 (brs, 8D; CD,); 3'P NMR (202.34 MHz, CDCl;:MeOD (2:1)): 6 =
0.72 FAB-MS (NBA): m/z: 1384 [M+Na]*, 1362 [MH]*, 1179 [M —
CsH;;NO,P]*.

Partially perdeuterated 13-tetradecyn-l-ol: 1,3-Diaminopropane (ca. 90 %
N-deuterated, 25 mL) and lithium (720 mg, 103 mmol) were heated at 70—
80°C until the blue color discharged (6 h). The mixture was allowed to cool
and potassium fert-butoxide (7.3 g, 66.4 mmol) was added. After 20 min, a
solution of 3-tetradecyn-1-ol (4 g, 19.0 mmol) in N-deuterated 1,3-diami-
nopropane (10 mL) was added dropwise. The solution was stirred for 2.5 h
and quenched in cool acidic water. The residue was extracted with hexanes
(3 x 200 mL) and the combined organic phase was washed with saturated
aqueous NaHCOj; and brine, dried and evaporated. The crude product was
chromatographed on silica (eluent: CH,Cl, followed by hexane/EtOAc
(8:2)) and recrystallized from hexanes at —18°C to yield deuterated 13-
tetradecyn-l-ol (2.9 g). '"H NMR (499.84 MHz, CDCl;): 6 =3.62 (s, 2H;
CH,0H), 2.16 (brs, 0.7H; C=CCX,;) 1.92 (s, 0.6 H; XC=C) 1.6-1.4 (m, 3H;
C=CCX,CX,, CX,CX,0H), 1.4-1.2 (m, 5H; CH,); ’H NMR (76.73 MHz,
CDCly): 6=2.18 (brs, 1D; C=CCX,), 1.6—1.4 (m, 3D; C=CCX,CX,,
CX,CX,0H), 1.4-1.2 (m, 12D; CX,). Approximately 60 % deuteration in
positions C2 to C12 based on 'H NMR integration.

Partially pereuterated 13-tetradecyn-l-oic acid: Deuterated 13-tetradecyn-
l-oic acid was prepared from the reaction of deuterated 13-tetradecyn-1-ol
with Jones’ reagent as reported previously.” 'H NMR (499.84 MHz,
CDCl;): 6 =231 (d, 0.5H; CX,COOH), 2.15 (m, 0.8H; C=CCX,) 1.92 (s,
0.6H; XC=C) 1.7-1.4 (m, 1.2H; C=CCX,CX,, CX,CX,COOH), 1.4-1.1
(m, 4.3H; CX,). Approximately 68 % deuteration in positions C2 to C12
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based on a comparison of the 'H NMR integration with that of the starting
alcohol.

Partially peuterated 13,15-octacosadiyn-1,28-dioic acid: The previously
reported procedure for the preparation of 13,15-octacosadiyn-1,28-dioic
acid was followed by using partially deuterated 13-tetradecyn-l-oic acid as
starting material.*) 'TH NMR (499.84 MHz, CDCl;/MeOD (2:1)): 6 =2.08
(brd, 1H; CX,COOH), 2.02 (brd, 1.5H; C=CX;) 1.5-12 (m, 2H;
C=CCX,CX,, CX,CX,COOH), 1.2-09 (m, 75H; CX,); ’H NMR
(76.73 MHz, CDCly/MeOD (2:1)): 6=23 (brs, 1D; C=CCX,,
CX,COOH), 1.45-1.7 (m, 1.5D; C=CCX,CX,, CX,CX,COOH), 1.2-1.4
(m, 5D; CX,). Approximately 72% deuteration in positions C2 to C12
based on a comparison of the 'H NMR integration with that of the starting
bis-fatty acid.

Partially peuterated octacosa-1,28-dioic acid ([H,]-13,13,14,14,15,15,16,16):
Deuterated octacosa-1,28-dioic acid ([Hg]-13,13,14,14,15,15,16,16) was
prepared by using the same procedure as in the preparation of octacosa-
1,28-dioic acid ([Dj]-13,13,14,14,15,15,16,16) described above except that
H, gas was used. 'H NMR (499.84 MHz, CDCl;/MeOD (2:1)): 6 =2.09
(brd, 1H; HOOCCLXj), 1.40 (m, 1 H; HOOCCX,CX,), 1.08 (s, 21 H; CX,;);
’H NMR (76.73 MHz, CDCl;/MeOD 2:1): d =2.1 (brs, 1D; HOOCCX,),
1.4 (brs, 1D; HOOCCX,CX,),1.05 (m, 10D; CX,). Approximately 66 %
deuteration in positions C2 to C12 based on a comparison of the 'H NMR
integration with that of the starting bis-fatty acid.

2,2’-[ Partially peuterated octacosa-1,28-dioyl ([H;]-13,13,14,14,15,15,16,16) |-
bis(1-myristoyl-sn-glycero-3-phosphatidylcholine) (III): Compound III
was prepared with deuterated octacosa-1,28-dioic acid ([Hg]-
13,13,14,14,15,15,16,16) using the same procedure as described above for
the synthesis of IL R, (silica, CHCL/MeOH/H,0 70:26:4): 0.1; 'H NMR
(499.84 MHz, CDCL;/MeOD 2:1): 6 =5.04 (m, 2H; C,H), 4.21 (brd, /=
5.21 Hz, 2H; 1/2C,H,), 4.05 (brs 4H; CH,0OP), 3.96 (brdd, 2H; 1/2C/H,),
3.81 (brs,4H; C;H,), 3.40 (brs, 4H; CH,N™), 3.02 (s, 18 H; (CH;);N "), 2.11
(m, SH; C,0COCX,, C,0COCX,), 140 (m, SH; C,0COCX,CX,,
C,0COCX,CX,), 1.06 (s, 55H; CX;), 0.68 (t, 6H; CX;); *H NMR
(76.73 MHz, CDCL;/MeOD 2:1): 6 =2.12 (brs, 1D; OOCCX,) 1.41 (brs,
1D; OOCCX,CX,)) 1.08 (brs, 10D; CD,) *'P NMR (202.34 MHz, CDCl;):
0=-0.63; FAB-MS (NBA): m/z: [MH]* 1383 (range 1382-1389).
Approximately 66% deuteration in positions C2 to C12 given that the
molecular weight for nondeuterated III is 1354 gmol~' and that the
calculated molecular weight for 100% deuteration in the spanning sn-2
chain is 1398 gmol~".

2,2'-(Partially deuterated 13,15-octacosa-1,28-dioyl)bis(1-myristoyl-sn-
glycero-3-phosphatidylcholine) bolaform phosphatidylcholine (IV): Com-
pound IV was prepared with partially deuterated 13,15-octacosdiyn-1,28-
dioic acid by using the same procedure as described above for the synthesis
of II. TLC (CHCL;/MeOH/H,0 70:26:4): R; 0.08; '"H NMR (499.84 MHz,
CDCl;/MeOD 2:1): 6=4.94 (m, 2H; C,H), 4.12 (brd, /=521 Hz, 2H;
1/2CH,), 3.96 (brs 4H; CH,OP), 3.87 (brdd, 2H; 1/2C|H,), 3.70 (brt, 4H;
C;H,), 3.32 (brs, 4H; CH,N™), 2.93 (s, 18H; (CH;);N"), 2.02 (m, 5H;
C,0COCH,, C,0COCH,), 193 (t, 2H; CH,C=C) 130 (m, 5H; CO-
COCH,CH,, C,0COCX,CH,), 1.18 (m, 2H; CH,CX,C=C), 0.97 (s, 60H;
CH,), 0.59 (t, 6H; CH;); ’H NMR (76.73 MHz, CDCL;): 6 =3.1 (brs, 1D;
C=C(CD,, CD,COOH), 2.0 (m, 1.6 D; C=CCX,CD,, CD,CX,COOH), 0.8 -
1.8 (m, 10D; CD,); *'P NMR (202.34 MHz, CDC1;): 6 = —0.26; FAB-MS
(NBA): m/z: [MH]* 1375 (range 1372-1386). Approximately 66 %
deuteration in positions C2 to C12 given that the molecular weight for
nondeuterated V is 1345 gmol~! and that the calculated molecular weight
for 100 % deuteration in the spanning sn-2 chain is 1390 gmol~".

1,2-(Octacosa-1,28-dioyl ([Dg]-13,13,14,14,15,15,16,16))-sn-glycero-3-phos-
phatidylcholine (V): 1,2-(13,15-Octacosadiyne-1,28-dioyl)-sn-glycero-3-
phosphatidylcholine (20 mg, 0.030 mmol) was dissolved in freshly distilled,
argon-saturated THF (7 mL) in a pressure reactor. Wilkinson’s catalyst
(20 mg, 0.02 mmol) was added and the reactor was evacuated and flushed
with argon five times. The reactor was then flushed with deuterium gas and
filled to a pressure of 10 psi. The mixture was stirred for 24 h at 35-40°C.
The solvent was then removed under vacuum and the residue purified by
chromatography on silica (CHCly/MeOH/H,0 70:26:4) to yield V (15 mg,
0.022 mmol; 73%). R; (silica, CHCl/MeOH/H,0 70:26:4): 0.4; '"H NMR
(499.84 MHz, CDCL,): 6=5.20 (m, 1H; C,H), 4.4 (brd, J=5.21Hz, 1H;
1/2CH,), 4.32 (brs 2H; CH,0P), 4.12 (brdd, 1H; 1/2C,H,), 3.95 (brs, 2H;
C;H,), 3.80 (brs, 2H; CH,N™), 3.34 (s, 9H; (CH;);N*), 2.28 (m, 4H;
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C,0OCOCH,, GC,0COCH,), 158 (m, 4H; C,0COCH,CH,,
C,0COCH,CH,), 1.25 (s, 36 H; CH,); *H NMR (76.73 MHz, CDCl;): 6 =
1.12 (brs; CD,); 3P NMR (202.34 MHz, CDCl;:MeOD; 2:1): 6=-0.23
FAB-MS (NBA): m/z: 706 [M+Na]*, 684 [MH]", 501 [M — CsH;;NO,P]*.
Differential scanning calorimetry (DSC): A Model MC-I Microcal Inc.
(Ambherst, MA) calorimeter was used for differential scanning calorimetry
of lipids I, II, and V. Small amounts of lipid (4 -8 mg) were suspended in
Milli-Q water (1 mL; 18 MQ) by heating at least 10°C above the T, of the
gel to liquid-crystalline phase transition (to fully hydrate the lipid) and
vortexing. The samples were allowed to cool slowly to room temperature in
a water bath before being placed in a refrigerator (5°C) overnight. The
samples were degassed and 0.70 mL was injected into the liquid sample cell
of the calorimeter and an equivalent amount of water was added to the
reference cell. Scan rates of 12°Ch~! (Iand V) and 10°Ch~! (II) were used.
The phase transition temperature of the nondeuterated analogue of I'V was
21.4°C measured with a Perkin Elmer DSC7 calorimeter using Seiko liquid
sample pans (1.4 mg lipid in 10 uL water with 10puL water in the reference
pan; scan rate: 60 °Ch~"). The lipid sample was cycled below and above the
phase transition temperature before recording the thermogram.

3IP NMR spectroscopy: The samples for 3'P NMR spectroscopy were
prepared by mixing the nondeuterated analogues of I, II, and V with water
(33wt% lipid) and vortexing the slurry above the phase transition
temperature of the lipid. Spectra were obtained for I (nondeuterated) at
40°C, II (nondeuterated) at 70°C, and V (nondeuterated) at 50 °C, using a
Chemagnetics CMX-300 spectrometer operating at 121.279 MHz with
proton decoupling. The 90° pulse width was 5 ps and 3 x 10 to 100 x 10?
scans were acquired. The decoupler power was 50 kHz and the interpulse
delays were 0.55 (I), 1.05 (III), and 1.05 (V).

2H NMR spectroscopy: Samples of I-V for 2H NMR spectroscopy were
prepared by mixing the lipid with deuterium-depleted water (20 to 50 wt %
lipid) and vortexing the slurry above the phase transition temperature of
the lipid. The temperatures at which the spectra were obtained for I (40°C),
11 (70°C), I (70°C), IV (50°C), V (50°C) and were all above the T, values
measured. 2H NMR spectra were obtained by using a Chemagnetics CMX-
300 spectrometer operating at 46.045 MHz using the quadrupole echo
sequence with a recycle delay of 200 msec, 90° pulse width of 4 ps, and an
inter-pulse spacing of 40 ps. The number of scans ranged from 11 x 10° to
150 x 10°. A small amount of an isotropic phase is present in some of the
spectra obtained. The slight asymmetry in some of the recorded H NMR
spectra may be attributable to temperature and field gradients across the
samples. All the calculations presented were performed using an inter-
active dePakeing program developed by Sternin, Bloom, and MacKay.l
For this work, a modified version of the program for use with a 486 PC was
used. The method involves iteratively solving an equation representing the
powder pattern spectrum as an integral of the normalized oriented
lineshape. Powder pattern spectra containing 4096 data points were
dePaked using ten iterations. This program is currently available through
the internet at http://www.physics.brocku.ca/faculty/sternin/depake/.

The normalized segmental order parameter S,,, was calculated using the
relationships S, = —2S¢p for methylene groups and S,,,=—6Scp for a
methyl group. Sqp is defined as the C-D bond orientational order
parameter and is determined as per literature.

Acknowledgement

We thank Prof. J. Silvius for performing DSC measurements and Prof. M.
Lafleur for providing the dePakeing software. This investigation was
supported by the Natural Sciences and Engineering Research Council
(Canada), Fonds pour la Formation de Chercheurs et I’Aide a la Recherche
(Québec), the McGill Graduate Faculty, and Merck Frosst Center for
Therapeutic Research (Kirkland, Québec).

[1] M. De Rosa, A. Gambacorta, A. Gliozzi, Microbiol. Rev. 1986, 50,
70-80.

[2] J.-H. Fuhrhop, D. Fritsch, Acc. Chem. Res. 1986, 19, 130—137.

[3] R. A. Moss, T. Fujita, Y. Okumura, Langmuir 1991, 7, 2415-2418.

(4]

(5]
(6]

(7]
(8]
]

[10]

F. Cavagnetto, A. Relini, Z. Mirghani, A. Gliozzi, D. Bertoia, A.
Gambacorta, Biochim. Biophys. Acta 1992, 1106, 273 -28]1.

A. Gliozzi, Bioelectrochem. Bioenerg. 1982, 9, 591 -601.

A. Gliozzi, R. Rolandi, M. De Rosa, A. Gambacorta, J. Membr. Biol.
1983, 75, 45-56.

A. Gliozzi, M. Robello, A. Relini, G. Accardo, Biochim. Biophys. Acta
1994, 1189, 96-100.

1. C. P. Smith in Biomembranes— Membrane Fluidity, Vol. 12 (Eds.: M.
Kates, L. A. Manson), Plenum, New York, 1984, pp. 133-168.

J. M. Delfino, S. L. Schreiber, F. M. Richards, J. Am. Chem. Soc. 1993,
115, 3458 -3474.

M. Yamamoto, W. A. Warnock, A. Milon, Y. Nakatani, G. Ourisson,
Angew. Chem. 1993, 105, 302-304; Angew. Chem. Int. Ed. Engl. 1993,
32,259-261.

Y. Nakatani, M. Yamamoto, Y. Diyizou, W. Warnock, V. Dollé, W.
Hahn, A. Milon, Chem. Eur. J. 1996, 2, 129 -138.

D. H. Thompson, K. F. Wong, R. Humphry-Baker, J. J. Wheeler, J.-M.
Kim, S. B. Rananavare, J. Am. Chem. Soc. 1992, 114, 9035-9042.
J.-M. Kim, D. H. Thompson, Langmuir 1992, 8, 637 —644.

C. DiMeglio, S.B. Rananavare, S. Svenson, D.H. Thompson,
Langmuir 2000, 16, 128 -133.

E. A. Runquist, G. M. Helmkamp, Jr., Biochim. Biophys. Acta 1988,
940, 10-20.

E. A. Runquist, G. M. Helmkamp, Jr., Biochim. Biophys. Acta 1988,
940, 21-32.

R. A. Moss, J.-M. Li, J. Am. Chem. Soc. 1992, 114, 9227 -9229.

D. B. Fenske, Chem. Phys. Lipids 1993, 64, 143 -162.

J. Seelig, Q. Rev. Biophys. 1977, 10, 353 -418.

H. U. Gally, G. Pluschke, P. Overath, J. Seelig, Biochemistry 1979, 18,
5605 - 5609.

J. H. Davis, Biochim. Biophys. Acta 1983, 737, 117-171.

J. Seelig, P. M. Macdonald, Acc. Chem. Res. 1987, 20, 221 -228.

M. A. McCabe, S. R. Wassall, J. Magn. Reson. B 1995, 106, 80-82.
E. Sternin, M. Bloom, A. L. MacKay, J. Magn. Reson. 1983, 55, 274 -
282.

C. A. Fyfe, Solid State NMR for Chemists, C. F. C., Guelph, Ontario,
1983.

M. Bloom, E. Evans, O. G. Mouritsen, Q. Rev. Biophys. 1991, 24,293 —
397.

A. J. Robinson, W. G. Richards, P. J. Thomas, M. M. Hann, Biophys. J.
1994, 67, 2345 -2354.

B. J. Forrest, L. H. de Carvalho, L. W. Reeves, J. Am. Chem. Soc. 1981,
103, 245 -246.

P. R. Cullis, M. J. Hope, C. P. S. Tilcock, Chem. Phys. Lipids 1986, 40,
127-144.

C.P.S. Tilcock, P. R. Cullis, S. M. Gruner, Chem. Phys. Lipids 1986,
40, 47 -56.

J. L. Browning in Liposomes: From Physical Structure to Therapeutic
Applications, Vol. 7 (Ed.: C.G. Knight), Elsevier/North-Holland
Biomedical, Amsterdam, 1981, pp. 189-242.

G. Cevc in Phospholipid Handbook (Ed.: G. Cevc), Marcel Dekker
Inc., New York, 1993, p. 988.

D. F. Bocian, S.1. Chan, Ann. Rev. Phys. Chem. 1978 29, 307 -335.
J.-P. Douliez, A. Léonard, E. J. Dufourc, Biophys. J. 1995, 68, 1727 -
1739.

N. Hébert, A. Beck, R. B. Lennox, G. Just, J. Org. Chem. 1992, 57,
1777-1783.

J. A. Osborn, F. H. Jardine, J. F. Young, G. Wilkinson, J. Chem. Soc. A
1966, 1711 -1732.

J. R. Morandi, H. B. Jensen, J. Org. Chem. 1969, 34, 1889 -1891.

D. Chapman, P. J. Quinn, Proc. Natl. Acad. Sci. USA 1976, 73, 3971 -
3975.

S. R. Abrams, J. Org. Chem. 1984, 49, 3587 —3590.

J. H. Ipsen, O. G. Mouritsen, M. Bloom, Biophys. J. 1990, 52, 405 - 412.
R. L. Thurmond, A. R. Niemi, G. Lindblom, A. Wieslander, L. Rilfors,
Biochemistry 1994, 33, 13178 - 13188.

R. B. Gennis, Biomembranes: Molecular Structure and Function,
Springer, New York, 1989.

Received: May 15, 2000 [F2484]

4384 —

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

0947-6539/00/0623-4384 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 23






FULL PAPER

Ion Recognition at the Interface of Self-Assembled Monolayers (SAMs) of
Bis-Thioctic Ester Derivatives of Oligo(ethyleneglycols)

Krisanu Bandyopadhyay, Sheng-Gao Liu, Haiying Liu, and Luis Echegoyen*!?!

Abstract: Self-assembled monolayers
(SAMs) of bis-thioctic ester derivatives
of oligoethylene glycols were prepared.
When the number of (—CH,—CH,—0-),
units in these podands was either five or
six, the corresponding SAMs showed ion
binding properties and selectivities sim-
ilar to those exhibited by 15-crown-5 or
18-crown-6 in aqueous solution, respec-

a function of metal ion concentrations
were fitted by using a Langmuir iso-
therm to determine the association con-
stants (K,) with the different ions. The

Keywords: crown compounds - im-
pedance spectroscopy + monolayers
- polyethylene glycol - supramolec-

SAM derived from the n =35 compound
is selective for Na* while that with n=6
is selective for K. Results presented
here confirm the formation of ion rec-
ognition domains during self-assembly
of acyclic polyethylene glycol deriva-
tives on gold surfaces; this suggests
that surface-confined pseudocrown ether
structures are formed.

. ular chemistry
tively. Impedance data for the SAMs as

Introduction

Self-assembled monolayer (SAM) formation is an effective
technique to modify surfaces in order to obtain a desired pro-
perty.'l SAM structures with specific terminal functionalities
have been prepared for the recognition and sensing of metal ions,
some of which are electrochemically active, while others are not.?!
Cyclic voltammetry and impedance spectroscopy have been
used successfully for the detection of the ion binding events on
the monolayer-modified surfaces.> 3 Detection of electrochemi-
cally active metal ions is typically done following their direct
voltammetric responses,”?! while electrochemically inactive
cations can be detected indirectly following the changes in the
monolayer capacitance and/or resistance.’) Alternatively, if
the SAM itself contains an electroactive center that responds
to the ion binding event directly, it can be used to monitor
binding with electrochemically inactive ions. !

The incorporation of crown-ether groups into SAM struc-
tures and their potential as metal ion sensors were reported
recently by Flink et al.’l and Moore et al.™ In one report,
monolayers were formed from 12-crown-4, 15-crown-5, or 18-
crown-6 derivatives with single alkyl chain thiols, and the ion
binding events were monitored by using impedance spectro-
scopy.l! The other work concerned a crown-annelated tetra-
thiafulvalene (TTF) derivative, which showed a direct re-

[a] Prof. L. Echegoyen, Dr. K. Bandyopadhyay, Dr. S.-G. Liu, Dr. H. Liu
Department of Chemistry, University of Miami
Coral Gables, FL 33124-0431 (USA)
Fax: (+1)305-284-4571
E-mail: echegoyen@miami.edu
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sponse of the electroactive surface-confined crown-TTF
group due to ion complexation.! We have also recently
prepared and studied bis-thioctic ester derivatives of crown
ether annelated TTFs, which form remarkably stable SAMs;
some of these were also able to detect alkali metal ion binding
by means of electrochemical measurements.[

In all of the cases mentioned above, a crown-ether ring
structure was present as a terminal group in the monolayer to
bind ions directly at the solution interface. SAMs and mixed
SAMs with acyclic polyethylene glycol (PEG) as hydrophilic
spacers have been studied mainly for supported bilayer
construction and to create surfaces to repel proteins and
cells, not as ion recognition motifs.”? To our knowledge, ion
recognition and sensing abilities by PEG-containing mono-
layers had not been explored at all, except recently, when we
reported that SAMs of bis-thioctic ester derivatives of oligo-
ethylene glycol (podands) are capable of forming selective ion
binding domains on surfaces by means of self-assembly.!®!

In this paper, we provide further evidence of ion recog-
nition of SAMs derived from other acyclic polyethers: bis-
thioctic ester podands with (—CH,—CH,—0O—); units. More-
over, comparison of the earlier published results® with those
for a monolayer of a thioctic ester derivative of 18-crown-6
proves that the acyclic podands form surface-assisted pseu-
docrown ether structures during self-assembly at the inter-
face. The monolayer derived from the (—CH,—CH,—O-),
containing podand is selective for KT, and that derived from
(—CH,—CH,—0O-); is selective for Na*. The selectivity is
higher for the surface-confined podands compared with that
observed for the macrocyclic crown structures in monolayers
and in solution.
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Results and Discussion

Monolayer characterization: Reflection absorption infrared
spectroscopy (RAIRS) can effectively be used to analyze
monolayer formation and the degree of organization. In the
present case, all monolayers were characterized by RAIRS,
and the essential features of the spectra are similar for all
compounds studied, since they are structurally similar. The
main peak assignments are given in Table 1. In the higher
frequency region, there are two absorption bands due to
methylene stretching vibrations from both alkyl and oligo-
ethylene glycol (OEG) units of 1 and 2, and from the crown
ether moiety of 3. The peak positions of the respective

Table 1. Vibrational mode assignment [cm~!] of major peaks from RAIR
spectroscopy of different monolayers on a gold surface.

SAM of 1 SAM of 2 SAM of 3 Assignment
2925 2925 2924 v, (CH,) alkyl unit
2868 2857 2852 v, (CH,) OEG unit
1721 1733 1728 v (—C=0)
1449 1454 1454 CH, deformation
1126 1129 v (C-0—C)
1118 1121 v (C-0—C)
1138 v (—C—-0) ether group

1036 1044 1036 CH, rocking

948 948 949
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methylene vibration bands in the monolayer are almost the
same when compared with the transmission spectra of the
compounds; this indicates that the alkyl chains in all of the
monolayers are in a liquidlike disordered state.l’l Analysis of
the spectra in the lower frequency region shows a strong
absorption band in the region of 1740 to 1721 cm~' for the
—C—0 stretching of the carbonyl group.l'”! Furthermore, a
strong absorption band is observed at 1129 cm~! for the
monolayer of compound 1 and at 1126 cm™! for that of 2,
attributed to the parallel polarized —C—O—C— stretching
mode of the OEG part of the monolayer.l'l Moreover, there

4386 —
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are shoulders in the lower frequency region of the -C-O—C—
stretching band at 1118 cm™! for 1 and 1121 cm™! for 2; these
correspond to the —C—O—C— stretching mode perpendicular
to the OEG helical axis."? On the other hand, only a sharp
peak was observed at 1138 cm™' for 3, and this is characteristic
of the C—O stretching mode of the ether group.!'”

Reductive desorption of the monolayer in KOH (0.5M) was
used to estimate the surface coverage.'¥! In all three cases, an
irreversible cathodic wave was observed at about —0.9V
versus Ag/AgCl, which corresponds to the surface-attached
thiolate groups. Integration of the current under the cathodic
wave, and normalizing the results on the basis of the number
of sulfurs presumably bonded to the surface (four in the case
of 1 and 2, and two for 3) provide an estimated surface
coverage of 3.3 x 10711, 6.2 x 1071, or 4.6 x 107! for 1, 2, and
3, respectively. These values are lower than that observed for a
thioctic acid!™”! (which is the anchoring segment for all the
compounds) monolayer on gold. The reduced surface cover-
age is partly due to the larger size and the presence of the two
disulfide functionalities in 1 and 2 and is also caused by the
presence of a terminal crown ether group in 3. It also probably
reflects the formation of less densely packed monolayers, due
to the inherent disorder of the podands and the lack of
mobility of the surface-confined disulfide groups. It was
observed that monolayers of 1 and 2 desorb at a more
cathodic potential than for 3 (order: 2>1>3; —1.03V,
—0.99V, and —0.95V versus Ag/AgCl), which suggests a
stability order for these monolayers and reflects the increased
number of surface-attached sulfur groups in 1 and 2.0

Double-layer capacitance was also estimated for all of these
monolayers in Et,NCI (0.1m) by cyclic voltammetry (CV) as
well as by impedance techniques to assess the quality of the
monolayer. The values are 16.4, 11.2, and 13.3 uFcm™? for
monolayers of 1, 2, and 3, respectively; these values can be
compared with 25 pFem=2 for bare gold electrodes and
8.5 uFem=2 for a thioctic acid monolayer on Au in KCI
solution (0.1m).['1 The higher value of the capacitance relative
to that of thioctic acid is due to the higher oxygen content of
the monolayers, which increases the dielectric constant. These
results also suggest that these monolayers are not densely
packed, and that ions in solution can easily permeate through
them.

Another way to check the packing density of the mono-
layers is by investigating their blocking effects on the
voltammetric behavior of electroactive species in solution.
For a monolayer of fixed thickness, the degree of electrode
blocking increases as the density of defects decreases. CVs of
[Ru(NH;)**/[Ru(NH;)¢)** (1mm) in Et,NCl (0.1m) for all
three monolayer-modified gold electrodes hardly show any
influence on the heterogeneous electron transfer processes of
the solution probe. Peak currents and peak to peak separa-
tions for the couple at EY,=—0.2 V versus Ag/AgCl remain
essentially constant for monolayers of 1, 2, and 3 when
compared with the values observed for bare gold electrodes.
Thus the films are permeable to the redox-active species.
While this may sound undesirable from a simple packing
density perspective, it may be optimal for ion sensing, in which
accessibility and binding are crucial (see below). Impedance
measurements also support these conclusions since no well-
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defined high frequency semicircle was present in the complex
plane impedance plot for all three monolayers in the same
electrolyte solution. However, the monolayer derived from
compound 2 shows a better blocking ability (from CV) as well
as a higher charge-transfer resistance value (R, from
impedance) compared with the monolayers of 1 and 3; this
is in agreement with the surface coverages as well as with the
double-layer capacitance measurements (see Table 2).
Monolayers from compound 4 and § were also studied to
see the effect of oxygen removal from the podand and

Table 2. Parameters obtained from different electrochemical measure-
ments for respective monolayers on a gold surface.

SAMof1 SAMof2 SAMof3 SAM of

thioctic acid
capacitance [uFem™2] 16.4 11.2 13.3 8.5
surface coverage 33x10°1" 62x107" 4.6x107" 3.1x10°1°
[molcm—2]

removal of one thioctic ester group on ion binding. Figures 1a
and b show the impedance response of monolayers 4 and 5,
respectively. It is evident that monolayers of 4 provide
effective blocking of charge transfer to the redox probe in
solution (R, =70 k), but this is not the case with 5.

Ion binding properties of the monolayers: Impedance spec-
troscopy is an effective tool to understand interfacial ion
recognition phenomena when both the guest ion and the host
monolayer are electrochemically inactive.> >l Double-layer
capacitance (Cy) and charge-transfer resistance (R,;) can be
used to follow the ion binding processes at the monolayer/
solution interface. R, of the monolayer in the presence of a
redox species like [Ru(NH;)q]**/[Ru(NH;)¢]** in solution is
drastically affected by changes in the surface charge that arise
from the incorporation of cationic charge in the monolayer.

Figure 2a shows the complex plane impedance response of
a monolayer of 1 in aqueous Et,NCI solution (0.1m) with
[Ru(NH;)4**/[Ru(NHj;)¢]** upon addition of increased [Na*].
Essentially no semicircle is observed at the higher frequencies
for the monolayer in the absence of Na*, and a pronounced
diffusional component is observed at the lower frequencies;
this indicates inefficient blocking of charge transfer. Addition
of Na* to the solution increases the R values, from 3.7 k2 at
SmM to a limiting value of 19.4 k€ for 45mwm of [Na*]; this is
similar to the recently reported behavior for a monolayer of 2
with [K*].B¥ This process is perfectly reversible. Interestingly
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no appreciable increase in the R, was observed upon addition
of K*. Figure2b shows a comparison of the impedance
response of a monolayer of 1 in both solutions of [Na*] and
[K*] (45mwm). The fitting of all the impedance responses was
done by using the program EQUIVALENT CIRCUIT, which
determines the circuit parameters by a nonlinear least-square
fit to an appropriate equivalent circuit.’l The R obtained for
45mm [K'] is almost equal to that obtained for the monolayer
alone. On the other hand, a ~450 % increase from the initial
R, of the monolayer was detected in 45 mwm of [Na*]. This ion
response selectivity can easily be observed from the plots of
AR, versus concentration for these ions as shown in Figure 3.
Interestingly, a sigmoidal curve is observed for [Na*] while the
R, value remains almost constant for [K*]. As previously
mentioned and reported, a monolayer of 2 binds K* selec-
tively over Na*.l¥l

For comparison, a monolayer derived from compound 3,
which has an 18-crown-6 terminal group and a thioctic acid
residue as the anchoring seg-
ment, was studied. Figure 4
shows the impedance response
of the monolayer of 3 and the
effect of increasing the concen-
tration of [K*] in the presence
of [Ru(NH;)eJ**/[Ru(NH;)s]**
as the redox probe in solution.

Z'kQ]

Q 1 " I3 ] 1 i 1 . 1 '
0 1 2 3 4 5 6 7 8
Z' k9]
Figure 1. Complex impedance plot at dc bias of —0.20 V versus Ag/AgCl
in [Ru(NH;)s**/[Ru(NH;)s]** (1 mm) + aqueous solution of tetracthylam-
monium chloride (0.1m) for a) monolayer 4 and b) 5. The frequency range
used was 1 kHz to 0.1 Hz with a 5 mV rms signal at ten steps per decade.
Solid lines are the fit to the experimental response by using the appropriate
equivalent circuit (see text).
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Figure 2. a) Complex impedance plot at dc bias of —0.20 V versus Ag/
AgCl in [Ru(NH;)]**/[Ru(NH;)¢]** (1 mm)+ aqueous solution of tetrae-
thylammonium chloride (0.1m) for the monolayer 1 in the presence of an
increased concentration of [Na*]. b) Comparative complex impedance plot
at dc bias of —0.20 V versus Ag/AgClin [Ru(NH,;)s**/[Ru(NH;))** (1 mm)
in an aqueous solution of tetracthylammonium chloride (0.1m) for the

monolayer 1 in the presence of [Na*] and [K*] (45mwm). The frequency 0

range used was 1 kHz to 0.1 Hz with a 5 mV rms signal at ten steps per
decade. Solid lines are the fit to the experimental response by using the
appropriate equivalent circuit (see text).

2 1 2 1 N 1 2 1

5 10 15 20
Z'[kQ]

Figure 4. a) Complex impedance plot at dc bias of —0.20 V versus Ag/

AR{ke]

(= S 2 - -]

Figure 3. Plot of AR, versus concentration of [Na*] and [K*] for the

[ 3
1

A
L J

[ ]
1

AgCl in [Ru(NH;)¢]**/[Ru(NH;)s]** (1mM) in an aqueous solution of
tetraethylammonium chloride (0.1m) for the monolayer 3 in the presence
of an increased concentration of [K*]. b) Comparative complex impedance
plot at dc bias of —0.20 V versus Ag/AgCl in [Ru(NH;)e]**/[Ru(NH;)q]**
(1mMm) in an aqueous solution of tetraethylammonium chloride (0.1m) for
the monolayer 3 in presence of [Na*] and [K*] (60mwm). The frequency
range used was 1 kHz to 0.1 Hz with a 5mV rms signal at ten steps per
decade. Solid lines are the fit to the experimental response by using the
appropriate equivalent circuit.

Similar to the behavior exhibited by SAMs of 1 and 2, almost
A no blocking of the charge-transfer process is observed (very
low R, value: 0.15 kQ) with no well-defined semicircle at the
higher frequency side. But R, gradually increases from 2.6 k&2
at SmM to a maximum value of 189 kQ at 70mMm; this
indicates that there is K* complexation at the interface.l! The
[K*/Na*] selectivity of this monolayer was also tested by
impedance measurements. Upon addition of Na*, the R
value increases from 1.15kQ at SmMm, to a maximum of

K+
e o © © ° ¢ o o

0

L3
L
5

monolayer of 1.

4388

10

15

‘20 25 30 35 40 45 50 55 60 6.23kQ at 45mm of Na'. Figure 4b shows the impedance

C+[mM] response of the monolayer of 3 in Kt (60mMm) and in Na*
(60mm). It is evident that [Na*] interacts with the monolayer
to a lesser extent than [K*].
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Figure 5 shows a plot of AR, versus concentration of [K*]
and [Na*] for SAMs of 2 and 3. The SAM of 3 showed a linear
increase in R, with increased concentration of [K*]; this is in

301
o O O
SAM 2 + K*
25 o
20
— o nm
g 224 kQ u
& 15f o l ® SAM3+K'
<
n
10k o . 12.7 kQ
[
s B
A A A A
5| . n °] a a b L
A .
g e o © SAM 3 + Na
o o ¢ SAM2 + Na
1 1 1 1 L Vi L I3
0 10 20 30 40 50 60 70
Cy+[mm]

Figure 5. Comparative plot of AR versus concentration of [Na*] and [K*]
for monolayer 2 and 3.

contrast to a sigmoid-type response for the SAM of 2. The
limiting R, value was reached at a comparatively lower [K*]
for the monolayer of 2 (=45mm) compared with that for 3
(=~75mm). In addition, both monolayers show essentially no
response to [Na*]. The difference in the limiting R, values for
the monolayer of 2 in the presence of [K*] (relative to that for
[Naf]) is higher (22.4k®) compared with that for the
monolayer of 3 (12.7 k€2); this indicates higher K™ selectivity
for 2. Control experiments with monolayers of 4 and 5 show
no ion recognition effect on the R values. Thus the polyoxy-
ethylene backbone as well as the two surface-binding groups
at the extremes are necessary for the formation of ion
recognition motifs at the surface.

As recently reported by Flink et al,l®® our monolayers also
show very small capacitance changes. So R, was the param-
eter of choice to follow metal ion binding. A linear change in
R, with [M*] has been observed by Flink et al,l’l as well as by
us for the monolayer of 3. In contrast, as mentioned earlier, a
sigmoid-type change is observed for the monolayer of both 1
and 2. These data can be fit by using a Langmuir isotherm; this
assumes that the R, parameter is a direct measure of ion
binding. In Equation (1), 6 corresponds to the fraction of

0=1—[Ru/R] 0

occupied surface-binding sites; the fraction increases with the
metal ion concentration in solution. Ry and R, correspond to
the charge-transfer resistances of the monolayer alone and to
the values for each metal ion concentration, respectively. So 6
can be calculated from Equation (1) and can be plotted versus
concentration.

For a Langmuir isotherm, 6 can be related to the association
constant (K,) as in Equation (2).

6=K,c/[1+ K] @

Chem. Eur. J. 2000, 6, No. 23
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In this equation, c is the concentration of the metal ion in
solution. Figure 6 shows the plots after fitting the data for 2
and 3 with K* to a Langmuir isotherm. K, values of 2839 +
55m~! and 103 =8Mm~! 3 and 2 were determined, respectively.
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0 10 20 30 40 50 60
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Figure 6. Plot of surface coverage, as calculated from Equation (1) versus
concentration of [K*] for a) monolayer of 3 and b) monolayer of 2. The
continuous line corresponds to the fitting of respective data to the
Langmuir model in order to obtain the association constant (K,).

The association constant for monolayer 3 is an order of
magnitude higher than that of 2, as expected from the result
presented in Figure 6 for the two monolayers. While a direct
comparison of the binding results for 1 and 2 relative to those
of 3 may not seem warranted as a result of intrinsic differences
(ether vs. ester oxygens), it is instructive to do so to establish
their binding preferences. Combination of Equation (1) and
(2) leads to Equation (3).

ARJRy=K,c )

In this equation, AR,=R.— Ry;. Equation (3) shows a
linear relation between the association constant and R, as
also observed by Flink et al. and provides an alternative way
to determine K, values.l The calculated association constants
based on Equation (3) for the different monolayers and metal
ions are listed in Table 3 along with those obtained by fitting
to the Langmuir isotherm. The calculated and fitted values for
monolayers of 2 and 3 are within experimental error, and this

0947-6539/00/0623-4389 $ 17.50+.50/0 4389





FULL PAPER

L. Echegoyen et al.

Table 3. Association constants [log K| of metal ions with different SAMs
determined by fitting a Langmuir model and calculated from changes of
charge-transfer resistance.[?

SAMof1 SAMof2 SAMof3 18-crown-6I’ 15-crown-5/!
K 126 282 (2.14) 325(3.45) 2.03 0.76
Na* 1.99 (1.79) 1.42 2.95 0.9 0.67

[a] Quantities inside the brackets are association constants obtained by
fitting a Langmuir model from a plot of 6 versus concentration of the
respective metal ion (see text). [b] In aqueous solution.

confirms the validity of the model. The association constant
values are comparable with those for the corresponding crown
ether—metal complexes in aqueous solution.!'®! This observa-
tion is different from that of Flink et al,®®! who measured
higher values, and this suggests a lower polarity within the
monolayer environment.

In contrast, the association constants obtained here suggest
a similar dielectric medium within the monolayer and in the
surrounding aqueous solution. These observations are in
agreement with the initial characterization of the monolayers,
which showed that these are loosely packed and contain holes
in the structure that allow easy access of the electrolytes (also
evident from the low surface coverage, higher capacitance,
and from the position of the —CH, symmetric and antisym-
metric stretching band in RAIR studies Tables 1 and 2). Most
importantly, the monolayers of 2 and 3 show similar selectiv-
ities for K* over Na*t, while that of 1 shows a reverse
selectivity for Na® over K*. This observation suggests that
during the self-assembly process at the solid/liquid interface,
these podands probably form ion binding domains similar to
pseudocrown ether structures, and these are capable of
recognizing cations, in the same way as crown ethers, in
solution or as terminal groups in a monolayer.

In order to find out the origin of the sigmoid binding curves
for monolayer 1 and 2, a Scatchard plot was prepared!'s from
the data presented in Figure 7. Figure 7a shows a Scatchard
plot for the monolayer 3 compared with a nonlinear plot for 1
and 2 (Figure 7b); this indicates that there is cooperative
binding for podands. This behavior can be further confirmed
by constructing the corresponding Hill plots,'”l which are
presented in Figure 8. The Hill coefficients (ny) determined
from the slopes by linear regression were 2.1, 1.7, and 0.7 for
monolayers of 1, 2, and 3, respectively, and this indicates
positive cooperativity in the binding process for the two
podands and a noncooperative behavior for the crown-
appended monolayer. The positive cooperative effect may
possibly be due to the reorganization of monolayers upon ion
binding.

Conclusion

Self-assembled monolayers of bis-thioctic ester podand de-
rivatives show similar cation binding properties and higher
selectivities to those of analogous crown ethers in aqueous
solution. SAMs of 1, which contains three ether oxygens and
two ester groups, are selective for Na* over K*, while those of
2, with four ether oxygens and two ester groups, exhibit the

4390
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Figure 7. Scatchard plot for a) monolayer 3 with [K*] and b) monolayer 1
and 2 with [Na*] and [K*], respectively.

reverse selectivity. SAMs of 3, with an 18-crown-6 appended,
are also selective for KT over Na™. Application of a Langmuir
isotherm model shows lower association constants for the
podands than for 3, and K* selectivity is higher for 2 than for
3. Moreover, a positive cooperative effect is observed for the
monolayers of the podands, but the process is noncooperative
for the crown-appended monolayer. While ion sensing is a
long range goal of the present work, the novelty behind this
paper rests not on the preparation of better sensors but on a
new concept, which uses acyclic ethylene glycol derivatives
that self-assemble on gold to yield ion recognition domains.

Experimental Section

General procedure for the preparation of compounds 1-5: The corre-
sponding alcohol (2-4 mmol) and thioctic acid (2.25 moleequiv for
dialcohols or 1.1 moleequiv for monoalcohols) were added to CH,Cl,
(10 mL). The mixture was stirred for 15 min at 0°C (ice/water bath) under
N,. Then, dicyclohexyl carbodiimide (DCC, 4.2 mole equiv for dialcohols
or 2.1 moleequiv for monoalcohols) and 4-dimethylaminopyridine
(DMAP, 0.6 mole equiv for dialcohols or 0.3 mole equiv for monoalcohols)
in cold CH,Cl, (10 mL) were added to the above solution, and the mixture
was stirred for another 15 min at 0°C. The cooling bath was then removed,
and the solution allowed to warm to room temperature. After stirring for

0947-6539/00/0623-4390 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 23





Ion Recognition at the Interface of Self-Assembled Monolayers

4385-4392

a)
20
18}
g |
3
=16l
o
14|
12+
1 1 i 2 1 " 1 i i " 1
2.2 -2.0 -1.8 -1.6 -1.4 -1.2
log(c) [mol L
b) 15}
O Hill plot for SAM of 1 with [Na']
10 ®  Hill plot for SAM of 2 with [K'}

log (6/1-6)
o o
=3 o

i
1)

-1.0

-15E " 1 . 1 " 1 N 1 . 1 "
2.2 -2.0 -1.8 -1.6 -1.4

log(c) [mol L]

Figure 8. Hill plot for a) monolayer 3 with [K*] and b) monolayer 1 and 2
with [Na*] and [K*], respectively. The solid lines are the linear regressions
of the respective data.

72 h under N,, the reaction mixture was filtered through a fine glass frit to
yield a clear, pale yellow filtrate and an insoluble urea byproduct as a fine,
white gray powder. The clear filtrate was washed with water (3 x 50 mL),
acetic acid aqueous solution (5%, 3 x 20 mL), and finally again with water
(3 x 30 mL). The organic layer was dried over MgSOy, filtered, evaporated,
and the residue was subjected to column chromatography on silica gel
(230 -400 mesh).

Spectroscopic data for compounds 2, 4, and 5 were reported in ref. [8].

Compound 1: Eluent: ethyl acetate/CH,Cl, (1:1). Pale yellow oil in 72%
yield. 'H NMR (300 MHz, RT, CDCL,): 6 =1.41-1.48 (m, 4H), 1.62—1.67
(m, 8H), 1.90-1.94 (m, 2H), 2.35 (t, J=7.1 Hz, 4H), 2.45-2.48 (m, 2H),
3.11-3.19 (m, 4H), 3.55-3.59 (m, 2H), 3.66-3.70 (m, 12H), 431 (t, /=
6.0 Hz, 4H); BC NMR (75 MHz, RT, CDCl;): 6 =25.01, 29.04, 34.32, 34.94,
38.83, 40.57, 56.69, 63.79, 69.57, 70.97, 71.03, 173.68; FAB*-MS: m/z: 570
[M]* (80 % ); HRMS calcd for C,,H,,0-S,: 570.1813; found 570.1813.

Compound 3: Eluent: CH,Cl,/acetone (4:1). Pale yellow oil in 65 % yield.
'H NMR (400 MHz, RT, CDCl;): d =1.36-1.42 (m, 2H), 1.54-1.64 (m,
4H), 1.78-1.87 (m, 1H), 2.26 (t,/ =8.0 Hz, 2H), 2.34-2.42 (m, 1H), 3.02-
3.12 (m, 2H), 3.45-3.52 (m, 1 H), 3.54-3.63 (m, 20H), 3.70-3.74 (m, 3H),
4.01-4.06 (m, 1H), 4.13-4.17 (m, 1H); 3*C NMR (100 MHz, RT, CDCl;):
0 =24.63, 28.71, 33.96, 34.57, 38.45, 40.19, 56.30, 63.82, 69.92, 70.71, 70.96,
71.09, 173.25; FAB*-MS: m/z: 482 [M]" (100%); HRMS calcd for
C,H3504S,: 482.2008; found 482.2008.
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Materials: The gold substrates for the cyclic voltammetric and impedance
experiments were prepared by annealing the tip of a gold wire (99.999 %,
0.5 mm diameter, Alfa Ashe) in a gas-oxygen flame. Subsequently, the hot
gold bead was cooled by immersion in deionized water (Barnstead
Nanopure 18 MQ). The reproducibility of the electrode surface was
checked by observing the reversible redox response of [Ru(NH;)]**/
[Ru(NH;)eJ** in aqueous KCl. Electrodes that did not exhibit the reversible
response of the redox couple with peak to peak separation ~60 mV were
discarded. The geometric area of the electrode (typically 0.02-0.04 cm?)
was obtained from the slope of a linear plot of the cathodic current versus
(scan rate)'? for the reversible reduction of the above mentioned redox
probe; 7.5 x 107® cm?s~!' was taken as the diffusion coefficient, and the
exact concentration was known from the mass.?”! The gold substrates for
RAIRS were prepared by vacuum deposition of gold (at a pressure of
~1077 Torr) on glass microslides coated with 3-mercaptotrimethoxysilane
for better adhesion.?!)

KCl, NaCl, CsCl, BaCl,, CaCl, hexamineruthenium() chloride, and
tetraethylammoniumchloride were obtained from Aldrich and used as
received.

Preparation of monolayers: In a typical experiment, a monolayer was
grown by dipping a freshly-prepared gold bead electrode into a deaerated
ethanolic solution (SmM) of the respective compound for 36 hours to
achieve optimum coverage. The substrates were then removed, rinsed with
solvent, and dried in a stream of Ar.

Electrochemical measurements: Impedance and cyclic voltammetric
measurements were performed by using a three-electrode cell with a gold
bead as the working electrode, a coiled platinum wire as the counter-
electrode, and an aqueous Ag/AgCl solution (from BAS) as the reference
electrode. Both electrochemical experiments were carried out with a
BAS100W electrochemical workstation interfaced with a personal com-
puter. Impedance measurements were performed at the formal potential of
the redox couple, and readings were taken at ten discrete frequencies per
decade. The formal redox potential [E,,, = (Ej + Ej)/2] was determined by
cyclic voltammetry (where the concentration of [Ru(NH;)e]** is equal to
the concentration of [Ru(NH;)s|**). The frequency range utilized was
1 kHz to 0.1 Hz with an ac-amplitude of 5 mV. Impedance analysis was
carried out by using the commercially available program EQUIVALENT
CIRCUIT written by B. A. Boukamp (University of Twente), which
determines the parameters of the assumed equivalent circuit by a nonlinear
least-squares fit.’?! All experiments were carried out at room temperature
(25+0.1°C) with tetracthylammonium chloride (0.1m) as supporting
electrolyte.

Infrared spectroscopy: The reflection-absorption infrared spectra were
recorded on a Perkin-Elmer 2000 FT-IR spectrophotometer, equipped with
a grazing angle (80°) infrared reflection accessory and a ZnSe wiregrid
polarizer from International Crystal Laboratory. The spectra were record-
ed with a liquid nitrogen cooled MCT detector, and the measurement
chamber was continuously purged with nitrogen gas during the measure-
ments. Typically 1000 scans with 4 cm~! resolutions were performed to get
the average spectra. A clean and freshly prepared gold plate was used to
record the reference spectra. The RA spectra are reported as —log(R/R,),
where R and R, are the reflectivities of the sample and reference,
respectively.

The transmission infrared spectra of the compounds were recorded for thin
films prepared by putting a drop of the solution of the compound on a
quartz cell and then evaporating with a flow of Ar; the spectra were
obtained by using the same spectrometer with 500 scans and 4 cm™!
resolution.
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Gas Phase Intramolecular Proton Transfer in Cationized Glycine and
Chlorine Substituted Derivatives (M — Gly, M =Na*, Mg?", Cu’, Ni', and
Cu?*): Existence of Zwitterionic Structures?

Sallaraisa Pulkkinen,'®! Marc Noguera,” Luis Rodriguez-Santiago,"!
Mariona Sodupe,! and Juan Bertran*"!

Abstract: The intramolecular proton
transfer in cationized glycine and chlor-
ine substituted derivatives with M=
Na*, Mg?*, Ni*, Cu*, and Cu?>* has been
studied with the three parameter B3LYP
density functional method. The coordi-
nation of metal cations to the oxygens of

ionic structure becomes very stable.
However, whereas for Mg?*, the proton
transfer process takes place spontane-
ously, for Cu?* the reaction occurs with
an important energy barrier. The sub-
stitution of the hydrogens of the amino
group by chlorine atoms decreases the

basicity of nitrogen, which destabilizes
the zwitterionic structure. For monosub-
stituted glycine complexed with Na™, the
zwitterionic structure still exists as a
minimum, but for disubstituted glycine
no minimum appears for this structure.
In contrast, for Mg*" complexed to

the carboxylic group of glycine stabilizes
the zwitterionic structure. For all mono-
cations the intramolecular proton trans-
fer occurs readily with small energy
barriers (1-2 kcalmol™). For the dica-
tion Mg** and Cu?* systems, the zwitter-

lations -

terions

Introduction

As the simplest amino acid, glycine, is a very good biochem-
ical model compound. In the gas phase, glycine is known to
exist in the neutral form (H,N-CH,-COOH),!'"%l with the
zwitterionic (H;"N-CH,-COO") structure not even being a
minimum on the potential energy surface.’! In contrast, the
zwitterionic form is the dominant structure in solution!"” and
crystalline state.!l Theoretical studies have shown that the
glycine zwitterion may appear as a minimum in the presence
of two water molecules.l'” Similarly, the interaction of metal
cations with glycine can stabilize the zwitterionic structure in
such a way that in some cases it can become the absolute
minimum.[3-3]

Previous theoretical studies have analyzed the interaction
of alkali metal cations,[") Cu*,l'> 1] and Cu?*1™] with glycine.
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mono- and disubstituted glycine, the
zwitterionic structure remains the only
minimum, since the enhanced electro-
static interaction with the dication over-
comes the destabilizing effect of the
chlorine atoms.

These studies focus mainly on the bonding and relative
energies of the different chelating structures. In all cases the
interaction of the zwitterionic structure of glycine with the
cation is found as a minimum of the potential energy surface.
Moreover, for Cu?*, this structure was found to be the
absolute minimum.!

The intramolecular proton transfer reaction is a very
important process since it relates the neutral and zwitterionic
structures of the amino acid, which show different behavior in
many biochemical processes. Moreover, such information can
be very useful in interpreting the mass spectrometry experi-
ments used for the elucidation of the sequence of peptides
cationized by different metals. To our knowledge this process
has only been studied for alkaline* - glycine.['**<] The results
show that the process is slightly exothermic with a very small
barrier. The goal of the present paper is to study the
intramolecular proton transfer process, from neutral to
zwitterionic species, in cationized glycine with different
mono- and dipositive cations, as it is shown in Scheme 1. We
will thus focus on the stationary points involved in this
reaction and not on the determination of the absolute
minimum of each potential energy surface. We have chosen
the simple Na* and Mg?* metals and the Cu*, Cu**, and Ni*
transition metal cations. This would allow us to analyze the
effect of both the charge (mono- or dipositive) and the
electronic structure of the metal cation in the reaction; that is,
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whereas Na* and Mg?* do not present occupied d orbitals, the
electronic ground state of Cu* is a d'° (!S) and that of Cu** and
Nit is a d° (*D) one.

On the other hand, it has been shown that the behavior of
glycine is different from that of the substituted (N-Cl)-glycine,
since the chlorine substituent changes the basicity of the
amino group.' Moreover, N-chloro-a-amino acids are
formed readily in aqueous solution from the reaction of
amino acids with chlorinating agents and thus, they are
important from an environmental and synthetic point of
view.'’19 Because of that, we have also studied the intra-
molecular proton transfer in CI-HN-CH,-COOH and CI,N-
CH,-COOH cationized by Na* and Mg?*. It will be shown
that the presence of chlorine atoms in the amino group
destabilizes the zwitterionic structure, whereas the interaction
of metal cations stabilizes this structure. These two opposite
effects can be used to modify the intramolecular proton
transfer reaction; that is, to control the process.

Methods of calculation

Molecular geometries and harmonic vibrational frequencies
of the considered structures have been obtained using the
non-local hybrid three-parameter B3LYP density functional
method.?”) The adequacy of density functional methods for
the study of the conformational behavior of glycine and other
amino acids has been the subject of several studies.?'23 The
results obtained have shown that the hybrid methods, in
particular the B3LYP method,?-? provide very similar
structural parameters compared with MP2, and that the
density functional vibrational frequencies and intensities are
in excellent agreement with the experimental data. However,
in order to confirm the reliability of B3LYP, we have
performed single point calculations for the Na*-glycine
system using the single and double excitation coupled cluster
method?! with a perturbational estimate of the triple
excitations CCSD(T).?! All electrons except the ones similar
to 1s have been correlated. On the other hand, our previous
study™! for Cu* and Cu?" interacting with glycine showed that
B3LYP method provided good relative energies between the
different complexed structures compared with the highly
correlated modified coupled pair functional (MCPF) method.

Geometry optimizations and frequency calculations have
been performed using the following basis sets. For C, N, and O
we used the (9s5p)/[4s2p] set developed by Dunning?®® from
the primitive set of Huzinaga,?” supplemented with a set of
diffuse sp functions (o =0.0438 for carbon, a=0.0639 for
nitrogen and a =0.0845 for oxygen) and one 3d polarization
function (a=0.75 for carbon, a =0.80 for nitrogen, and a =
0.85 for oxygen). For hydrogen the basis set used is the (4s)/
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[2s] set of Dunning®! supplemented with a diffuse function
(a=0.036) and a p polarization function (a =1.00). For Na,
Mg, and Cl we have used the McLean Chandler (12s9p)/[6s5p]
basis sets?! supplemented with a d polarization function (a =
0.175 for Na and Mg, and a=0.75 for Cl). The Cu and Ni
basis sets are the [8s4p3d] contractions of the (14s9p5d)
primitive set of Wachters®! supplemented with two diffuse p
and one diffuse d functions.’” The final basis sets are of the
form (14s11p6d)/[8s6p4d].

Net atomic charges and spin densities have been obtained
using the natural population analysis of Weinhold et al.?!l All
calculations have been performed with Gaussian 94 pack-
age.’? Open shell calculations have been carried out using a
spin unrestricted formalism.

Results and Discussion

In this work we study the proton transfer process in cationized
glycine and derivatives shown in Scheme 1. It should be
mentioned that this conformer of glycine, in which the
hydroxylic group is acting as proton donor and the amino
group as proton acceptor is not the ground state structure of
free glycine.”*7 In fact, this conformer is the second most
stable and lies 1.4 kcalmol~'* above the absolute minimum,
which shows a bifurcated hydrogen bond between the NH,
group and the carbonylic oxygen. However, the coordination
of metal cations to the carboxylic group of the second
conformer shows a more favorable interaction than the one
that takes place at the amino group of the ground state
structure of glycine.l' Moreover, the structures shown in
Scheme 1 are the ones involved in the proton transfer process
that relates the neutral and zwitterionic structures of glycine,
which is the process we are interested in.

We will first present the results obtained for Na*, Mg?*,
Cu™, Cu?*, and Ni* interacting with glycine. This would allow
us to analyze the effect of the charge, mono- or dipositive, of
the metal cation in the proton transfer process. Moreover, the
behavior between simple and transition metal cations will be
compared. Second, we will present the results of Na* and
Mg?* interacting with chlorine substituted glycine.

M - glycine (M = Na*, Mg?*, Cu*, Ni*, Cu?*)

Figure 1 shows the B3LYP optimized geometry parameters of
the initial M- (HOOC-CH,-NH,), final M-(-OOC-CH,-
NH;") and transition state structures of the proton transfer
reaction shown in Scheme 1. The absolute and relative
energies of the stationary points found on each potential
energy surface are given in Table 1 and the charges in Table 2.
Although our interest is obviously in the relative energies,
absolute energies have also been included just to emphasize
that for some cases only one of the two minima involved in the
process is found.

As it has been mentioned, the zwitterionic form of glycine
does not exist in gas phase.’! Upon complexation with metal
cations, however, such a structure is stabilized and appears as
a minimum of the potential energy surface. As expected, this
stabilization is larger for the dipositive cations Mg** and Cu?*.
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Figure 1. B3LYP-optimized geometries for neutral, transition state and zwitterionic structures involved in the
proton transfer process of glycine interacting with different metal cations. Distances are in A and angles are in
degrees.

Table 1. B3LYP absolute (in a.u.) and relative energies (in kcalmol™') for neutral (N), zwitterionic (Z), and
transition state (TS) structures of glycine and substituted derivatives interacting with metal cations.

System N TS V4
Na®-HOOC-CH,-NH, —446.6571807 (0.0) —446.6538358 (2.1) —446.6578500 (—0.4)
Mg>*-~HOOC-CH,-NH, —484.0195702
Cu"-HOOC-CH,-NH, —1924.7498340 (0.0) —1924.7470458 (1.7) —1924.7523078 (—1.5)
Ni*—HOOC-CH,-NH, —1792.5317925 (0.0) —1792.5290474 (1.7) —1792.5382064 (—4.0)
Cu’*-~HOOC-CH,-NH, —1924.2480295 (0.0) —1924.2213833 (16.7) —1924.2712459 (—14.6)
Na®-HOOC-CH,-NHCI —906.2289713 (0.0) —906.2200199 (5.6) —906.2208453 (5.1)
Na*-HOOC-CH,-NCl, —1365.8009248

Mg?*—~HOOC-CH,-NHCI —943.578123452
Mg>*-HOOC-CH,-NCl, —1403.1391612
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For free glycine the process is
highly endothermic, that is, as-
suming a fixed N—H distance of
1.05A for the zwitterionic
form, the energy difference be-
tween the neutral and zwitter-
ionic  structures is about
22 kcalmol~L. For the monoca-
tions the process is slightly
exothermic and for the dica-
tions the reaction is very exo-
thermic. For Mg?+, if we assume
a fixed O—H distance of 1.0 A
for the neutral form, the reac-
tion energy is computed to be
about —25kcalmol™t. Given
the high exothermicity for
Mg?*, it is not surprising that
the neutral form of glycine
complexed through the two
oxygens 17>-0,0-(COOH) does
not exist as a minimum.

For the two-metal dications,
the #?-0,0-(CO,”) coordina-
tion, that is the structure that
arises from the coordination of
the metal cation to the negative
part of the zwitterionic struc-
ture of glycine, is the absolute
minimum of the potential en-
ergy surface. For the monoca-
tion metals Nat,[ Nit B8
Cut,l3 13 however, the ground
state structure is found to have
a bidentate #?-N,O-coordina-
tion in which the metal interacts
with the nitrogen of the amino
group and the carbonyl oxygen.

For all metals, except Mg**,
we have located the minima
corresponding to the com-
plexed neutral and zwitterionic
forms of glycine and the tran-
sition state of the intramolecu-
lar proton transfer that con-
nects the two minima. It can
be observed in Figure 1 that the
interaction of Nat, Cu'*, and
Ni* to the neutral form of
glycine strengthens the intra-
molecular hydrogen bond. That
is, the H-N and N—O distances
decrease whereas the O—H dis-
tance increases, which favors
the intramolecular proton
transfer process that is being
studied. In all cases, the ob-
tained structure shows C, sym-
metry. A different behavior,
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Table 2. Charges from natural population analysis.
Na* Mg Cu* Ni Cu?*
N TS z N TS V4 N TS Z N TS V4 N TS V4

M 0.97 0.97 096 - - 1.83 0.90 0.89 0.87 0.89 0.89 0.84 1.06 1.27 1.34
H* 0.54 0.49 048 - - 0.49 0.54 0.48 0.48 0.54 0.49 0.49 0.56 0.50 0.50
COO —0.62 —0.69 -078 - - —-0.82 —0.57 —0.61 -0.70 —0.56 —0.61 -0.71 —0.38 -0.28 —0.36
CH, 0.20 0.21 022 - - 0.30 0.21 0.22 0.22 0.21 0.22 0.24 0.29 0.31 0.31
NH, —0.09 0.02 012 - - 0.20 —0.08 0.02 0.13 —0.08 0.02 0.15 0.48 0.20 0.20

however, is observed for the kind of coordination of the metal
ion. For Na*, the two metal—O distances are more similar
than for Ni* or Cu™, so that in the first case glycine is acting as
a bidentate ligand, whereas Ni* and Cu* show a monodentate
coordination. This is attributed to the fact that the transition
metals prefer an unsymmetrical interaction to minimize
repulsion between the occupied d shell of the metal and the
lone pairs of oxygens.

As mentioned, the #*-0,0 interaction of Mg?** to neutral
glycine is not found as a minimum, since in the optimization
process the proton is transferred spontaneously. However, if
the O—H distance is fixed to 1.0 A, the obtained structure
shows the same trends as observed for Na*, Cu* and, Ni*; that
is, the intramolecular hydrogen bond is significantly strength-
ened. In contrast, Cu?* shows a very different behavior. It can
be observed in Figure 1 that when Cu?* interacts with neutral
glycine the intramolecular hydrogen bond almost disappears.
The H-N distance becomes 2.533 A whereas that of free
glycine is 1.891 A. Moreover, the O—H distance in Cu?*—
glycine is 0.977 A whereas for glycine is 0.990 A. On the
other hand, the metal -ligand distance is larger for Cu?>* than
for Cu*. The lowest electronic state of [glycine — Cu]?* is a 2A’
state, the open-shell orbital lying in the symmetry plane. The
population analysis given in Table 3 shows that the spin
density mainly lies on glycine and thus, the system behaves
more as Cu*—glycine*. This description is confirmed by the
atomic charge on Cu*, which is close to 1 (Table 2). Moreover,
the population analysis shows that the spin density mainly lies
on the nitrogen atom. The amino group becomes less basic
and, thus, it is not surprising that the hydrogen bond is
weakened.

Let us now discuss the M —glycine zwitterionic structures.
For the monocation Na*, Cu*, and Ni" metals, the obtained
structures show a clear intramolecular hydrogen bond similar

Table 3. Spin densities for neutral (N), zwitterionic (Z), and transition
state (TS) structures of glycine interacting with Ni* and Cu?*.

Nit Cu?*

N TS 4 N TS z
M 0.97 0.97 0.93 0.10 0.34 0.47 For
H* 0.0 0.0 0.0 0.0 —0.02 0.0
C! 0.0 0.0 0.0 0.07 0.01 —-0.03
C? 0.0 0.0 0.0 —0.02 —-0.01 0.0
o' 0.0 0.0 0.03 0.02 0.11 0.25
0? 0.03 0.03 0.04 0.10 0.36 0.30
N 0.0 0.0 0.0 0.72 0.20 0.0
H! 0.0 0.0 0.0 0.02 0.0 0.0
H? 0.0 0.0 0.0 0.02 0.0 0.0
H’ 0.0 0.0 0.0 —0.02 0.0 0.0
H* 0.0 0.0 0.0 —-0.02 0.0 0.0
4396 — © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

to that observed for the M—glycine neutral structures. For Na*
and Ni", the optimized structures have C; symmetry. For Cu®,
the symmetry is C;, although the distortion form C; symmetry
is very small. In all cases, the metal-O distances become
more similar in the zwitterionic structures than for the initial
structures, which is in agreement with the fact that after the
proton is transferred the nature of the two oxygens becomes
more similar. However, whereas for Cut the obtained
structure is monodentate for Ni* the coordination is biden-
tate, in contrast to the neutral form for which both metals ions
interact mainly with one oxygen. It must be noted that Cu*
has a d!° electronic configuration whereas Ni* has a d°
configuration. The ground electronic state of Ni*—glycine is
a 2A’ state, the open shell lying on the symmetry plane and so,
metal —ligand repulsion is smaller for Ni* than for Cu*. Thus,
for Ni*, the enhanced electrostatic interaction in the zwitter-
ionic form overcomes the metal —ligand repulsion favoring
the symmetrical position of the metal.

For the dication Mg?* and Cu?* metals, the intramolecular
hydrogen bond disappears and the NH;* rotates in such a way
that there is a bifurcated interaction between two hydrogens
of the amino group and the oxygen atom. This can be
explained in part by the fact that this reduces the repulsive
interaction between the metal dication and the NH;" group of
zwitterionic glycine. In both cases the metal —oxygen dis-
tances are very similar. As for Ni*, the coordination of Cu** to
glycine changes from monodentate in the neutral structure to
bidentate in the zwitterionic form. Note that both metals have
a d’ electronic configuration.

In all transition state structures the two heavy atoms O and
N involved in the hydrogen bond are closer than in the
reactant or the product. The proton lies in between the two
heavy atoms. For the dication Cu®* system the transition state
is more reactant-like in good agreement with Hammond’s
postulate. The main component of the transition vector
corresponds to the movement of the proton.

It can be observed in Table 1 that the energy barriers of the
proton transfer process are small for all the monocation
systems, the smallest one being that obtained for Cu* and Ni*.
Na*, our computed B3LYP energy barrier of
2.0 kcalmol~! is very similar to that obtained at the MP2
level (1.9 kcalmol~!) by Ohanessian et al.l'%] The reaction
energy, however, is slightly more exothermic at the MP2 level
(—2.4 kcalmol™) than at the B3LYP level (—0.4 kcalmol™).
At the CCSD(T) level, using the B3LYP optimized geo-
metries, we obtain a value of 3.3 kcalmol™! for the energy
barrier and a value of — 0.4 kcal mol~ for the reaction energy.

For the dications Mg** and Cu**, the difference is spectac-
ular. That is, for Mg?* the process is spontaneous, as one
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would expect due to the increase of exothermicity, whereas
for Cu** we obtain a large energy barrier (16.7 kcalmol!), in
spite of the high exothermicity of the process. In this case, the
process is much more complex since as it has been mentioned,
for [Cu-HOOC-CH,-NH,]** the system behaves more as
Cu*—glycine®, whereas for [Cu-~OOC-CH,-NH;*]** the
metal charge lies in between Cu* and Cu?*. These differences
can be observed in Table 3; that is, whereas for the neutral
form the spin density mainly lies on the nitrogen atom, for the
zwitterionic structure the spin density lies on the metal ion
and on the two oxygens of glycine. This electronic reorgan-
ization that accompanies the proton transfer process implies
the appearance of a significant energy barrier. In order to
confirm this result, which is very different from that obtained
for the other metal cations, we have performed single point
calculations using the highly correlated modified coupled pair
functional method used in our previous study of Cu* and Cu?*
interacting with glycine.l'”] At this level of theory, the energy
barrier is computed to be about 4 kcalmol~! smaller than at
the B3LYP level. This is similar to what was observed for
glycine radical cationP% in the A’ state, for which the process
showed an important energy barrier. It is worth noting that,
that although Ni* and Cu?* have the same electronic
configuration (d°) and show similar coordination patterns
for the neutral and zwitterionic structures, their behavior on
the proton transfer process is very different. For Ni* the spin
density mainly remains on the metal ion during the process
and thus, the effect of the metal ion is mainly electrostatic.
Because of that, the energy barrier is small and similar to that
of Na*™ and Cu™.

As general trends, Table 2 shows that all monocation
systems behave similarly, the fundamental effect of the cation
on the proton transfer process being mainly electrostatic. The
only differences observed is that the charge transfer between

glycine and the metal ion is somewhat larger for the transition
metal systems. On the other hand, for the dications Mg?** and
Cu?* the charge transfer is much more important, specially for
Cu?*, for which in the reactant the charge transfer is of about
one electron. Thus, glycine acquires an important radical
character, which leads to the presence of a considerable
energy barrier for the proton transfer process.

M - glycine(V-Cl) and M - glycine(N-CL,) (M = Na*, Mg?")

In this section we will study the effect of substituting the
hydrogens of the amino group by one or two chlorine atoms in
the proton transfer process of cationized glycine. We have
chosen the simplest mono- and dication metals, Na* and Mg?*,
since the nature of their effect is mainly electrostatic.

Figure 2 shows the reactant, product, and transition state
structures located for single and double substituted Nat—
glycine and Mg?** - glycine. The absolute and relative energies
are given in Table 1. First, it can be observed in Figure 2 that
the substitution of the hydrogens of the amino group by one or
two chlorine atoms weakens the intramolecular hydrogen
bond compared with the unsubstituted glycine (see Figure 1).
Thus, the proton transfer process that leads to the zwitterionic
form is even more unfavorable than for glycine. This is not
surprising since the presence of the chlorine reduces the
negative charge of the nitrogen atom and thus, due to the
decrease of its basicity, it becomes a worse proton acceptor.
Populations analysis shows that the net atomic charge at the
nitrogen atom is —0.94, —0.72, and — 0.57 for glycine, mono-
and disubstituted glycine, respectively.

As for unsubstituted glycine, complexation of monosubsti-
tuted glycine with Na™ metal cation leads to the three
stationary points on the potential energy surface of the
proton transfer process, two minima and the transition state.

Figure 2. B3LYP-optimized geometries for neutral (top), transition state (middle), and zwitterionic (bottom) structures of chlorine mono- and disubstituted

glycine interacting with Na* and Mg?*. Distances are in A and angles are in degrees.

Chem. Eur. J. 2000, 6, No. 23
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As expected, the presence of the chlorine weakens the
intramolecular hydrogen bond of the reactant compared with
the unsubstituted glycine complexed by Nat*. This is in
agreement with the decrease of the net atomic charge on
the nitrogen atom, which is similar to that found for
uncomplexed glycine. Because of that, the reaction energy
of the proton transfer process becomes now endothermic
(5.1 kcalmol™) and the energy barrier increases to
5.6 kcalmol~!. It can be observed in Figure2 that the
transition state geometry is now more similar to the zwitter-
ionic structure, in agreement with the endothermicity of the
reaction. Moreover, since the protonated amino group in the
product is more acidic than in unsubstituted glycine, the
energy barrier of the reverse proton transfer reaction is small
(0.5 kcalmol~!). This barrier disappears when the zero point
correction is taken into account.

For disubstituted glycine interacting with Na* we have only
found the reactant, as a minimum of the potential energy
surface. In this case the hydrogen bond is weaker than for
mono- or unsubstituted cases and Na™ adopts a monodentate
coordination. The decrease of the proton affinity of the amino
group is consistent with the decrease of the negative charge on
the nitrogen atom. Thus, the stabilization of the zwitterionic
form by complexation with Na* is not enough to compensate
for the destabilization due to the presence of the two chlorine
atoms.

For Mg?* interacting with monosubstituted and disubsti-
tuted glycine we have only found the zwitterionic form as a
minimum of the potential energy surface. That is, although the
presence of one and two chlorine atoms decrease the proton
affinity of the amino group, this decrease does not stabilize
the reactant enough, compared with the product, to obtain it
as a minimum. The fact that Mg>" supports a two positive
charge determines the great stability of the zwitterionic
structure. The only difference between un-, mono-, and
disubstituted glycine is that, whereas in the first two cases,
we obtain a bifurcated interaction, in disubstituted glycine the
structure shows a weak hydrogen bond.

Conclusion

The coordination of metal cations to the oxygens of glycine
stabilizes the zwitterionic form. For Na*, Cu*, and Ni*, the
obtained zwitterionic minimum complexed through the
COO~ group is slightly more stable than the neutral form
complexed at the COOH group. In all cases, the energy
barrier of the proton transfer process that connects the two
structures is small (1-2 kcalmol™).

For the dications Mg** and Cu?*, the complexed zwitter-
ionic structure is much more stable than for the monocations,
in such a way that it becomes the absolute minimum of the
potential energy surface. However, there are important
differences between Mg?* and Cu?*. That is, whereas for
Mg?+, the proton transfer process from neutral to zwitterionic
form occurs spontaneously, for Cu?* both minima are
separated by an important energy barrier (16.7 kcalmol™?).
This has been attributed to the large electronic reorganization
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that takes place in the proton transfer process, due to the
oxidant character of Cu?*.

The substitution of one or two hydrogens of the amino
group by one chlorine atom decreases the basicity of nitrogen
atom so that the zwitterionic structure is destabilized. For
monosubstituted glycine complexed with Na™ the zwitterionic
structure still exists, although the reaction is endothermic and
the energy barrier in excess to endothermicity is small. For
disubstituted glycine interacting with Na*, the zwitterionic
minimum disappears in such a way that only the neutral
structure is located. For Mg>* complexed to mono- and
disubstituted glycine, the high stability of the zwitterionic
form due to the enhanced electrostatic interaction with the
dication overcomes the destabilizing effect of the chlorine
atoms. Thus, in all cases with Mg?*, the only minimum that is
localized for the proton transfer process is the zwitterionic
structure.

The results obtained in the present paper show that using
different metal cations and N-substituents, the intramolecular
proton transfer process can be modified in such a way that
only the neutral or the zwitterionic forms are stable or both of
them. That is, electron acceptor substituents that decrease the
basicity of the nitrogen atom will destabilize the zwitterionic
form, whereas electon donor substituents will produce the
contrary effect.®”) The results obtained for glycine can be
extrapolated to other amino acids, since they arise from
substitution at the central carbon and thus, the changes in the
nitrogen basicity are expected to be smaller.
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Synthesis and Physical Investigation of Donor—Donor and Acceptor-—
Acceptor End-Functionalized Monodisperse Poly(triacetylene) Oligomers

Rainer E. Martin,> 4 Ulrich Gubler,®! Corinne Boudon,!*! Christian Bosshard,"!
Jean-Paul Gisselbrecht,'! Peter Giinter,!”! Maurice Gross,'‘! and Francois Diederich*!?!

Abstract: Two series of monodisperse,
terminally donor—donor [D-D, D =4-
(dimethylamino)phenyl] and acceptor-—
acceptor [A-A, A =4-nitrophenyl]
functionalized poly(triacetylene) (PTA)
oligomers ranging from monomer to
hexamer were synthesized by oxidative
Hay oligomerization under end-capping
conditions. The corresponding D-D
and A-A end-substituted polymers
with an average degree of polymeriza-
tion (DP) of n ~18 and n ~12, respec-
tively, were also prepared and served as
reference points for the corresponding
infinitely long polymers. These termi-
nally functionalized PTA oligomers and
polymers are yellow- to orange-colored
compounds, displaying excellent solubil-
ity in aprotic solvents with melting
points above 200°C for the hexamers.
For the 4-(dimethylamino)phenyl sub-
stituted compounds, a consistent first
oxidation potential around +0.42 V ver-

sus Fc/Fct (ferrocene/ferricinium) was
observed, whereas the 4-nitrophenyl
functionalized systems underwent a re-
versible reductive two-electron transfer
around —140V versus Fc/Fct. The
nature of the end-groups has a dramatic
influence on the electronic absorption
spectra. Saturation of the linear optical
properties in the D—D series occurs at
significantly shorter chain-length [effec-
tive conjugation length (ECL) of n ~4
monomer units] than in the A-A sub-
stituted or the previously reported
Me;Si- and Et;Si-end-capped PTA
oligomer series (ECL: n ~10 monomer
units). Similar observations with respect
to the ECL were made by measurement

Keywords: alkynes molecular
wires - effective conjugation length
- Raman spectroscopy - nonlinear
optics
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of the Raman-active #, stretches.
Third-harmonic generation (THG) and
degenerate four-wave mixing (DFWM)
experiments showed that shorter
oligomers of terminally D-D or A-A
functionalized PTAs display higher sec-
ond hyperpolarizabilities y than the
corresponding R;Si-end-capped series
(R =alkyl). Moreover, they disclose a
distinct peak of the nonlinearity per
monomer unit at intermediate backbone
lengths. In THG experiments, the sec-
ond hyperpolarizabilities for long D/A-
functionalized PTA oligomers attained
the same saturation values as observed
for the corresponding R;Si-end-capped
rods. The nonlinearities measured by
DFWM of the D-D and A - A substi-
tuted PTAs were found to be larger than
for the silylated ones, which can be
explained by the closeness of the two-
photon resonance.
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Monodisperse, soluble oligomers with precisely defined
length and constitution continue to raise large interest as
model compounds for linearly st-conjugated polymers.['-*1 We
reported in the past the synthesis and study of two series of
monodisperse trialkylsilyl-end-capped poly(triacetylene)
(PTA) oligomers. The first series, with terminal Me;Si groups,
extended from the 0.96 nm long monomer 1a to the 4.61 nm
long hexameric oligomer 1f and displayed high solubility in
common organic solvents, allowing a first investigation of
structure — property relationships in PTAs.l By extrapolative
evaluation of linear and third-order nonlinear optical proper-
ties, utilizing the two polydisperse polymer samples 2a and 2b
that already displayed saturation in their linear and nonlinear
optical properties and therefore served as data points for an
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infinitely long polymer, the effective conjugation length
(ECL) in PTAs was estimated to comprise 7 to 10 monomer
units or 42 to 60 C atoms.[" The ECL defines the number of
repeat or monomer units needed in a given linearly -
conjugated polymer to furnish size-independent optical,
redox, or other physical properties.®°l To obtain a more
direct experimental determination of the ECL,' we
prepared the monodisperse PTA oligomer series 3a-—g

3a-g R=SiEt;

n=124628,12,16

extending up to a 11.9 nm long hexadecameric (3g) PTA
rod.l'> 1l This dramatically expanded series with Et;Si end-
groups bridged the gap between the oligomer and polymer
domains and allowed a detailed investigation of the physical
properties in PTAs up to the interesting regime where
physical properties start to show behavior of saturation.

In order to study the influence of electron-releasing
[4-(dimethylamino)phenyl] and -withdrawing (4-nitrophenyl)
substituents on the physical properties of PTAs, we have now
prepared two series of terminally donor—donor (D-D; 4a—
f) and acceptor—acceptor (A-A; 5a-f) functionalized
oligomers ranging from monomer to hexamer by oxidative
Hay polymerization under end-capping conditions. The
corresponding polydisperse D—D and A-A PTA polymers
4g and 5g with average degrees of polymerization (DP) of
n ~18 and n ~12, respectively, allow further useful struc-
ture —property correlations. Here, we report the synthesis,
characterization, and comprehensive physical study (electro-

4a-g R= NMe, n=1-6=~18

5a-g R=NO, n=16=12

chemistry, linear and nonlinear optical properties, Raman
scattering) of these new compounds. The comparison with
their previously reported silyl-end-capped counterparts dem-
onstrates that the nature of the end-groups can have a large
influence on physical properties and induce dramatic changes
in the ECL as revealed by electronic absorption spectroscopy.

Results and Discussion

Synthesis and characterization: The donor or acceptor
substituted trans-diethynylethenes [DEEs, (E)-hex-3-ene-

Chem. Eur. J. 2000, 6, No. 23
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1,5-diynes] 6 and 7 were prepared as end-capping reagents
starting from mono-silyl-protected DEE 81”18l (Scheme 1).
Sonogashira-type cross-coupling!'! of 8 with 4-iodo-N,N-
dimethylaniline or 4-iodonitrobenzene afforded 9 and 10,

H
& )
Me,BuSiO a
2 OSiBuMe, —™
Me,Si
b) 6 R =NMe,
7 R=NO,

Scheme 1. Synthesis of end-capping units 6 and 7. a) 4-Iodo-N,N-dimethyl-
aniline or 4-iodonitrobenzene, [PdCl,(PPh;),], Cul, NEt;, 20°C, 24 h, 9:
85%, 10: 95%. b) NaOH, THF/MeOH 1:1, 20°C, 2 h, 6: 90%, 7: 93%.

respectively, and removal of the Me;Si-protecting group gave
the end-capping reagents which could be stored at —20°C for
extended periods of time without decomposition.

The preparation of the two monomers 4al'” 'l and 5al?% has
been previously described. The synthesis of the new oligomers
4b—f and 5b-f was accomplished by oxidative Hay polymer-
ization of frans-enediyne 11?2 in the presence of end-
capping units 6 and 7, respectively (Scheme 2).% To a first

H
4
Me,BuSiO )
+ OSiBuMe,

AN

[
n  vyield [%) n  yield [%]

4b 2 62% 5b 2 62%

4c 3 18% 5¢ 3 20%

4d 4 79 o

R = NMe, " R=NO, ¢ ¢ %

4e 5 4% 5e 5 3%

4f 6 2% 5f 6 2%

4g =18 3% 59 =12 4%

Scheme 2. Synthesis of D/A-end-capped oligomers 4b—f and 5b—f and
polymers 4g and 5g, respectively. a) CuCl, N,N,N',N'-tetramethylethyl-
enediamine (TMEDA), CH,Cl,, 4 A molecular sieves, air, 20°, 2 h.

approximation, the rate of polymerization was found to be
hardly influenced by the terminal D/A functionalities com-
pared with the corresponding Me;Si- (as in 8) or Et;Si-end-
capping units, and stirring in a open vessel for 2 h at 20°C was
found to be sufficient for completion of the reaction in both
cases. Oligomers 4b—f and Sb—f were isolated by preparative
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size-exclusion chromatography (SEC, 5 x 180 cm glass col-
umn filled with Bio-Rad Bio-Beads SX-1, CH,Cl,) (Figure 1).
Final purification of the oligomers was achieved by precip-
itation of concentrated solutions of the compounds from
CH,CIl, with MeOH and subsequent isolation of the solid
material by centrifugation.

1.2
1.0
0.8

5 06

0.4

0.0 — T
6 7 8 9 10 11 12 13 14 15 16

t/min
Figure 1. Analytical SEC traces (Bio-Rad Bio-Beads SX-1, CH,Cl,) of the
crude reaction mixture taken directly after work-up of the oxidative
oligomerization of 11 in the presence of end-cap 6. From right to left (g =
retention time): dimer 4b (fr =14.19 min), trimer 4¢ (tzx =13.55 min),

tetramer 4d (g =13.08 min), pentamer 4e (fr =12.74 min), and hexamer
4f (tg =12.46 min), detected at A =400 nm; a.i. = arbitrary units.

Isolated yields of single oligomers were found to be strongly
dependent on the ratio of monomer 11 to end-capping
reagents 6 and 7. For instance, using 7 and 11 in a ratio of
4:1 allowed isolation of the A — A oligomers Sb—fin the yields
depicted in Scheme 2, whereas a 2:3 ratio of 7 to 11 resulted in
a considerable shift of the product distribution towards higher
oligomers (5b: 32%, 5¢: 20%, 5d: 14%, 5e: 8%, 5f: 6%).
Using a ratio of 2:3 of end-caps 6 or 7 to repeating monomer
11 guaranteed end-capping of both free terminal acetylenes of
the m-conjugated chain to a high degree of certainty. This is of
crucial importance as subsequent separations of mixtures of
incompletely functionalized polymers are not feasible.

Of both D-D and A-A polymerization mixtures, the
fastest eluting fractions from the preparative SEC columns
were collected and provided samples for end-functionalized
polydisperse D-D and A - A PTA polymers (4g: n ~18, M,/
M,=2.04 and 5g: n =12, M, /M,=1.65). They are deep
yellow-orange and red solids, respectively, with good solubil-
ity in aprotic solvents such as CHCl;, CH,Cl,, toluene, or
THF. The average degree of polymerization (DP) for both
polymers 4g and 5g was estimated using a combination of
analytical SEC, 'H NMR end-group analysis (assuming
functionalization of both ends), and elemental analysis
(EA). For D-D polymer 4g, SEC, 'H NMR end-group
analysis, and EA afforded values for DP of ~18, ~15, and
~ 12, respectively, whereas with ~12, ~12, and ~ 10, slightly
lower values were obtained for A—A polymer Sg. Both 4¢g
and Sg displayed a broad, asymmetric Gaussian-type molec-
ular weight distribution in their MALDI-TOF-MS spectra
(Figure 2). The most intense peak allowed a further estimate
of the DP by means of mass spectrometry yielding for 4g and
5g values of ~12 and ~ 10, respectively. However, it has been
reported that DP analysis by MALDI-TOF mass spectrom-

4402
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4615[M + Nal]™*

a) 600

b -
) 600 3 n=10 3897 M+ Na]*

500 n=9 |

3000 4000 5000 6000 7000
miz

Figure 2. MALDI-TOF mass spectra of a) 4g [matrix: 2',4',6'-trihydroxy-
acetophenone (THA)/ammonium hydrogencitrate (AHC)] and b) 5g
[matrix: 3-(3-indolyl)acrylic acid (IAA)]. For both polymers, the [M+Na]*
peak was the most intense, followed by [M]* and [M — C(CH,);]"). In the
case of the D—D polymer 4¢g, an additional fragmentation peak [M —
OSi(CHj;),C(CHj;);]* was observed.

etry might produce for some polymers misleading or even
wrong results.?4

The thermal stability of both polymers 4g and 5g was
examined by conventional melting point (m.p.) determination
and differential scanning calorimetry (DSC). They exhibited
high thermal stability showing no sharp melting points, but
started to decompose, accompanied by decoloration, at
temperatures above 190°C (5g) and 200°C (4g), with
continuing slow decomposition over a range of 50°C and
35°C, respectively.

As already observed for the terminally silyl substituted
PTA oligomers 11 a—f71 and 3a-g[>! D-D and A-A
oligomers 4a—f and Sa—f proved to be remarkably stable
under standard laboratory conditions. Their high solubility in
a wide range of aprotic solvents such as CHCl;, CH,Cl,, and
THF enabled full analytical characterization by means of
m.p., '"H and BC NMR, FT-IR, Raman, UV/Vis spectroscopy,
MALDI-TOF spectrometry, and EA. Whereas D —D substi-
tuted oligomers 4a—f exhibited bright fluorescence in
n-hexane and CHCl; solutions, which showed upon length-
ening of the m-conjugated backbone a decrease in intensity, no
fluorescence was observed for A-A functionalized com-
pounds Sa-f.

The molecular formula of each oligomer in series 4a—f and
5a—f was readily revealed by the MALDI-TOF mass spectra
which depicted the molecular ions as parent ions. In addition,
the number of monomeric units in each individual oligomer
was also obtained by comparison of the 'H NMR integrals of
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the Me,BuSiOCH, resonances with those of the aromatic
end-capping groups.

A pronounced difference was observed between the
13C NMR spectra (125.8 MHz, CDCl,) of the silyl-end-capped
oligomeric PTA series 3a—g and those of the functionalized
derivatives 4a—f and Sa—f. In the silyl-end-capped series, the
C(sp?) and inner alkyne C(sp) resonances displayed signal
overlap only at the stage of dodecamer 3 f and hexadecamer
3g.51] In contrast, signal overlap in the D—D and A-A
substituted oligomeric series already occurred at the stage of
the pentamers. In the D —D series 4a—f, the backbone C(sp?)
atom resonances for pentamer 4e and hexamer 4f showed
peak overlap at 0=132.8, although C(sp) atom signals
remained clearly separated even for the hexamer. For
comparison, the polydisperse polymer 4g displayed peak
overlap for the backbone C(sp?) resonances at 6 =132.3. Peak
overlapping was even more pronounced for the A—A series
5a-f, with the inner C(sp) resonances already overlapping in
pentamer Se at 0 =87.37. Hexamer 5f displays overlapping
C(sp) resonances at d =87.38 and 83.30 and backbone C(sp?)
resonances at 0 =132.43. For comparison, the C NMR
resonances in the polydisperse A — A functionalized polymer
5g merged at 6 =132.1 [backbone C(sp?)] and at 6 =87.1 and
82.9 [C(sp)]. This analysis reveals a clear influence of the end-
groups on the electronic properties of backbone C(sp) and
C(sp?) atoms in PTA oligomers. The data indicate that
terminal substitution of PTA oligomers by either electron-
releasing or -withdrawing groups results in a significant
reduction of the oligomeric length at which individual carbon
atoms start to resemble each other electronically. This
observation is in agreement with similar findings from linear
optical and Raman spectroscopical measurements (vide
infra).

For comparison, we also prepared the D—A substituted
dimer 12b in addition to the known monomer 12a.l'%18l
Oxidative coupling of 6 and 7 in a 1:1 ratio under Hay
conditions provided a mixture of 4b (22%):12b (12%):5b
(24 % ) which was separated—quite tediously—by column and
preparative thin-layer chromatography.

Electrochemistry: The redox characteristics of both series of
end-functionalized oligomers and polymers, 4a—g and Sa—g,
mono-functionalized monomers 9 and 10, and D-A com-
pounds 12a and 12b were investigated by a combination of
cyclic (CV) and steady-state voltammetry (SSV) in CH,Cl,
using 0.1m nBu,NPF, as supporting electrolyte (Table 1). For
the 4-(dimethylamino)phenyl substituted compounds 4b-g,
9, and 12a-b, the first observed oxidation potential occurred
consistently at about +0.42V versus Fc/Fc*, which can be
directly ascribed to the oxidation of the aniline group, as

Chem. Eur. J. 2000, 6, No. 23
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revealed by a direct comparison with N,N-dimethylaniline (cf.
Table 1). Only for D-D monomer 4a, a slightly lower
oxidation potential of +0.31 V versus Fc/Fc™ was observed.
The reductions occurring on the DEE core for trimer 4¢ and
higher D -D functionalized oligomers were well-defined and
behaved as quasi-reversible electron transfers as shown either
by the slope of the wave in the steady-state voltammetry
experiments or by the peak potential separation in the cyclic
voltammograms.

Several discrete reduction steps were obtained for the
A - A oligomers 5a—f, for which the first one was reversible
and involved a two-electron transfer. For compounds Sc—g,
one irreversible oxidation step was also observed between
+130V and +1.22V versus Fc/Fc*. This relatively high
oxidation potential helps to account for the high environ-
mental stability of these end-functionalized PTA oligomers.
Whereas for all A — A functionalized oligomers 5a—f the first
reversible reductive electron transfer process occurred at
—1.40 V versus Fc/Fc*, the magnitude of the second reduction
potential varied linearly with 1/n. This result suggests that the
first reduction occurred on both terminal 4-nitrophenyl
groups, which could easily be verified by measuring reference
compounds nitrobenzene and 4,4’-dinitrobiphenyl displaying
reductions at —1.61 Vand —1.44 V versus Fc/Fc*, respective-
ly. However, the peak potential difference observed by cyclic
voltammetry and also the slope of the wave in the steady-state
voltammetry experiments clearly indicated that the two one-
electron reductions are not occurring at exactly the same
potential. In fact, wave analysis revealed that the two one-
electron reductions, occurring on the two terminal 4-nitro-
phenyl groups, are separated by about 50 mV.[>] This indicates
that there is a certain degree of electronic communication
between the 4-nitrophenyl end-groups and that these redox
centers are not acting independently. It has been shown
previously by spectroelectrochemistry that the first reduction
step of 5a occurs on the nitro groups generating a stable
allenic dianion.’]

The question whether both 4-nitrophenyl groups in 5a
undergo independent electrochemical reduction is of sub-
stantial interest. In a series of donor and/or acceptor
functionalized tetraethynylethenes (TEEs, 3,4-diethynylhex-
3-ene-1,5-diynes), the electrochemical results initially sug-
gested that the m-conjugated carbon core is inefficient at
delocalizing charges between the terminal redox centers, since
the first redox potentials were essentially found to be
independent of the substitution pattern about the TEE core
and/or the presence of other functionalities.’®! However,
comprehensive ab initio calculations on DEEs and TEEs
revealed a much more complex mechanism of the redox
process.?]

With the exception of trimer 5S¢ and polydisperse A-A
PTA polymer 5g, for which a reversible second reduction was
observed, the second reductive electron transfer steps in Sa—f
measured by CV were found to be irreversible. However, the
observed slopes in the steady-state voltammetry for Sa—f are
in agreement with a quasi-reversible redox process, occurring
on the DEE core. As expected, both D-D and A - A series
4c—f and 5a—f showed an increasingly facile first or second
reduction potential upon lengthening of the m-conjugated
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Table 1. Electrochemical data for D—D and A — A functionalized PTA oligomers and polymers 4a—g and 5a—g, monofunctionalized TEEs 9 and 10, D- A
functionalized oligomers 12a and 12b, and reference compounds aniline, nitrobenzene, and 4,4'-dinitrobiphenyl.

cyclic voltammetry

steady-state voltammetry

Compound n E°l AE, [mV]®] E, [l E, [0 Efglel slope [mV]®" Egyel slope [mV]
PhNMe, - - - - +0.44 - - +0.44 120
9 1 +0.40 88lel - - - +0.41 73
4a 1 +0.31 85lel - - - - +0.32 82
4b 2 +0.41 741l - +0.99 - - +0.42 80
4c 3 —-1.93 85 —-2.19 +0.97 —1.96 86 +0.42 71
+0.42 75 —2.18 89 +0.98 73
4d 4 —1.80 110 —2.02 +1.02 —1.88 88 +0.43 72
+0.42 90 —-2.01 80
4e 5 -1.79 175 —2.37 - —-1.82 114 +0.43 69
+0.43 80 —2.38 69
4f 6 —-1.74 130 —2.18 +1.02 —1.75 80 +0.42 65
+0.42 75 -2.16 71
4g ~18 —1.70 125 - - —-1.72 135 +0.41 73
+0.41 95
PhNO, - —1.61 80 - - - - - -
(Ph-p-NO»), - 144 100 - - - fi - -
10 1 —1.41 90 —2.00 - —1.44 87 - -
—2.04 135
Sa 1 —1.42 120 —2.16 - —1.45 100 - -
—-2.12 180
Sb 2 -1.39 95 -1.90 - —1.41 80 - -
—2.30 —1.87 80
—2.10 68
Se 3 -1.39 95 - +1.30 —1.40 80 +1.24 73
—-1.74 95 -1.79 92
—1.95 105 —1.94 100
5d 4 —1.38 110 —-1.73 +1.24 —-1.39 85 +1.23 85
—1.88 —-1.78 110
—2.04 —-2.20 100
Se 5 -1.38 105 -1.79 +1.24 —1.40 90 +1.23 104
—2.05 —-1.74 65
—-2.11 94
5f 6 —1.38 100 —1.80 +1.22 —-1.39 92 +1.19 109
—1.93 —-1.70 76
—1.98 148
S5g ~12 —1.41 70 - - —-1.37 135 +1.13 106
-171 150 —-1.69 78
—-1.84 90
12a 1 —1.43 80 —-2.02 - —1.43 73 +0.42 70
+0.42 70k —-2.01 119
12b 2 —1.40 85 —1.90 - —1.43 66 +0.42 67
+0.43 661! -1.91 75

[a] V versus Fc/Fc', redox potentials observed in CH,CL+0.1m nBu,NPFg, scan rate »=100 mV's™!, formal redox potential E"° = (E,,+E,.)/2. [b] AE,=
E,, — E,.q, where subscripts ox and red refer to the conjugated oxidation and reduction steps, respectively. [c] Reversible electron transfer at scan rates v =
200 mVs~'. [d] Reversible electron transfer at scan rates v =1000 mVs~'. [e] Peak potential E, for irreversible reduction. [f] Peak potential E,, for
irreversible oxidation. [g] V versus Fc/Fc™, rotating disk electrode in CH,Cl,+0.1m nBu,NPF. [h] Logarithmic analysis of the wave obtained by plotting £

versus log [I/(I;,, — I)]. [i] Peak potential poorly resolved.

backbone. A plot of the reduction potentials versus 1/n for
4c—f and Sa-f, together with the corresponding higher
polymers 4g and Sg, and the Me;Si-end-capped oligomers
la-f, is provided in Figure 3. Upon extension of the central
n-conjugated DEE core, both D-D oligomers 4c¢—f and
Me;Si-end-capped series 1a—frevealed a very similar slope of
the first reduction potential as a function of the inverse
number of monomer units. In contrast, a significantly different
slope for the second reduction potential was obtained for the
A—-A series Sa—f. The first reduction event occurs at the
terminal 4-nitrophenyl groups at constant potential, whereas
the second reduction event is located directly on the DEE
core scaling linearly with 1/n. In contrast to 1a—f and 4¢—f,

4404
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this reduction step takes place on a dianion and not on a
neutral species. Surprisingly, this second reduction step for
A - A series Sa—f proved to be even more facile than the first
reductive electron transfer of the silylated, neutral oligomers
1a-fl1 However, with increasing chain-length this effect
vanishes and for both hexamers 4f and 5f, reduction was
observed at nearly identical potentials, indicating that at
longer chain-lengths the position of the electron transfer
potential associated with the conjugated backbone is no
longer influenced by the nature of the end-groups. This
striking observation strongly suggests that PTA oligomers
bearing terminal 4-nitrophenyl anions still display electron-
acceptor properties, although certainly not as strong as in their
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Figure 3. Evolution of the first reduction potentials of Me;Si-end-capped
oligomers 1b—f (CV, m), D—D compounds 4c—f (SSV, 0), the second
reduction potentials of A — A oligomers 5a—f (SSV, 2) recorded in CH,Cl,
(0.1m nBu,NPF, V vs. Fc/Fc*), and monomer 1a (CV, filled square) in
THF plotted as a function of 1/n. Included are also the reduction potentials
for D-D and A- A polymers 4g (SSV, +) and 5g (SSV, *), respectively.

neutral form. However, it should be noted that in the case of
the silylated oligomers 1a—f the first electron transfer event is
reversible, whereas for A— A oligomers Sa—f the reduction
located at the DEE backbone is not. Surprisingly, unfavorable
Coulombic interactions resulting from a third electron on the
m-conjugated core of the A — A oligomer dianions still seem to
be outweighed by the electron-stabilizing properties of the
4-nitrophenyl groups. This astonishing experimental observa-
tion might be explained by the presence of strongly localized
charge carriers on the nitro groups which, in addition, could
adopt a perpendicular orientation with respect to the prefer-
entially planar®! arylated PTA backbone, thus reducing
repulsive destabilizing interactions.

All three D-D-, A-A-, and Me;Si-end-capped oligomer
series merged at the same averaged reduction potential of
—1.70 V versus Fc/Fc*, including polymers 4g and 5g. Despite
the fact that for the two bis-functionalized polymers satura-
tion for the reduction potential was attained, the redox
activity of the end-groups still remained clearly detectable.
The reduction potential of E,.;= —1.70 V versus Fc/Fc* for an
infinitely long PTA chain is in full agreement with the
previously experimentally derived value utilizing the Et;Si-
end-capped oligomer series 3a—g.['¥l Linear optical spectros-
copy in CHCI; solutions revealed for the transition energy of
the deconvoluted longest-wavelength absorption band 4,,,, of
dodecamer 3f a value of E,,, =2.63 eV.[>1 For A—A PTA
polymer 5g, a very similar value of AE =2.50 eV was deduced
from steady-state voltammetry measurements. In addition,
analysis of the reduction potentials versus 1/n for both
functionalized series 4a—g and Sa—g allows also a rough
estimation of the ECL which yields n ~10 monomer units,
independent of the nature of the end-groups.

However, this estimate of the ECL relies very strongly on
the experimental accuracy of the reduction potentials. Even
the slightest deviations in the second decimal place of the
reduction potentials have considerable influence on the slope
of the line obtained by linear regression. For both substituted
PTA series 4a—f and 5a—f, the SSV data were found to follow
more closely a linear relationship between reduction potential

Chem. Eur. J. 2000, 6, No. 23
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and inverse number of monomer units than the data obtained
from CV measurements.

Linear evolution of redox potentials with the inverse number
of monomer units has also been reported for other conjugated
oligomer systems such as oligo(a-thiophene)s,?! oligo(a-
thiophene vinylene)s,?” or oligo(p-phenylene vinylene)s.[!

Linear optical properties: The UV/Vis spectra of end-
functionalized PTA oligomers 4a—f and Sa-f, and the
corresponding polydisperse polymers 4g and Sg were record-
ed in CHCIj; solutions at 20°C (Figure 4). As already reported
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600004 /N 4a
1400004 /. ab
e 1200004 /N 4c
Q
L 100000+
=
------- 4f
0 — e e
250 300 350 400 450 500 550 600
Afnm
b) 220000 -
200000 4
800004 /N 5a
160000 -
---------- 5b
~ 140000 4
§ 120000{ /o T Se
= 100000 5d
© ogoooo4 AT L e 5e
600004 .- A NNy L 5f
40000 5g
20000 -}

0 T e e
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Figure 4. Electronic absorption spectra of a) D -D substituted 4a—g and
b) A - A substituted 5a—g in CHCl; at 20°C.

for the silyl-end-capped oligomeric series 1a—f and 3a-g, a
bathochromic shift of the longest-wavelength absorption
maximum A, upon extension of the conjugated carbon
backbone was observed, and to a first approximation the
molar extinction coefficients ¢ increased proportionally to the
number of monomer units.” >l Owing to the inhomoge-
neously broadened longest-wavelength absorption bands in
both series 4a—g and Sa-g, accurate determination of the
Amax and E, ., values required deconvolution of the absorption
spectra;’l the obtained 4,, and E,,, values are listed in
Table 2. The most striking difference between the two
functionalized PTA series lies in the much earlier saturation
of A,... versus n of the D-D substituted oligomers 4a—f
compared with their A — A functionalized counterparts Sa—f.
Whereas in the D — D series, no additional increase for 4,,,, in
going from tetramer 4 e to pentamer 4 f was observed, no such
early saturation was obtained for the A-A series Sa—f
(Figure 5). Thus, the ECL derived from UV/Vis data for
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Table 2. UV/Vis data of D—D and A - A functionalized PTA oligomers 4a—f and 5a—f, polymers 4g and 5g,
monofunctionalized monomers 9 and 10, and D - A compounds 12a and 12b.

the chain-length is only mar-

ginally influenced, and the

Compound n Amax [nm] (eV) ! Compound n Amax [nm] (V) ECL is found to be in the
e [vem ™" & [v'em 'l range of n= 10 monomer units
9 1 379.140.1 (3.27) 10 1 376.6 + 1.6 (3.29) as previously estimated for the
30600 17100 parent series 1la—£0l In con-
4a 1 408.6+0.1 (3.03) Sa 1 402.9+0.5 (3.08) trast, the 4-(dimethylamino)-
41500 27600 h | d f DD
4 2 4548403 (2.72) 5b 2 4304+03 (2.88) ~ Phenyl end-groups ol L)—
42600 33100 series 4a—f are strong elec-
4c 3 469.340.7 (2.64) 5c 3 442.5+0.7 (2.80) tron-donors leading to an in-
53900 47900 tramolecular CT transition be-
4d 4 472.0+1.9 (2.62) 5d 4 4552+0.6 (2.72) tween the terminal electron-
64200 57300 ) ’
de 5 4724412 (2.62) Se 5 460.9+07 2.69) ~ donating and the internal elec-
73000 70000 tron-accepting DEE  back-
4f 6 4724 +1.1 (262) 5t 6 4642 +0.8 (267) bone’ ultlmately dominating
81000 83000 the linear optical properties.
4g ~18 472.44+0.8 (2.62) Sg ~12 470.2 +0.6 (2.63) Th . 1 CT .
146300 146800 ese interna | transitions
12a 1 450.4+0.9 (2.75) 12b 2 4564405 (271)  are strongly localized and are
20400 32100 hardly affected by an increase

[a] Longest-wavelength absorption maximum in CHCI; at 20°C, obtained by deconvolution of the absorption
spectra.l’l [b] Molar extinction coefficient. [c] Molar extinction coefficient based on the average polymerization

degree derived from analytical SEC.
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Figure 5. Graphical representation of the longest-wavelength transition
energies E,,, obtained by deconvolution for D-D and A - A substituted
oligomers 4a—f (0) and 5a—f (2), Me;Si-end-capped oligomer series 1a—f
(m), as well as the corresponding polydisperse polymers 4g (+), 5g (*), and
2b (), respectively.

the D-D series 4a—f can be estimated to n=4 monomer
units. In a similar procedure, assuming that saturation of the
linear optical properties is already attained for the A-A
functionalized polymer Sg, the ECL can be estimated to
about n =10 monomer units. This value is considerably larger
than the one for D - D series 4a—f, but in agreement with the
previous ECL data for the silyl-end-capped series 1a—f") and
3a—g.['> 19 Interestingly, the UV/Vis derived ECL for D-D
oligomers 4a—f contrasts with the electrochemical results,
which did not indicate saturation at such a short chain-length.

Previous electrochemical measurements revealed that di-
ethynylethenes such as 1a and 3a possess substantial electron-
accepting properties,P!] which helps to explain the linear
optical trends observed for the two end-functionalized series
4a—f and 5a—f in this study. In the case of A-A oligomers
5a—f, the terminal 4-nitrobenzene groups do not seem to be
capable of creating a noticeable internal charge-transfer (CT).
Thus, the evolution of the optical properties as a function of

4406 —
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of the conjugated m-system,
which explains the experimen-
tally observed early saturation
of A, at the stage of tetramer
4d.

Of all three series 1a—f, 4a—f, and Sa—f investigated, the
Me;Si-end-capped oligomers la-f displayed the largest
relative total bathochromic shift Al in going from mono-
mer to polymer, whereas D-D and A-A functionalized
oligomers revealed a much smaller disparity in their A,,,,
values (Figure 5). Interestingly, the type of end-substitution,
may it be either electron-releasing or -withdrawing, showed a
minimal effect on 4,,,, for monomers 4a and 5a as reflected by
the very similar values of 409 and 403 nm, respectively
(Table 2). Conversely, aryl-end-substitution in 4a and 5a
resulted in a significant bathochromic shift for 4,,,, of 110 nm
compared with the bis-silylated monomer 1la. However,
Figure 5 clearly shows that all three series converge at higher
oligomer lengths and the three differently substituted poly-
disperse polymers 2b, 4g, and S5g ultimately converge at the
same longest-wavelength absorption maxima of 4,,,, =470 nm
(Emax 2.6 €V), providing evidence that with increasing chain-
length the influence of the terminal substituents decreases
and, above the ECL, entirely vanishes.

The UV/Vis spectrum of D— A substituted monomer 12a
exhibited a broad absorption band, which is bathochromically
shifted compared with the A, of symmetrically D-D and
A - A substituted monomers 4a and 5a (Table 2). The end-
absorption of this band extends beyond 500 nm, which is
indicative of an intramolecular CT transition. Whereas the
D-D and D-A compounds 4b and 12b exhibited with 455
and 456 nm nearly identical 4., values, the longest-wave-
length absorption for A—A dimer 5b was hypsochromically
shifted to 430 nm (Table 2). As expected, the effect of the
intramolecular CT on the shape and position of the absorption
bands of D—A dimer 12b was not as pronounced as in the
case of monomeric 12a. In addition, increase of the linear
conjugation pathway resulted in a rather modest bathochro-
mic shift of the CT band in going from monomer 12a (1,,,, =
450 nm) to dimer 12b (4,,,, =456 nm) (Table 2).
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Raman scattering studies: Raman spectroscopy of D-D and
A — A substituted oligomers 4a—f and Sa—f was performed in
CHCI; solutions at 20°C. As observed for the silylated series
1la-f and 3a—f['> ' the frequencies of the Raman-active
stretches of both double and triple bonds, #c_c) and ¥,
decreased upon lengthening of the m-conjugated chain
(Table 3). Whereas for the C—C triple bond stretches )

Table 3. Raman scattering data of oligomers 1a—f, 4a—f, and Sa—f and polymers 2a, 4g, and 5g.

To a first approximation, a linear correlation between the
#c=c) Raman shifts and the inverse number of monomer units
is observed, although for the D — D series this holds only true
for monomer 4a to trimer 4c¢. All three series converge at
Fic=c)=2156 cm™!, showing only for polymer 4g a slightly
higher value of 2158 cm~!. Crossing of the linear regression
line through the data points obtained for Me;Si-end-capped
oligomers la-f and A-A
oligomers Sa—f with the hori-
zontal saturation line of poly-

Compound n V= [em™]  Compound n Ve [em™] Compound n Ve [em™]B mers 2a and 5g (intercepting
1a 1 213 4a 1 2162 5a 1 2179 the y axis at an averaged value
1b 2 2187 4b 2 2158 5b 2 2170 of 2157 cm™!) yields an ECL of
1c 3 2175 4c 32156 5¢ 3 2166 about n=10 monomer units,
1d 4 2169 4d 4 2156 5d 4 2164 which is in good agreement
1le 5 2165 4e 5 2156 5e 5 2163 . .

1f 6 2163 4f 6 2156 5f 6 2162 with the results obtained from
2a ~22 2156 4g ~18 2156 5g ~12 2158 UV/Vis spectroscopy.

[a] Raman frequencies measured in CHCI; solutions at 20°C.

sharp absorption bands were obtained, the olefinic bonds for
the D-D and A- A substituted PTA oligomers 4a—f and
5a—f gave raise to numerous weak and ill-defined absorption
bands, possibly owing to the additional aryl end-groups.
Therefore, the following discussion will only focus on the
Raman-active #, stretches. In general, the Raman reso-
nance frequencies for the C—C triple bonds varied in going
from monomer to polymer for both functionalized series 4a—
f and 5a—f (e.g. 5a: 2179 cm™!, 5g: 2158 cm™!) over a much
smaller range than for the parent Me;Si-end-capped PTA
oligomers 1a—f (1a: 2213 cm™!, 2a: 2156 cm™!). In addition,
D-D series 4a—f showed the smallest changes of Av,
between successive oligomers and saturation of the resonance
frequency 7= was already obtained for trimer 4¢
(2156 cm™'), which parallels the findings from linear optical
spectroscopy (see above). A plot of the experimentally
obtained ¥, Raman frequencies as a function of the
number of monomer units for the two series 4a—f and Sa—f
is given in Figure 6. For comparison, the Raman frequencies
of Me;Si-end-capped oligomers 1a—f, polymers 2a, 4g, and
5g are also included.

2220-
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2180 A
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Figure 6. Comparative plot of the Raman-active stretches %, for Me;Si-
end-capped oligomers 1a—f (m), D-D compounds 4a—f (0), and A-A
oligomers Sa—f (A) recorded in CHCl; solutions. Included are also the
values for polymer 2a (&), and D-D and A - A polymers 4¢g (+) and 5g
(*), respectively.
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Nonlinear optical properties:
The second hyperpolarizability
y of the D-D and A-A ary-
lated PTA oligomers 4a—f and Sa-f, the corresponding
polymers 4g and Sg, the mono-functionalized monomers 9
and 10, as well as the D—A systems 12a and 12b were
measured by a combination of third-harmonic generation
(THG) and degenerate four-wave mixing (DFWM) in CHCl,
solutions (Table 4). With the exception of tetramer 4d,
pentamers 4e, Se, hexamers 4f, 5f and polymers 4g and
5g, which showed slight absorption at the third-harmonic
frequency 3w (636 nm), none of the other compounds
investigated absorbed at this wavelength and thus their y
values are not resonantly enhanced. The microscopic hyper-
polarizability y values were then transformed to the macro-
scopic hyperpolarizability x5}, by assuming an isotropic
arrangement of the molecules, using the density and refractive
indices (for local field corrections) of the solvent CHCl;, to
give a lower limit of what can be expected in the bulk sample.
The experimental results listed in Table 4 lead to a number
of very interesting and also astonishing conclusions. Firstly,
bis-substitution with electron-releasing or electron-accepting
groups significantly increased the nonlinearity (by up to 14
times) compared with the corresponding bis-end-silylated
DEEs. Similar observations had also been made for TEEs!3
and other classes of NLO chromophores.3] Interestingly, the
4-(dimethylamino)phenyl donor group in mono-arylated
DEE 9 was not found to enhance the second hyperpolariz-
ability y or 3}, in contrast to mono-nitro functionalized 10,
and both compounds gave identical values. In addition, the
donor groups in monomer 4a enhanced y by a factor of only
1.4 compared with the corresponding acceptor DEE 5a
(Figure 7). In contrast, the effect of the 4-(dimethylamino)-
phenyl donor groups in similar TEE derivatives led to a two-
fold increase of the nonlinear optical response, probably
owing to the stronger acceptor properties of TEEs.*
Secondly, an up to 28-fold increase in the value of y was
obtained by changing from centrosymmetric unsubstituted
DEEs to acentric D—A functionalization (la: y=92x
10730 esu;P¥ 12a: y =250 x 107 esu). Changing from sym-
metrical D—D or A — A substitution to acentric D — A systems
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Table 4. Second hyperpolarizability data of D—D and A-A functionalized PTA oligomers 4a—f and 5a—f,
polymers 4g and 5g, monofunctionalized oligomers 9 and 10, and D—-A compounds 12a and 12b. For
comparison, the values of polymers 2a and 2b are also included. The THG experiments were performed at a
fundamental wavelength of 2 =1907 nm and the DFWM measurements at a wavelength of 2 =1047 nm.l"l

still resulted in a two-fold in-
crease in y (4a: y =123 x 1073¢
esu; 12a: y=250 x 1073 esu).

These experiments are in agree-

’E/lD(;:Y\;];ACSu] )[/f(;xymsvfz] ment with previous results ob-
tained for TEEsP? and Et;Si-

7500 105 end-capped DEE oligomers

30 ad 3a—f163] a5 well as theoretical
predictions by Garito et al.?

2000 28 and the widely used three-level
2700 38 model for y derived from static
3288 Zf perturbation theory.”7  The
10500 146 beneficial effect of asymmetri-
230 32 cal electron distribution on y
420 59 vanished almost completely in
740 104 D-A dimer 12b, which only
1370 19 .
1600 » showed a minor enhanced value
1440 20 compared with the correspond-
5000 70 ing symmetrically substituted
- - D-D oligomer 4b.
~ - Thirdly, an increase in con-
1010 141 jugation length resulted in larg-

Compound n &30 YTHG YTHG
[M~tem™] [10-3%6 esu] [10-¥ m>V-2]
2a +22 410 6500 91
2b +31 0 9200 129
4a 1 0 123 1.72
4b 2 16 430 6.0
4c 3 36 740 10.4
4d 4 96 1320 18.4
4e 5 100 1480 20.6
4f 6 198 1200 16.8
4g ~18 550 6000 84
5a 1 0 88 1.23
5b 2 0 220 3.1
5c 3 19 460 6.4
5d 4 31 720 10
Se 5 65 880 12
5f 6 104 920 13
5g ~12 380 3700 52
9 1 0 51 0.71
10 1 0 51 0.71
12a 1 0 250 35
12b 2 4 465 6.5
[a] Reference ) =1.6 x 102 m? V-2, &) =3.0 x 102 m> V-2, experimental error 10% for THG and 15% for
DFWM.
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Figure 7. Double logarithmic plot of the second hyperpolarizability y per
monomer unit of Et;Si-end-capped oligomers 3a—g (m), D-D oligomers
4a-f (0), A-A oligomers Sa—f (), D—A compounds 12a,b (), silyl-
end-capped polymers 2a,b (), and D-D and A — A polymers 4¢g (+) and
5g (*), respectively, versus the number of monomer units n measured a) by
THG and b) by DFWM.
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er values of y. This is illustrated
by both functionalized series
4a—f and Sa-f and is in full
agreement with the data col-
lected for the two doubly end-silylated oligomer series 1a—f{’]
and 3a—fl'% 3] (Figure 7).

As expected, both symmetrically functionalized monomers
4a and Sa displayed significantly higher y values than the
parent DEE monomers 1a and 3a. Interestingly, the higher
oligomers of all three series approach the saturation values
measured for the polydisperse PTA polymers 2a and 2b,
which can be viewed as samples of an infinitely long PTA
backbone. Although the two D-D and A-A substituted
polymers 4g and 5g match the saturation values of PTAs 2a
and 2b, the influence of D—D and A - A end-functionaliza-
tion in enhancing the third-order nonlinear optical response
was clearly detectable up to hexamers 4 f and 5f, which still
displayed significantly larger y values compared with the
parent Et;Si-end-capped hexamer 3d. A double logarithmic
plot of y/n versus n revealed that the bis-end-silylated oligomer
series 3a—d featured a much steeper increase of y/n than
observed for both arylated oligomer series 4a—f and Sa—f
(Figure 7). Interestingly, both 4a—f and Sa-f displayed a
sigmoidal relationship between y/n and the number of mono-
mer units similar to that observed for the end-silylated oligomer
series. The fact that our DFWM experiments of the D -D and
A — A functionalized PTA oligomers yielded larger nonlinear-
ities than for the corresponding silyl-end-capped ones can be
explained by the closeness of the two-photon resonance.

The chain-length dependence of y/n displayed a rather
unusual picture for both functionalized series. The y/n values
for the higher oligomers not only leveled off but reached for
tetramers 4d and 5d a maximum value and decreased again
for the corresponding pentamers and hexamers. Surprisingly,
the y/n values of hexamers 4f and 5f even dropped below
those obtained for trimers 4c¢ and Sec, respectively. The
possibility that the observed deviations arised from decom-
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positions occurring during the THG measurements was
discounted by analytical controls (UV/Vis and analytical
SEC) immediately after laser irradiation, which showed no
indication of photochemical instability. The values for poly-
disperse polymers 4g and 5g converged at a similar value
obtained for PTAs 2a and 2b. The fact that exactly the same
trend, although not in such a pronounced form, was observed
for the parent PTA series 3a—f strongly indicates, that this
behavior is certainly not coincidental but has a physical
meaning, yet to be theoretically analyzed. It appears, that the
influence of the terminally functionalized aryl groups on y/n
lasts only a few monomer units and nearly vanishes at the
stage of the pentamers/hexamers to be then dominated by the
nonlinear response of the PTA backbone itself. For the bis-
end-silylated oligomers 3a—f this feature is much less
pronounced, possibly owing to the weak electron-donating
effect of trialkylsilyl groups. It is becoming clear from the
comprehensive set of data (Table4, Figure7) that the
relationship between second hyperpolarizability and chain-
length in a given class of m-conjugated oligomers may be
substantially more complex than initially anticipated and may
not necessarily follow the widely accepted three-level model
for y. Only a combination of theoretical and experimental
investigations will be able to provide the information needed
for developing a clearer picture of the underlying physics.

Conclusion

The study of the influence of terminal electron-releasing
[4-(dimethylamino)phenyl] and -withdrawing (4-nitrophenyl)
substituents on the PTA backbone as a function of chain-
length has provided further insight into the electronic
characteristics of this class of m-conjugated polymers. The
donor substituted oligomers showed for the oxidation of the
aniline groups a constant first reversible oxidation potential
around +0.42V versus Fc/Fct, and with the exception of
monomer and pentamer, a second irreversible oxidation event
was observed around +1.00 V versus Fc/Fc*. In contrast, the
4-nitrophenyl functionalized systems starting with the trimer
gave only one irreversible oxidation (of the DEE core) at
about +1.24V versus Fc/Fc'. In addition, all oligomers
bearing two acceptor groups displayed a reversible two-
electron reduction event at —140V versus Fc/Fc'. In
accordance with Me;Si- and Et;Si-end-capped PTA oligom-
ers, both D-D and A - A functionalized series revealed an
increasingly facile first or second reduction step upon
elongation of the m-conjugated backbone. A plot of the
reduction potential versus the inverse number of monomer
units for both D—D and A — A functionalized series displayed
independently of the nature of terminal functionalization
saturation for the electron transfer around n ~10 monomer
units. Interestingly, the second reduction step of the A-A
oligomers, which takes place on a dianion, was found to be
even more facile than the first reductive electron transfer on
the neutral Me;Si-end-capped oligomers. This observation
suggests that 4-nitrophenyl radical anions still exhibit signifi-
cant electron-accepting properties.

The effective conjugation length estimated from the
deconvoluted longest-wavelength absorption maxima for the
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A - A oligomer series was found to be on the order of n =10
monomer units and thus in accord with results obtained for
the silyl-end-capped PTA oligomers. In contrast, a signifi-
cantly reduced ECL with n=4 was obtained for the D-D
series, probably owing to the formation of strong CT bands
dominating the absorption properties. Raman scattering
measurements revealed with n=3 for the latter series an
even more reduced value for the ECL.

Significant increases for the second hyperpolarizability y
upon terminal substitution with donor and acceptor groups
were found by THG as well as DFWM. However, the chain-
length dependence of y/n revealed for both substituted series
arather unusual result. The y/n values of the higher oligomers
in both functionalized series did not only level off but reached
with their tetramers a maximum value and then dropped
drastically for the corresponding pentamers and hexamers.
This effect was found to be independent on the nature of the
end-groups and was considerably more pronounced than in
the case of the terminally silylated higher oligomers. Interest-
ingly, THG experiments showed that the hyperpolarizabilities
for long PTA oligomers reach the same saturation values as
their unsubstituted counterparts.

This comprehensive investigation of end-functionalized
PTA oligomers clearly shows that the influence of the
terminal groups on physical effects involving the entire m-
conjugated framework vanishes upon passing from oligomers
to longer-chain polymers. On the contrary, physical events
such as electron transfers specifically located at the terminal
arylated end-groups remain constant or are minimally influ-
enced upon lengthening of the m-conjugated backbone.

Experimental Section

Materials and general methods: See ref. [16] for full details. Compounds
4a, 6, 8, 9, 12al'" 1] 52 and 11222 were prepared as previously
described. The 3C NMR spectra of polymers 4g and 5g were recorded
using Cr(acac); (=20 mM) as a relaxation agent. Resonances of the
Me,tBuSiOCH),-side-chain in 4b—f and 5b—f frequently give rise to signal
overlap whereas, apart from compounds 4e—g and Se-g, the *C NMR
resonances of the conjugated backbone were always clearly distinguishable.
MALDI-TOF-MS spectra were obtained using a Bruker Reflex instrument
with a N, laser system (337 nm) to desorb and ionize analyte molecules,
which were previously dissolved in CH,Cl, and deposited onto the center of
the probe tip and dried under vacuum. 3-(3-Indolyl)acrylic acid (IAA) or
2' 4 6'-trihydroxyacetophenone (THA)/ammonium hydrogen citrate
(AHC) were used as matrices. All reported data were acquired using the
linear positive-ion mode at + 15 and 20 kV, respectively. For EI, FAB, and
MALDI-TOF mass spectra of all monomers and oligomers, the exper-
imental highest peak in the molecular ion cluster is reported followed in
parenthesis by the isotopic molecular formula corresponding to the
calculated most intense peak in the cluster.

Analytical size-exclusion chromatography (SEC): sce ref. [16] for full
details. Molecular weight determinations of polymers 4g and 5g: Columns:
Polymer Laboratories PL-Gel mixed-C5 (5um), 7.5 mm IDx 60 cm.
Instrumentation: Knauer gel permeation chromatograph equipped with a
KMX-6-LAALS-detector (low angle laser light scattering) from Chromatix
and a Viscotek-differential-viscosimeter H502. Data aquisition and eval-
uation: software program TriSEC GPC-Software (Version 2.7); solvent
THF (HPLC grade) thermostatted at 45°C; flow rate fixed at 1 mLmin~".
Calibration with polystyrene standards from Polymer Laboratories.
Preparative size-exclusion chromatography (SEC), electrochemistry meas-
urements, third-harmonic generation measurements, and degenerate four-
wave mixing experiments: see refs. [16, 35] for full details.

D-D oligomers 4b—f and polymer 4g: TMEDA (0.031g, 0.04 mL,
0.27 mmol) and CuCl (0.008 g, 0.081 mmol) were added at 20°C to a
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solution of 6 (0.138 g, 0.29 mmol) and 11 (0.035 g, 0.095 mmol) in dry
CH,Cl, (10 mL, containing 4 A molecular sieves). After the reaction
mixture was stirred in air for 2 h, an EDTA (ethylenediaminetetraacidic
acid) solution (pHS8, 100 mL) was added and the reaction mixture
extracted with CH,Cl, until the washings were colorless. The organic
phase was washed with saturated aqueous K,COj; solution (50 mL) and
dried (MgSO,). Concentration in vacuo (at water aspirator pressure),
purification by size-exclusion chromatography, and precipitation from
MeOH gave the D-D oligomers 4b—f and polymer 4g as solids.
(E,E)-3,4,9,10-Tetrakis{[ (zert-butyl)dimethylsilyloxy Jmethyl}-1,12-bis[4-
(dimethylamino)phenyl]dodeca-3,9-diene-1,5,7,11-tetrayne (4b): Orange
solid (0.086 g, 62%); m.p. 154-155°C (lit. 153-155°Cl%18l); 'TH NMR
(500 MHz, CDCl,): 0 =0.11 (s, 12H), 0.12 (s, 12H), 0.915 (s, 18 H), 0.920 (s,
18H), 2.98 (s, 12H), 4.51 (s, 4H), 4.55 (s, 4H), 6.62 (d, /= 8.9 Hz, 4H), 7.30
(d,J=8.9 Hz,4H); *C NMR (125.8 MHz, CDCl;): 6 = —5.06, 18.42, 18.44,
25.96, 40.13, 63.98, 64.33, 82.64, 85.07, 85.56, 105.26, 109.88, 111.75, 126.21,
132.73, 133.95, 150.36; Raman (CHCl;): #=2925 (w =weak), 2398 (w),
2158 (m = medium), 1606 (w), 1562 (w), 1519 (w), 1372 (w), 1214 (m), 1155
(w), 973 (w), 761 (m), 665 (s =strong), 364 (s), 259 (s) cm~'; MALDI-TOF-
MS (THA, AHC): m/z (%): 987.8 (45, [M+Na]*), 965.5 (100, [M]*; calcd
2C4sBCHgN,0,28i,*: 965.6), 907.5 (9, [M — C(CHs),]*), 833.8 (67, [M —
OSi(CH,),C(CH;)5]").

(E,E,FE)-3,4,9,10,15,16-Hexakis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1,18-
bis[4-(dimethylamino)phenyl]octadeca-3,9,15-triene-1,5,7,11,13,17-hexa-
yne (4¢): Orange solid (0.034 g, 18%); m.p. >170°C (decoloration from
orange to deep red), 203-206°C (melt.); 'H NMR (500 MHz, CDCl;): 6 =
0.102 (s, 12H), 0.105 (s, 12H), 0.117 (s, 12H), 0.910 (s, 18 H), 0.911 (s, 18H),
0.919 (s, 18H), 2.98 (s, 12H), 4.46 (s, 4H), 4.50 (s, 4H), 4.55 (s,4H), 6.62 (d,
J=9.0Hz, 4H), 731 (d, J=9.0 Hz, 4H); ¥C NMR (125.8 MHz, CDCl,):
0=-5.13,-5.08, —5.07,18.37,18.41, 18.43,25.90, 25.95, 40.12, 63.91, 63.95,
64.32, 81.75, 84.26, 84.58, 85.57, 87.73, 105.77, 109.74, 111.74, 125.89, 132.01,
132.78, 134.60, 150.42; FT-IR (CHCL,): #=3011 (m), 2956 (m), 2933 (m),
2856 (m), 2400 (m), 2167 (w), 1606 (s), 1522 (m), 1445 (m), 1361 (m), 1267
(s), 1111 (m), 1045 (w), 1006 (w), 933 (w), 839 (s) cm~!; Raman (CHCL;):
7=2925 (w), 2399 (w), 2156 (m), 1605 (w), 1558 (m), 1372 (w), 1214 (m),
1149 (w), 971 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~!; UV/Vis (CHCL;):
A =288 (35400), 320 (33900), 427 (77500); MALDI-TOF-MS (THA,
AHC): mlz (%): 13521 (28, [M+Na]*), 13285 (100, [M]*; calcd
12C;5"*CH,,N,O¢%Sis*: 1327.8), 1271.2 (41, [M — C(CH;);]*), 1197.0 (43,
[M — OSi(CHs;),C(CH;);]%); CyH 2,N,OSis (1328.34): caled C 68.72, H
9.26, N 2.11; found: C 68.68, H 9.26, N 2.09.
(E,E,E,E)-3,4,9,10,15,16,21,22-Octakis{[ (tert-butyl)dimethylsilyloxy Jmeth-
yl}-1,24-bis[4-(dimethylamino)phenyl]tetracosa-3,9,15,21-tetraene-
1,5,7,11,13,17,19,23-octayne (4d): Deep orange solid (0.017 g, 7%); m.p.
>190°C (decoloration from red to deep red), 220-224°C (decomp.);
'"H NMR (500 MHz, CDCl;): 6 =0.093 (s, 12H), 0.096 (s, 12H), 0.102 (s,
12H), 0.115 (s, 12H), 0.903 (s, 18 H), 0.906 (s, 18 H), 0.909 (s, 18 H), 0.916 (s,
18H), 2.98 (s, 12H), 4.445-4.446 (overlap, 4H), 4.451-4.453 (overlap,
4H), 4.49 (s, 4H), 4.55 (s, 4H), 6.62 (d, / =9.0 Hz, 4H), 7.30 (d, / =9.0 Hz,
4H); *C NMR (125.8 MHz, CDCl,): 6 = —5.14, —5.08, —5.07, 18.36, 18.37,
18.41,18.43,25.89, 25.95, 40.12, 63.88, 63.90, 63.95, 64.32, 81.59, 83.20, 84.49,
84.52, 85.57, 8711, 88.09, 105.88, 109.71, 111.74, 125.82, 131.69, 132.65,
132.79, 134.74, 150.44; FT-IR (CHCL,): #=3011 (m), 2956 (m), 2933 (m),
2856 (m), 2167 (w), 1606 (s), 1561 (m), 1522 (m), 1472 (m), 1462 (w), 1448
(w), 1361 (m), 1256 (s), 1106 (m), 1006 (w), 944 (w), 839 (s) cm~!; Raman
(CHCLy): v=2925 (w), 2400 (w), 2156 (m), 1605 (w), 1557 (m), 1370 (w),
1214 (m), 1144 (w), 970 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/Vis
(CHCL;): 1 =287 (40800), 427 (86800); MALDI-TOF-MS (THA, AHC):
mlz  (%): 1712.8 (43, [M+Na]*), 1690.3 (100, [M]*; caled
12Cy5*CH,56N,O04%81,%Si: 1691.0), 1632.4 (53, [M — C(CH,)5]*), 1558.0 (47,
[M — OSi(CHs;),C(CHs);3]%); CogH,56N,OgSig (1691.01): caled C 68.19, H
9.30, N 1.66; found: C 68.01, H 9.14, N 1.61.
(E,E,E,E,F)-3,4,9,10,15,16,21,22,27,28-Decakis{[ (tert-butyl)dimethylsilyl-
oxy Jmethyl}-1,30-bis[4-(dimethylamino)phenyl]triaconta-3,9,15,21,27-pen-
taene-1,5,7,11,13,17,19,23,25,29-decayne (4 e): Red solid (0.011 g, 4 %); m.p.
>200°C (decoloration from red to deep red), 225-228°C (decomp.);
'H NMR (500 MHz, CDCl;): 6 =0.088 (s, 12H), 0.091 (s, 12H), 0.094 (s,
12H), 0.101 (s, 12H), 0.113 (s, 12H), 0.900 (s, 18 H), 0.901 (s, 18 H), 0.904 (s,
18H), 0.908 (s, 18 H), 0.915 (s, 18 H), 2.98 (s, 12H), 4.44 (s, 8 H), 4.45 (s, 4H),
4.49 (s,4H), 4.55 (s,4H), 6.62 (d, J=9.0 Hz, 4H), 7.30 (d, /=9.0 Hz, 4H);
BCNMR (125.8 MHz, CDClL;): 6 = —5.14, —5.08, — 5.07,18.35, 18.41, 18.44,
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25.88,25.95,40.12, 63.87, 63.89, 63.95, 64.32, 81.55, 83.01, 83.43, 84.46, 84.59,
85.57,86.99, 87.44,88.17,105.91, 109.70, 111.75, 125.81, 131.62, 132.32, 132.79
(overlap, 2 signals), 134.77, 150.44; FT-IR (CHCL,): #=3022 (m), 2956 (m),
2933 (m), 2856 (m), 2400 (w), 2167 (w), 1606 (s), 1561 (m), 1522 (m), 1472
(m), 1462 (w), 1448 (w), 1361 (m), 1256 (s), 1106 (m), 1006 (w), 944 (w), 839
(s) cm™'; Raman (CHCLy): v=2925 (w), 2400 (w), 2156 (m), 1605 (w), 1557
(m), 1367 (w), 1214 (m), 1142 (w), 961 (w), 762 (m), 665 (s), 364 (s), 259
(s) ecm™'; UV/Vis (CHCl;): 1 =288 (44700), 428 (97900); MALDI-TOF-
MS (THA, AHC): m/z (%):2076.1 (31, [M+Na]*), 2053.8 (100, [M]*; calcd
12C153CH;99N,04%S10%Si*: 2053.2), 1995.8 (15, [M — C(CHs;)5]*), 1921.5
(68, [M — OSi(CH,),C(CH,)5]"); C11eH100N,01Siy (2053.67): caled C 67.84,
H 9.32, N 1.36; found: C 67.55, H 9.44, N 1.25.

(E,E,E,E,E,F)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[ (tert-butyl)di-
methylsilyloxy Jmethyl}-1,36-bis[4-(dimethylamino)phenyl]hexatriaconta-
3,9,15,21,27,33-hexaene-1,5,7,11,13,17,19,23,25,29,31,35-dodecayne (4f): Red
solid (0.008 mg, 2% ); m.p. >200°C (decoloration from red to deep red),
245-250°C (decomp.); 'H NMR (500 MHz, CDCl;): 6 =0.086 (s, 24H),
0.090 (s, 12H), 0.093 (s, 12H), 0.100 (s, 12H), 0.113 (s, 12H), 0.898 (s, 36 H),
0.900 (s, 18 H), 0.904 (s, 18 H), 0.907 (s, 18 H), 0.915 (s, 18 H), 2.98 (s, 12H),
4.44 (s, 12H), 4.45 (s, 4H), 4.49 (s, 4H), 4.55 (s, 4H), 6.62 (d, /=9.0 Hz,
4H), 7.30 (d, /=9.0 Hz, 4H); *C NMR (125.8 MHz, CDCl;): 6 = —5.15,
—5.08, —5.06, 18.35, 18.41, 18.44, 25.87, 25.88, 25.95, 40.12, 63.86, 63.89,
63.95, 64.32, 81.53, 82.96, 83.22, 83.48, 84.46, 84.61, 85.57, 86.96, 87.31, 87.52,
88.19,105.92,109.69, 111.74, 125.80, 131.60, 132.25, 132.45, 132.79 (overlap,
2 signals), 134.78, 150.44; FT-IR (CHCL;): ¥ = 3022 (m), 2956 (m), 2933 (m),
2856 (m), 2370 (w), 2333 (w), 2167 (w), 1606 (s), 1561 (m), 1522 (m), 1472
(m), 1462 (w), 1361 (m), 1256 (s), 1106 (m), 1006 (w), 944 (w), 839 (s) cm~};
Raman (CHCl;): v=2925 (w), 2400 (w), 2156 (m), 1605 (w), 1557 (m), 1364
(w), 1214 (m), 1137 (w), 961 (w), 763 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/
Vis (CHCL): 1=286 (49300), 431 (109400); MALDI-TOF-MS (THA,
AHC): mlz (%): 2439.2 (73, [M+Na]*), 2416.6 (100, [M]"; calcd
12C 353 CH,,,N,0,,%81,,7°Si*: 2415.4), 2359.8 (19, [M — C(CH,),]*), 2285.3
(65, [M — OSi(CH;),C(CH;)5]"); Cy36H24N,0,,51;, (2416.33): caled C 67.60,
H 9.34, N 1.16; found: C 67.46, H 9.08, N 1.23.

a,0-[4-(Dimethylamino)phenyl]poly[ (E)-3,4-bis{[ (tert-butyl)dimethylsilyl-
oxy]methyl}hex-3-ene-1,5-diyne] (4g): Red solid (0.029¢g, 3%); m.p.
>200°C (decoloration from red to deep red), >240°C (decomp.); DSC:
205°C (decomp.); 'H NMR (500 MHz, CDCl;): 6 =0.09-0.11 (overlap),
0.89-0.91 (overlap), 2.98 (brs), 4.44 —4.45 (overlap), 4.49 (brs), 4.55 (brs),
6.62 (brd,J=9.0 Hz), 730 (brd, J = 9.0 Hz); *C NMR (125.8 MHz, CDCl,,
Cr(acac); added): 6 =—5.27 (overlap), 18.23 (overlap), 25.75 (overlap),
40.04, 63.73 (overlap), 63.83 (overlap), 64.20 (overlap), 81.42 (overlap),
82.81 (overlap), 83.11 (overlap), 84.34, 84.50, 85.45, 86.82, 87.03, 87.14-
87.44 (overlap), 88.10, 96.11, 105.82, 109.56, 111.63, 125.54 (overlap), 125.66,
127.29-128.10 (overlap), 128.66, 131.47, 132.11, 132.28 (overlap), 132.68
(overlap), 134.67, 150.32; FT-IR (CHCl;): v=2956 (m), 2933 (m), 2856 (m),
2167 (w), 1606 (m), 1522 (m), 1472 (m), 1462 (m), 1361 (m), 1261 (m), 1006
(m), 939 (w), 839 (s) cm~!; Raman (CHCl;): v=3017 (w), 2400 (w), 2156
(m), 1605 (w), 1556 (m), 1214 (m), 761 (m), 665 (s), 364 (s), 259 (s) cm™;
UV/Vis (CHCL,): 2 =280 (76200), 441 (180500); MALDI-TOF-MS (THA,
AHC): miz (%): 60652 (15, [M+Na]*; caled '2Cs3"3C3H;64N,05,%-
Siz?Si¥SiNa* (n=16): 6064.5), 5702.5 (25, [M+Na]*; caled '>C;5Cs-
Hi30N,030%Si,2Si¥SiNa* (n=15): 5702.3), 5339.6 (46, [M+Na]*; calcd
120,13, HyoeN O528Sing®SiSiNa ™ (1 = 14): 5340.1), 4977.6 (71, [M+Na]*;
caled 2C733C;H,oN,0, 281, #SiVSiNat (n=13): 4977.9), 4615.4 (100,
[M+Na]*; caled C,55B3C3H0sN,0,,281,,7°Si¥SiNat  (n=12): 4615.7),
4252.5 (97, [M+Na]*; caled '2C,3,3C,H304N,0,,%Si,Si¥SiNa* (n=11):
4252.5), 3889.1 (42, [M4+Na]*; caled 2Cy;43C,HyqoN,O5 581, °SiSiNa
(n=10): 3890.3); CyseHsN,05,Si,, (n=11, 4229.56): caled C 67.02, H
9.39, N 0.66; found: C 67.15, H 9.24, N 0.53; SEC [THF, 45°C, refractive
index (RI) detector]: M,,=13200, M, = 6460 (M,/M,=2.04).

A-A oligomers 5b-f and polymer 5g: TMEDA (0.025g, 0.03 mL,
0.22 mmol) and CuCl (0.006 g, 0.062 mmol) were added at 20°C to a
solution of 7 (0.149 g, 0.31 mmol) and 11 (0.028 g, 0.077 mmol) in dry
CH,Cl, (30 mL, containing 4 A molecular sieves). After the solution was
stirred in air for 2 h, an EDTA solution (pH 8, 100 mL) was added, and the
mixture extracted with CH,Cl, until the washings were colorless. The
organic phase was washed with saturated aqueous NaCl solution (100 mL)
and dried (MgSO,). Concentration in vacuo, followed by purification using
size-exclusion chromatography, and precipitation from MeOH gave the
A - A oligomers Sb—f and polymer 5g as solids.
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(E,E)-3,4,9,10-Tetrakis{[ (ert-butyl)dimethylsilyloxy Jmethyl}-1,12-bis(4-
nitrophenyl)dodeca-3,9-diene-1,5,7,11-tetrayne (5b): Yellow solid (0.093 g,
62%); m.p. 146—147°C; 'H NMR (500 MHz, CDCL,): 6 =0.12 (s, 24 H),
0.914 (s, 18 H), 0.918 (s, 18 H), 4.53 (s, 4H), 4.54 (s, 4H), 7.56 (d, J =8.8 Hz,
4H), 8.20 (d, J=8.8 Hz, 4H); *C NMR (125.8 MHz, CDCl,): 6 =—5.15,
18.36, 18.39, 25.85, 25.87, 63.88, 63.95, 82.55, 86.08, 91.51, 100.67, 123.75,
129.63, 130.29, 132.08, 132.73, 147.27; FT-IR (CHCl;): v=2956 (m), 2932
(m), 2856 (m), 2189 (w), 1595 (m), 1522 (m), 1472 (m), 1460 (m), 1345 (s),
1261 (m), 1106 (m), 1006 (w), 856 (m), 839 (s) cm~!; Raman (CHCL): 7=
2925 (w), 2399 (w), 2170 (m), 1591 (m), 1565 (m), 1342 (m), 1214 (m), 1163
(w), 1106 (w), 1011 (w), 972 (w), 876 (w), 761 (m), 665 (s), 364 (s), 259
(s) cm™'; UV/Vis (CHCL): 2=303 (27500), 395 (56500); FAB-MS: m/z
(%): 968.5 (20, [M]*; caled 2Cs,H,(N,O¢Siy: 968.5), 911.4 (28, [M —
C(CH,);]"), 8374 (37, [M — OSi(CH,;),C(CHa);]*), 72.9 (100, [Si(CH3)3]");
C5,H6N,04Si, (969.54): caled C 64.42, H 7.90, N 2.89; found: C 64.24, H
772, N 2.89.

(E,E,E)-3,4,9,10,15,16-Hexakis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1,18-
bis(4-nitrophenyl)octadeca-3,9,15-triene-1,5,7,11,13,17-hexayne (5c¢): Yel-
low solid (0.041 g, 20%); m.p. 169-170°C; 'H NMR (500 MHz, CDCl;):
6=0.103 (s, 12H), 0.107 (s, 12H), 0.110 (s, 12H), 0.910-0.909 (overlap,
54H), 4.46 (s, 4H), 4.52 (s, 4H), 4.53 (s, 4H), 7.55 (d, J=8.9 Hz, 4H), 8.20
(d, /=89 Hz, 4H); ¥C NMR (125.8 MHz, CDCl;): 6 =—-5.15, —5.11,
18.35, 18.38, 25.85, 25.87, 63.88, 63.95, 82.63, 83.17, 86.12, 87.30, 91.56,
100.68, 123.75, 129.65, 130.31, 132.08, 132.43, 132.74, 14732; FT-IR
(CHCL,): v=3011 (m), 2956 (m), 2933 (m), 2856 (m), 2341 (w), 2181 (w),
1594 (m), 1522 (m), 1472 (m), 1344 (s), 1256 (m), 1106 (m), 1006 (w), 939
(w), 839 (s) cm~'; Raman (CHCL,): #=2925 (w), 2399 (w), 2166 (m), 1563
(m), 1343 (m), 1214 (m), 1153 (w), 1106 (w), 970 (w), 876 (w), 762 (m), 665
(s), 364 (s), 259 (s) em™'; UV/Vis (CHCL): 1 =315 (32100), 407 (75700);
MALDI-TOF-MS (THA, AHC): m/z (%): 1353.7 (12, [M+Na]"), 1330.5
(26, [M]*; caled "2C,H;(N,0,0Sigt: 1330.7), 1274.4 (100, [M —
C(CHs;)3]"); C;H 1oN,O40Sig (1332.20): caled C 64.92, H 8.32, N 2.10;
found: C 64.97, H 8.19, N 2.18.

(E,E,E,E)-3,4,9,10,15,16,21,22-Octakis{[ (fert-butyl)dimethylsilyloxy Jmeth-
yl}-1,24-bis(4-nitrophenyl)tetracosa-3,9,15,21-tetraene-1,5,7,11,13,17,19,23-
octayne (5d): Deep yellow solid (0.019 g, 7 % ); m.p. 222-223°C; 'H NMR
(500 MHz, CDCl;): 6 =0.095 (s, 12H), 0.097 (s, 12H), 0.105 (s, 12H), 0.108
(s, 12H), 0.905 (s, 18 H), 0.908 —-0.914 (overlap, 54H), 4.45 (s, 8H), 4.51 (s,
4H), 4.53 (s, 4H), 7.55 (d, J=9.0Hz, 4H), 8.20 (d, /=9.0 Hz, 4H);
BCNMR (125.8 MHz, CDCl,): 6 = —5.15, —5.11, 18.36, 18.38, 25.86, 25.88,
63.90, 63.97, 82.70, 83.21, 83.26, 86.15, 87.31, 87.35, 91.60, 100.67, 123.75,
129.68, 130.34, 132.08, 132.445, 132.454,132.75, 147.36; FT-IR (CHCL;): 7=
2951 (m), 2929 (m), 2852 (m), 2192 (w), 1596 (m), 1519 (m), 1473 (m), 1464
(m), 1343 (s), 1260 (m), 1106 (m), 1007 (w), 836 (s) cm~!; Raman (CHCL,):
V=2925 (w), 2399 (w), 2164 (m), 1560 (m), 1343 (w), 1214 (m), 1106 (w),
962 (w), 876 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/Vis (CHCl;):
A=260 (49600), 304 (43100), 417 (95300); MALDI-TOF-MS (THA,
AHC): mlz (%): 17184 (49, [M+Na]t), 1694.7 (50, [M]*; caled
2Cy PCH,4,N,0,81,7Si*:  1694.9), 16376 (100, [M — C(CH,);]*);
Co,H,414N,0,Si5 (1694.86): caled C 65.20, H 8.56, N 1.65; found: C 65.41,
H 8.40, N 1.78.

(E,E,E,E,E)-3,49,10,15,16,21,22,27,28-Decakis{[ (tert-butyl)dimethylsilyl-
oxy|methyl}-1,30-bis(4-nitrophenyl)triaconta-3,9,15,21,27-pentaene-1,5,7,
11,13,17,19,23,25,29-decayne (5e): Deep yellow solid (0.011 g, 3%); m.p.
227-229°C; 'H NMR (500 MHz, CDCl;): 6 =0.089 (s, 12H), 0.093 (s,
12H), 0.095 (s, 12H), 0.104 (s, 12H), 0.107 (s, 12H), 0.900 (s, 18 H), 0.903 (s,
18H), 0.907 (overlap, 54H), 4.44 (s, 4H), 4.45 (s, 8H), 4.51 (s, 4H), 4.53 (s,
4H), 755 (d, J=9.0Hz, 4H), 820 (d, /J=9.0Hz, 4H); BC NMR
(125.8 MHz, CDCl,): 6 =—5.15, —5.10, 18.36, 18.39, 25.87, 25.88, 63.90,
63.97,82.71, 83.20, 83.26, 83.29, 86.16, 87.31, 87.37 (overlap, 2 signals), 91.61,
100.67, 123.75, 129.68, 130.34, 132.08, 132.44, 132.45, 132.46, 132.75, 147.36;
FT-IR (CHCl;): #=2956 (m), 2933 (m), 2856 (m), 2189 (w), 1594 (m), 1522
(m), 1472 (m), 1463 (m), 1344 (s), 1256 (m), 1106 (m), 1006 (w), 839
(s) em~!; Raman (CHCly): v=2925 (w), 2399 (w), 2163 (m), 1559 (m), 1497
(w), 1342 (w), 1214 (m), 876 (w), 762 (m), 665 (s), 364 (s), 259 (s) cm~!; UV/
Vis (CHClL;): A =423 (112400); MALDI-TOF-MS (THA, AHC): m/z (% ):
2080.7 (79, [M+Na]*), 20572 (55, [M]*; caled 2C;;3CH,,sN,0,,2Sio®Si*:
2057.1), 2000.3 (100, [M — C(CH;)5]*); Cy1oH 75 N,O14Si, (2057.53): caled C
65.38, H 8.72, N 1.36; found: C 65.27, H 8.68, N 1.44.
(E,E,E,E,E,E)-3,4,9,10,15,16,21,22,27,28,33,34-Dodecakis{[ (terz-butyl)di-
methylsilyloxy Jmethyl}-1,36-bis(4-nitrophenyl)hexatriaconta-3,9,15,21,27,
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33-hexaene-1,5,7,11,13,17,19,23,25,29,31,35-dodecayne (5f): Deep yellow
solid (0.009 g, 2%); m.p. 240-242°C; 'H NMR (500 MHz, CDCL;): 6 =
0.087 (s, 24 H), 0.092 (s, 12H), 0.094 (s, 12H), 0.104 (s, 12H), 0.107 (s, 12H),
0.898 (s, 18 H), 0.902 (s, 18 H), 0.905-0.907 (overlap, 72H), 4.44 (s, 8H),
4.45 (s,8H), 4.51 (s, 4H), 4.53 (s, 4H), 7.55 (d, /=9.0 Hz, 4H), 8.20 (d, J =
9.0 Hz,4H); *C NMR (125.8 MHz, CDCl,): 6 = —5.15, —5.11, 18.36, 18.39,
25.88, 63.89, 63.98, 82.71, 83.20, 83.26, 83.30 (overlap, 2 signals), 86.16, 87.30,
8735, 87.38 (overlap, 2 signals), 91.61, 100.67, 123.75, 129.68, 130.34, 132.08,
132.43 (overlap, 2 signals), 132.45, 132.47, 132.75, 147.36; FT-IR (CHCl;):
7=3022 (m), 2957 (m), 2933 (m), 2856 (m), 2189 (w), 1594 (m), 1522 (m),
1472 (m), 1463 (m), 1344 (m), 1261 (m), 1106 (m), 1006 (w), 939 (w), 828
(s) cm™'; Raman (CHCLy): #=12925 (w), 2399 (w), 2162 (m), 1558 (m), 1496
(w), 1343 (w), 1214 (m), 876 (w), 761 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/
Vis (CHCl;): 1 =425 (132300); MALDI-TOF-MS (THA, AHC): m/z (%):
2442.8 (100, [M+Na]*), 2419.3 (46, [M]*; caled '2C5,CH,,N,-
0,681, 7°Si: 2419.3), 2362.8 (79, [M — C(CH;)5]"); CixH,1N,046Si,
(2420.19): caled C 65.51, H 8.83, N 1.16; found: C 65.41, H 8.80, N 1.24.

a.,0-Bis(4-nitrophenyl)poly[ (E)-3,4-bis{[ (tert-butyl)dimethylsilyloxy |me-
thyl}hex-3-ene-1,5-diyne] (5g): Deep yellow/orange solid (0.028 g, 4%);
m.p. >20°C (decoloration from yellow to brown), >240°C (decomp.);
DSC: 193°C (decomp.); 'H NMR (500 MHz, CDCl;): 6=0.08-0.12
(overlap), 0.90-0.91 (overlap), 4.44-4.45 (overlap), 4.51 (brs), 4.53
(brs), 755 (brd, J=89Hz), 820 (brd, J=89Hz); “C NMR
(125.8 MHz, CDCl;, Cr(acac); added): 0 = —5.46 (overlap), 18.05 (over-
lap), 25.57 (overlap), 63.55 (overlap), 82.92 (overlap), 85.84, 87.06 (over-
lap), 91.25, 100.37, 123.49, 129.34 (overlap), 130.00 (overlap), 131.81
(overlap), 132.08 (overlap), 132.40 (overlap), 146.98; FT-IR (CHCL,): v=
3016 (m), 2953 (m), 2930 (m), 2885 (w), 2856 (m), 2399 (w), 1595 (m), 1520
(m), 1472 (m), 1463 (m), 1361 (w), 1343 (m), 1267 (m), 1106 (m), 1006 (w),
838 (s) cm~!; Raman (CHCL): #=23017 (w), 2400 (w), 2158 (m), 1557 (m),
1214 (m), 762 (m), 665 (s), 364 (s), 259 (s) cm~'; UV/Vis (CHCL;): 1 =286
(72300), 437 (191000); MALDI-TOF-MS (IAA): m/z (%): 6066.9 (7,
[M+Na]*; caled '2Cyy03C3Hs5,N,054%Si50°Si¥SiNa*  (n=16): 6068.4),
5708.5 (13, [M+Na]*; caled 2Cyp0*C3Hy1sN,05,281,4°Si*SiNa* (n =15):
5706.2), 5345.3 (18, [M+Na]*; calecd '2Cyg*C3H,5,N,05,2S1,°Si*'SiNa*+
(n=14): 5344.0), 4983.8 (31, [M+Na]t; caled 'Cye"*C3H,50N,O050%-
Si,,@’Si*SiNa* (n =13): 4981.8), 4620.6 (46, [M+Na]*; calcd 2Cyy"*CsHyy-
N,O,¢%Si,*Si*SiNa* (n=12): 4619.6), 4259.2 (74, [M+Na]*; caled
2C,50BCH 00N, 056%81,Si¥SiNat  (n=11):  4256.3), 3896.6 (100,
[M+Na]*; caled 2C,PCyH;45N,0,,28114Si*SiNa*  (n=10): 3894.1),
3533.7 (85, [M+Na]*; caled 12C,o"3C,H;4,N,0,%8i,*SiNa* (n=9):
3529.9); C,1,H;345N,0,,Si,, (n =10, 3870.85): C 65.78, H 9.06, N 0.72; found:
C 65.75, H 9.25, N 0.93; SEC (THEF, 45°C, Rl-detector): M,,=7230, M, =
4390 (M,/M,=1.65).

D-D, D-A, and A-A dimers 4b, 12b, and 5b: TMEDA (0.049 g,
0.06 mL, 0.42 mmol) and CuCl (0.012 g, 0.12 mmol) were added at 20°C to
a solution of 6 (0.11 g, 0.23 mmol) and 7 (0.11 g, 0.23 mmol) in dry toluene
(10 mL, containing 4 A molecular sieves). After the reaction mixuture was
stirred in air for 2 h, an EDTA solution (pH 8, 100 mL) was added and the
mixture was extracted with CH,Cl, until the washings were colorless. The
organic phase was washed with saturated aqueous NaCl solution (100 mL)
and dried (MgSO,). Concentration in vacuo, purification by CC (SiO,-H,
eluent: n-hexane/ethyl acetate 10:1), and preparative thin-layer chroma-
tography (SiO,-60, eluent: n-hexane/ethyl acetate 10:1+1% NEt;)
afforded the pure oligomers 4b (0.028 g, 12%), 12b (see below), and 5b
(0.053 g, 24%).

(E,E)-3,4,9,10-Tetrakis{[ (tert-butyl)dimethylsilyloxy ]methyl}-12-[4-(di-

methylamino)phenyl]-1-(p-nitrophenyl)dodeca-3,9-diene-1,5,7,11-tetrayne
(12b): Deep red solid (0.069¢g, 29%); m.p. 188-189°C; 'H NMR
(500 MHz, CDCL,): 6=0.112 (s, 6H), 0.115 (s, 12H), 0.123 (s, 6H), 0.91
(s,9H), 0.918 (s, 18 H), 0.923 (s, 9H), 2.98 (s, 6 H), 4.51 (s,2H), 4.53 (5,4 H),
4.56 (s, 2H), 6.62 (d, /=9.0 Hz, 2H), 7.31 (d, /=9.0 Hz, 2H), 7.55 (d, J =
8.9 Hz, 2H), 8.19 (d, J=8.9 Hz, 2H); C NMR (125.8 MHz, CDClL;): 6 =
—5.09, —5.08, —5.07, 18.36, 18.40, 18.44, 25.86, 25.89, 25.95, 40.11, 63.90,
63.95, 63.96, 64.33, 81.43, 84.00, 84.37, 85.53, 86.95, 91.84, 100.28, 105.94,
109.65, 111.74, 123.73, 125.77, 129.83, 130.69, 131.92, 132.04, 132.79, 134.80,
14720, 150.45; FT-IR (CHCL;): #=3022 (w), 2956 (m), 2933 (m), 2856 (m),
2167 (m), 1606 (m), 1561 (m), 1522 (m), 1472 (m), 1460 (m), 1344 (s), 1256
(m), 1161 (m), 1106 (m), 1033 (w), 1006 (w), 944 (w), 839 (s); Raman
(CHCly): v=2925 (w), 2399 (w), 2163 (m), 1562 (m), 1342 (w), 1214 (m),
1159 (w), 972 (w), 761 (m), 665 (s), 364 (s), 259 (s); UV/Vis (CHCL): A=
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291 (28500), 399 (53300), 442 (39600, sh); FAB-MS: m/z (%): 966.5 (45,
[M]*; caled PCs,Hg,N,042Si,*: 966.5), 909.4 (5, [M — C(CHs;);]"), 835.4 (11,
[M — OSi(CH;),C(CH;);]*), 72.9 (100, [Si(CH;);]%); CsHgN,OgSiy
(967.61): C 67.03, H 8.54, N 2.90; found: C 66.83, H 8.59, N 2.78.
(E)-3,4-Bis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1-(4-nitrophenyl)hex-3-
ene-1,5-diyne (7): K,CO; (0.23 g, 1.70 mmol) was added to a solution of 10
(0.32 g, 0.57 mmol) in THF/MeOH (30 mL, 1:1). The solution was stirred
for 2 h at 20 °C and extracted with CH,Cl, (200 mL). The organic phase was
washed with saturated aqueous NaCl solution (100 mL), and subsequently
dried (MgSO,). Removal of the solvent in vacuo gave 7 (0.27 g,97 %) as a
pale yellow solid; m.p. 82-83°C; 'H NMR (300 MHz, CDCl;): 6 =0.10 (s,
12H), 0.90 (s, 18H), 3.60 (s, 1H), 4.51 (s, 2H), 4.53 (s, 2H), 7.55 (d, /=
9.0 Hz, 2H), 8.19 (d, /=9.0 Hz, 2H); 3C NMR (75.5 MHz, CDCL,): 6 =
—5.31, —5.25, 18.24, 18.31, 25.73, 25.77, 63.67, 64.01, 80.32, 89.77, 91.29,
98.66, 123.80, 129.92, 130.32, 130.89, 132.15, 147.29; FT-IR (CHCL): =
3300 (m), 3027 (m), 3009 (m), 2958 (m), 2931 (m), 2856 (w), 2439 (w), 2396
(w), 2303 (w), 2192 (w), 1598 (s), 1522 (s), 1472 (w), 1460 (W), 1346 (s), 1265
(m), 1139 (w), 1106 (m), 1006 (w), 932 (w), 894 (w), 855 (m), 838 (s) cm™';
Raman (CHCL): v=2925 (w), 2399 (w), 2197 (w), 2133 (w), 1961 (w), 1572
(w), 1496 (w), 1341 (w), 1214 (m), 1106 (w), 876 (w), 761 (m), 665 (s), 364
(s),259 (s) cm~'; UV/Vis (CHCL;): 4 =270 (8000), 343 (13500); EI-MS: m/z
(%): 428.1 (14, [M — C(CHs;);]*; caled 2C,,H;,NO,2Si,*: 428.2), 84.0 (100),
73.0 (77, [Si(CHj);3]7); CysH3eNO,Si, (485.78): caled C 64.29, H 8.09, N 2.88;
found: C 64.00, H 7.99, N 2.84.

(E)-3,4-Bis{[ (tert-butyl)dimethylsilyloxy Jmethyl}-1-(4-nitrophenyl)-6- (tri-
methylsilyl)hex-3-ene-1,5-diyne (10): A mixture of 8 (0.27 g, 0.61 mmol),
4-iodonitrobenzene  (0.18 g, 0.73 mmol), [PdCL(PPh;),] (0.021g,
0.030 mmol), and Cul (0.007 g, 0.037 mmol, 0.06 equiv) in degassed NEt;
(5 mL) and CH,Cl, (20 mL) was stirred at 20°C for 24 h. The solvent and
NEt; were removed in vacuo, and the resulting residue was passed through
a plug (SiO,-60, eluent: CH,Cl,). CC (SiO,-H, eluent: n-hexane/ethyl
acetate 15:1) of the crude reaction mixture and removal of remaining
4-iodonitrobenzene by crystallization from n-hexane gave pure 10 (0.30 g,
95 %) as a pale yellow solid; m.p. 74-75°C; 'H NMR (300 MHz, CDCl,):
0=0.08 (s, 12H), 0.19 (s, 9H), 0.89 (s, 18 H), 4.47 (s, 2H), 4.52 (s, 2H), 7.53
(d,J=8.6 Hz,2H), 8.17 (d,/ =8.6 Hz, 2H); *C NMR (75.5 MHz, CDCl,):
0=-530, —5.26, —0.38, 18.24, 18.29, 25.77, 63.86, 91.72, 98.79, 101.49,
108.35, 123.76, 129.90, 130.10, 131.44, 132.12, 147.20; FT-IR (CHCL): v=
2956 (m), 2933 (m), 2856 (m), 2200 (w), 2133 (w), 1594 (s), 1522 (s), 1472
(w), 1460 (w), 1344 (s), 1256 (m), 1139 (w), 1106 (m), 1006 (w), 933 (s), 844
(s) em~!; Raman (CHCL;): #=2925 (w), 2399 (w), 2197 (w), 2133 (w), 1961
(w), 1572 (w), 1496 (w), 1341 (w), 1214 (m), 1106 (w), 876 (w), 761 (m), 665
(s), 364 (s), 259 (s) em~'; UV/Vis (CHCl;): 4 =283 (15400), 354 (23800);
EI-MS: m/z (%): 542.3 (0.02, [M — CH;]*; caled 2Cy3H,;sNO,2Sizt: 542.3),
500.2 (10, [M — C(CH3)5]*), 73.0 (100, [Si(CH;);]*); CoHy;NO,Si; (557.96):
caled C 62.43, H 8.49, N 2.51; found: C 62.14, H 8.27, N 2.43.
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Umpolung of the Allylpalladium Reactivity: Mechanism and Regioselectivity
of the Electrophilic Attack on Bis-Allylpalladium Complexes Formed in
Palladium-Catalyzed Transformations

Kalman J. Szabo*[2!

Abstract: The structure and reactivity
of various bis-allylpalladium complexes
occurring as catalytic intermediates in
important synthetic transformations
have been studied by applying density

The theoretical calculations indicate
d,— m* type hyperconjugative interac-
tions occurring in the #5!-coordinated
allyl moiety of the #'y® coordinated
complexes. These hyperconjugative in-

teractions influence the structure of the
complexes and dramatically increase the
reactivity of the double bond in the #!-
moiety. The DFT results indicate a
remarkably low activation barrier for

functional theory at the B3PW91(DZ +
P) level. It was found that 5',%* coordi-

the electrophilic attack on the #5!-allyl
functionality. In bridged #'%* com-

: A Keywords: allylpalladium com- oc
nated bis-allylpalladium complexes are ] plexes, the electrophilic attack occurs
- . plexes - catalysts - density func- . . . .. .
readily formed from the corresponding : : - with a very high regioselectivity, which
: . tional calculations electrophilic . g
7°,p® complexes, especially in the pres- oo ] - can be explained on the basis of d—mn
; ; additions - regioselectivity . o ’
ence of m-acceptor phosphine ligands. type hyperconjugative interactions.
Introduction 2 2
3 N 3 //,‘\\1 43 A 1
Allylpalladium chemistry has become one of the most P} 4 4 P|d ? o F4
successful areas of organometallic catalysis due to its remark- l . \PR 6 8 PR3
. . . 45276 6" \T 3 7
able capacity for continuous renewal. Catalytic transforma- 5 5
tions involving nucleophilic attack on (#*-allyl)palladium  1a 1b 2b

intermediates have been widely applied in a number of
important chemical processes!'~! including allylic substitution
and the oxidation of alkenes and conjugated dienes. However,
recently, catalytic transformations proceeding through an
initial electrophilic attack on bis-allylpalladium complexes
(1-2) have attracted much attention.[*'? Furthermore, it has
been demonstrated that, under catalytic conditions, bisallyl-
palladium complexes can undergo an initial electrophilic
attack on one of the allyl-moieties followed by a nucleophilic
attack on the other one.l» 'l Thus, bisallyl-palladium inter-
mediates can be classified( as catalytic amphiphilic (i.e., both
electrophilic and nucleophilic) species, which are exception-
ally useful reagents in organic synthesis. Since catalytic
transformations proceeding through bis-allylpalladium inter-
mediates provide access to electrophilic reagents, and involve
a remarkable amphiphilic reactivity, these catalytic proce-
dures represent a new dimension for allylpalladium chemistry.

[a] Dr. K. J. Szabo
Department of Organic Chemistry, Arrhenius Laboratory
Stockholm University, 106 91 Stockholm (Sweden)
Fax: (+46)8-15-49-08
E-mail: kalman@organ.su.se
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Bisallyl-palladium intermermediates can be formed in a
number of catalytic reactions. Yamamoto and co-workers!'!
have generated bis-allylpalladium intermediate 1 from allyl-
tributylstannane in the presence of catalytic amounts of
palladium salts [Eq.1]. The bis-allylpalladium complex
formed in this reaction is readily attacked by electrophiles
such as aldehydes and imines without assistance from Lewis

acids.
RCHO

Pd]car
/\/San L, m (1)

i

OH
In another reaction,[®! the bis-allylpalladium intermediate has
been formed from a mixture of allyltributylstannane and
allylchloride in the presence of palladium catalyst. This bis-
allylpalladium intermediate is attacked by an activated olefin
electrophile followed by a nucleophilic attack on the (mono-)-
allylpalladium complex formed [Eq. (2)].

CN
[Pd] Ph ~ N
ca CN
/\/San + /\/Cl ¢ i W
LN
g @)
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The same authors!” describe a catalytic asymmetric allylation
reaction, in which the bis-allylpalladium complex is formed
from a chiral (mono-)allylpalladium complex and allyltribu-
tylstannane [Eq. (3)]. Subsequently, this complex undergoes
electrophilic attack by imines affording allylamines with a
high-level of enantiomeric excess. It has also been shown that,
in these catalytic processes, the allylstannane reagent can be
replaced by allyltrimethylsilanes.®!

Reactive bis-allylpalladium intermediates are also formed
in catalytic processes of great industrial importance, such as in
dimerization and telomerization of conjugated di-
enes.*12 14151 Tsuji and co-workers!> ! have shown that
treatment of butadine with aldehydes leads to formation of
3,6-divinyltetrahydropyranes [Eq. (4)]. This reaction is sup-
posed to proceed through bis-allylpalladium intermediate 2
by employing the amphiphilic reactivity of this complex. In an
analoguous process, in the telomerization of butadiene and
ammonia,l 4 B the bisallylpalladium intermediate 2 is first
protonated by a weak acid or water and then attacked by
ammonia as nucleophile [Eq. (5)].

[Pd] rRcio 7
NN —5 2] — > @
R” O &
[Pd].a H,0
T — S 2] A N (5)
NH 2

3

Mechanistic studies by Yamamoto and co-workers!®l have
shown that (i3-allyl),-palladium complex (1a) can be detected
in the reaction mixture in the palladium-catalyzed reaction of
allylstannanes with aldehydes [Eq.(1)]. Since phosphine
ligands, such as PPh;, are usually also present under the
conditions applied, it was assumed!'¥] that 1a coordinates a
phosphine ligand and the actual substrate of the electrophilic
attack is the #',n3-allylpalladium complex (1b). Jolly and co-
workers!!® studied the mechanism of the palladium-catalyzed
dimerization of butadienes in the presence of phosphine
ligands. Under the conditions applied, the (7°*-octadienyl)-
palladium complex (2a) could not be detected, but formation
of the n!,p-allyl form 2b could be observed at low temper-
ature (—30°C). The authors also studied the reactivity and
regiochemistry of the electrophilic attack on 2b.') It was
found that complex 2b can be protonated by a weak acid,
acetic acid, at —110°C. Furthermore, using AcOD, it could
also be established that the protonation takes place exclu-
sively at the C6 position [Eq. (6)].

(©)
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The above mechanistic studies have revealed two important
features of the electrophilic attack of 1b and 2b: 1) Bis-
allylpalladium complexes display an extremely high affinity
towards electrophiles; and 2) the electrophilic attack takes
place with an unusually high regioselectivity. Feature 1) is
somewhat difficult to understand in the light of the fact that
(mono-)allylpalladium complexes resist protonation even in
the presence of strong mineral acids.'” In fact many
palladium-catalyzed reactions proceeding through (#3-allyl)-
palladium intermediates are conducted in acetic acid at room
temperature without protonation of the allyl moiety.! 2l
Furthermore, standard activated alkens, such as allylsilanes,
do not react with weak acids (such as AcOH), aldehydes, or
imines in absence of Lewis acids at room temperature or at
lower temperatures.[s] Feature 2) is also surprising since the
electrophilic attack is expected at the most nucleophilic,
metallated #'-carbon (C8 position) of 2b.
In recent years numerous theoretical studies have been
published? on the structurel'2%-25271 and reactivity?32 of
(mono-)allylpalladium complexes. The reactivity studies were
restricted to the mechanistic aspects of the nucleophilic attack
on (mono-)allylpalladium intermediates in catalytic process-
es.?-311 However, despite the considerable synthetic and
mechanistic importance of bis-allylpalladium chemistry, there
has been a remarkable absence of high level theoretical
calculations published in this field. Bancroft, Puddephatt, and
co-workers®! assigned the molecular orbitals of 1a from a
combined photoelectron spectroscopy—Xa study. However,
the ligand and substituent effects on the structure of bis-
allylpalladium complexes; the origin of the remarkably high
reactivity toward electrophiles and the electronic effects
responsible for the high regioselectivity in the electrophilic
attack have largely remained unstudied. The present study
was undertaken to investigate these important structural and
mechanistic features by discussing the following questions:
1) What is the coordination state of the allyl ligands in 1 and 2
in the presence of phosphine and other ligands occurring
under the catalytic conditions?

2) How does the m-acceptor/o-donor character of the ligands
influence the stability of the #'’-allylpalladium species?

3) What is the influence of the allylic substituents on the
mode of coordination of the allylic ligands?

4) What electronic effects are responsible for the remarkable
reactivity of 1 and 2 toward electrophiles?

5) What is the origin of the high regioselectivity in the
electrophilic attack ?

In order to answer these questions, density functional
theory (DFT) calculations have been carried out for bis-
allylpalladium complexes 1a—g and 2a—e, and the reactivity
of these species has been studied with acetic acid and
formaldehyde electrophiles (4-9). These calculations also
aim to provide help for the design and development of new
catalytic transformations proceeding through bis-allylpalla-
dium complexes, and therefore particular attention is paid to
the synthetically important structural and reactivity features
of these complexes.

Computational methods: Unless otherwise stated, the geo-
metries were fully optimized employing a Becke-typel3¥

0947-6539/00/0623-4414 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 23





Allyl-Palladium Reactivity

4413-4421

three-parameter density func-
tional model B3PW91. This so-
called hybrid functional in-
cludes the exact (Hartree-
Fock) exchange, the gradient
corrected exchange functional
of BeckelY and the more recent
correlation functional of Per-
dew and Wang.?3 All calcula-
tions have been carried out
using a double-{(DZ) + P basis
constructed from the
LANL2DZ basist**1 by adding
one set of d-polarization func-
tions to the heavy atoms (expo-
nents: C 0.63, N 0.864, O 1.154,
P 0.34) and one set of diffuse
d-functions on palladium (ex-
ponent: 0.0628). Harmonic fre-
quencies have been calculated
at the level of optimization for
all structures to characterise the
calculated stationary points and
to determine the zero-point en-
ergies (ZPE). Fully optimized
transition state structures 4a,
5a, 6a, 7a, 8a, and 9a have
been characterized by a single
imaginary frequency, while the
rest of the fully optimized struc-
tures possess only real frequen-
cies. The charges have been
calculated by the natural bond
orbital (NBO) method by
Weinhold and co-workers.*]
All calculations have been car-
ried out by employing the Gaus-
sian 98 program package.[*"]

3a, AE=0

3b, AE =244

Figure 1. Selected B3PW91/LANL2DZ + P geometrical parameters of bis-allylpalladium complexes (bond

Results and Discussion
optimization are denoted by *.

The B3PW91/LANL2DZ +P

geometrical parameters and en-

ergies of 1-9 calculated in this work are given in Figures 1 and
2, the rotation potentials calculated for 1e and 3a are given in
Figure 3 and the calculated activation energies are displayed
in Figure 4.

Structure and stability of the 73n3-bis-allylpalladium com-
plexes: The parent bis (>-allyl)palladium complex may have
two different configurations: Complex 1a has trans oriented
allyl ligands and possesses C,, symmetry; while in complex
1d, the allyl ligands are cis and the molecular symmetry is C,,.
The bond lengths from the terminal carbon (C,) to palladium
and to the central carbon (C,) are identical in the trans and cis
form. In both complexes the C-Pd-C, angles (110-112°)
deviate by about 20° from 90°, as is preferred in square-planar
sixteen electron complexes.*!l The frans-complex 1a is some-

Chem. Eur. J. 2000, 6, No. 23
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lengths in A, angles in degrees, energies in kcalmol'). Geometrical parameters restricted in the geometry

what more stable (0.7 kcalmol™') than the cis-complex 1d.
According to NMR results,[¥] the dominating species in the
solution of bis(#*-allyl)palladium complexes is the trans-form
1a, however the cis-form 1d can also be detected, because of
the small energy difference.

Only a single cis-oriented form could be obtained for the
(1° ;-octadienyl)palladium complex (2a). This complex pos-
sesses C; symmetry, due to twisting of the ethylene bridge
joining the two 73-coordinated allyl moieties. A comparison of
the structures of 2a and 1d reveals a tremendous angle strain
imposed by the ethylene bridge in 2a. The C1-Pd-C8 angle is
140.2°, deviating by 50° from the 90°-angle favored in square-
planar complexes. The sizeable angle strain is also reflected by
the unusually long Pd—C1(C8) bond lengths (2.28-2.30 A).
On the other hand, the relatively short Pd—C3(C6) bond
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9a, AE¥ =113, 13.5

8b, AE =-16.7, -12.5

Figure 2. Selected B3PW91/LANL2DZ +P geometrical parameters for TS structures and products of the
electrophilic attack by acetic acid and formaldehyde on bis-allylpalladium complexes 1 and 2 (bond lengths in A,
angles in degrees, energies in kcalmol™!). The zero-point vibration corrected energies are given in an italic type

face.

lengths (2.10-2.11 A) can be explained by a favorable C3-Pd-
C6 angle (82.3°).

Structure and stability of the n',773-bis-allylpalladium complex
(1e): Phosphine ligands frequently occur in the reaction
conditions of catalytic transformations proceeding through
bis-allylpalladium complexes. These ligands may react with
7°,p° complexes, such as 1a, leading to the 73 ,'-bis-allylpalla-
dium species, which are the presumed substrates of the
electrophilic attack.!'> 1l Therefore, the study of the structure
and properties of 1',7* complexes, such as 1e, is a prerequisite
for understanding the reactivity of bis-allylpalladium com-

4416 —
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plexes. In the present theoret-
ical studies, the trialkyl- (R=
Me, Bu, iPr) and triarylphos-
phine (R=Ph) ligands em-
ployed under catalytic condi-
tions!® > 13.16] are approximat-
ed by a phosphine (PH;) ligand.
The strong m-acceptor charac-
ter of the phosphine ligand, is
very similar to the electronic
effects of the experimentally
used phosphine derivatives.[*2

Coordination of a PH; ligand
to la (Table1) is a highly
exothermic reaction (AE om,=
—19.2 kcalmol™?). In the spe-
cies formed, 1e, one of the allyl-
moieties is coordinated in an »'-
fashion, which relieves the C3-
Pd-C4 angle strain. As one goes
from 1a to 1le, the C3-Pd-C4
angle decreases by 17°, ap-
proaching the favored ligand-
metal-ligand angle of 90°. The
nl-allyl ligand exerts a large
trans influence on the Pd—Cl1
bond (2.308 A), which is longer
by 0.15 A than the Pd—C3 bond
(2.154 A). Although the C5—C6
bond has a distinct double bond
character, it is somewhat longer
(1.35A) than a typical C=C
double bond (1.33-1.34 A);
this suggests conjugative inter-
actions with the Pd—C4 bond.
Furthermore, the torsional an-
gle 7 (104.8°, measured as Pd-
C4-C5-C6) in 1e allows conju-
gative interactions between the
n-type orbitals of the C5—C6
bond and the o-type orbital of
the Pd—C4 bond (see below).

In order to analyze the na-
ture of the electronic interac-
tions between the C=C double
bond and the Pd—C4 bond in
the n'-coordinated allyl moiety,
a rotation potential as a function of 7 was calculated for 1e
(Figure 3). The rotation potential shows a minimum at 105°,
corresponding to the fully optimized form 1e, and a maximum
at 180° for 1f A decrease in the electronic interactions on
changing 7 from 104° to 180° is clearly reflected by two
factors: 1) the thermodynamic destabilization of the complex
by 6 kcalmol!; 2) a contraction of the Pd—C4 and C5—C6
bonds, and an elongation of the C4—C5 bond in 1f.

9b, AE=-11.8,-7.8

Structure and stability of bridged 5'73-bis-allylpalladium
complexes: Coordination of a PHj ligand to 2a may result in
two different 5',7*-complexes. The formation of 2¢ is highly
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Figure 3. Rotation potentials of 1e and 3a. Energy values are obtained by
freezing the Pd-C4-C5-C6 dihedral angle (z) at different values and
reoptimizing all the other geometrical parameters at the B3PW91/
LANL2DZ + P level.
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Figure 4. Comparison of the activation energies [kcalmol~!] obtained for
the reactions of bis-allylpalladium complexes 1 and 2 with acetic acid and
formaldehyde.

Table 1. Complexation energies calculated for 7°,7*-complexes 1a and 1b.

n** Complex Ligand n'® Complex AE,,,,
1la PH; le —-19.2
1a NH, 1g ~ 80
2a PH; 2¢ —44.1
2a PH; 2d —37.6
2a NH; 2e —-322

[a] AE,,,.,= E(' i7*)— [E(n*p*)+ E(ligand)], in kcalmol .

exothermic with an energy of —44.1 kcalmol™! (Table 1).
Interestingly this complexation energy is almost the same as
the complexation energy of the PHj; ligand to a “naked” (-
allyl)palladium complex (approximately —40 kcalmol™).
Complex 2d is also formed in an exothermic process,
however, the stabilization energy is lower than for 2¢.

In 2¢ C3-.-C8 close a seven-membered ring with palla-
dium, which efficiently relieves the large angle strain of 2a. As
one goes from 2a to 2¢, both C-Pd-C coordination angles
approach the favored angle of 90°: One of them increases
from 82 to 93° and the other decreases from 140 to 103°. On
the other hand, a five-membered ring is formed in 2d; this
implies that considerable angle strain remains in the mole-
cule: one of the C-Pd-C angles remains practically unchanged
(83°) and the other one is only decreased to 112°. The larger
angle strain in 2d than in 2c¢ leads to thermodynamic
destabilization. In addition, in 2d an alkylated internal carbon

Chem. Eur. J. 2000, 6, No. 23

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

(C6) is coordinated to palladium, which further destabilizes
the complex (see above). These destabilizing factors explains
the observation that under experimental conditions[*®! only
the seven-membered complex 2b corresponding to 2¢, has
been found, while analogues of the five-membered ring form
2d has never been detected. The C6-C7-C8-Pd torsion angle
of 2¢ (corresponding to 7 in 1e) is 80.9°, which also allows
electronic interactions to occure between C6—C7 and C8—Pd.

Ligand effects on the stability of the nLn® complexes:
Although, most frequently, m-acceptor phosphine ligands are
applied in catalytic reactions proceeding through bis-allylpal-
ladium intermediates, the influence of ligands with a pro-
nounced o-donor character also has some interesting mech-
anistic implications. Previous theoretical studies have
shown®! that the complexation energy of the purely o-donor
NH; and m-acceptor PH; ligands to the “naked” (#’-allyl)-
palladium complex is approximately the same (about
—40 kcalmol~! per ligand). However, coordination of NH;
to 5, p>-allylpalladium complexes (1a) and (2a) is a much less
exothermic process than coordination of PHj to these species
(Table 1). These results clearly indicate that the #'°-bis-
allylpalladium complexes can be generated more easily from
the corresponding #°°-form by coordination of s-acceptor
ligands, such as phosphines, than by coordination of o-donor
ligands, such as amines. The geometry and conformation (7) of
the #!-coordinated allyl ligand in the amino 1g and 2e and
corresponding phosphine complexes 1e and 2¢ are similar;
this indicates the presence of similar electronic interactions
between the Pd—C bond and the C=C double bond.

Substituent effects on the stability of the n,p3-complexes: The
effects of the allylic substituents depend on the coordination
state (5! or %°) of the allyl moiety. This effect becomes very
important when the 7',73-complexes are formed from unsym-
metrically substituted #?°7%-precursors under catalytic condi-
tions. Methyl substitution of the allylic terminal carbons
(Table 2) in 1e leads to the most stable form, when the
substituent is adjacent to the double bond in the #!-allyl
moiety (R!=Me). When the methyl substituent is attached to
one of the terminal carbons of the 73-allyl moiety, the relative
energy is somewhat higher (1 kcalmol™'). However, methyl
substitution of the metallated carbon in 1¢ (R?=Me) leads to
a considerable destabilization of the complex (4.5 kcalmol!);
this indicates that formation of this complex is less probable
than the formation of other isomers from a monomethyl
substituted 7°7°-complex. When both allylic terminal posi-
tions are methylated, the 7*-disubstituted allyl complex (1c,
R3=R*=Me) is more stable than the isomeric #'-disubsti-
tuted species (1¢, R' =R?*=Me, Table 2).

In addition to the ring strain (see below), the alkyl
substitution also contributes to the destabilization of the
cyclic complex 2d. In this complex, an internal carbon (C6) is
coordinated to palladium closing a strained five-membered
ring. On the other hand, in the other cyclic isomer 2¢, an
unsubstituted terminal carbon is coordinated to palladium
resulting a seven-membered ring providing a more stable
complex.
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Table 2. Relative energy [kcalmol™'] of the methyl substituted complexes 1e¢.

R! R2 R R AE
mono-substitution
Me H H H 0.0
H Me H H 4.5
H H Me H 0.9
H H Me 1.0
di-substitution
Me Me H H 2.7
H H Me Me 0.0

Effects of terminal protonation of the z'-allyl moiety:
Protonation at C6 in 1e leads to a strong direct coordination
of C5 to palladium 3a and an increase of the double bond
character of C4—C5 (1.376 A). Accordingly, the C6 proto-
nated #'-allyl moiety in 3a can be best described as a propene
molecule coordinated to palladium in an #?-fashion. The
value (99.6°) in 3a is similar to the corresponding value in the
unprotonated complex 1e (104.8°).

The rotation potential of 3a as a function of 7 is given in
Figure 3. The maximum of the rotation potential is encoun-
tered at 180° for 3b,[*! similar to the corresponding potential
obtained for le. However, the relative energy of 3b is
24 kcalmol~! above the energy of the fully optimized struc-
ture 3a. Since the interaction between C5 and palladium is
hindered in 3b, the stabilization energy in 3a due to the
coordination of C5 to palladium can be estimated to be
24 kcal mol~. These results has important implications for the
reactivity of C6 in le. An electrophilic attack, such as
protonation, generates an unfilled p,-orbital at the adjacent
carbon (C5), which is involved in a stabilizing interaction with
palladium.

Notably the isomeric form, protonated at the central carbon
(CS5) of 1e, does not represent a minimum on the potential
energy surface. This species undergoes a spontaneous proton
shift affording 3a. This can be explained by the fact that the
C5-protonated form does not benefit from the C5-Pd
interaction stabilizing 3a.

Interactions of the m-type orbitals of the 7'-allyl moiety with
palladium: The above studies revealed that the mt-type MOs of
the n'-allyl moiety in 1e are involved in significant electronic
interactions with the d orbitals of palladium. The rotation
potential calculated as a function of 7 indicates that the
electronic interactions are strongest when the Pd-C4-C5-C6
angle is about 100°, and weakest when this angle is 180°. In 1e,
the electronic interactions involve elongation of the Pd—C4
and C5—C6 bonds and contraction of the C4—CS5 bond (c.f. 1e
and 1f). These stereoelectronic and geometrical features can
easily be explained on the basis of d, — m*-type hyperconju-
gative interactions. When 7 approaches 90°, the d,(C4—Pd)
orbital and the m*(C5—C6) MO are properly aligned for a
side-by-side m-type overlap.
This overlap increases the
C4—C5 bonding, which leads
to shortening of the C4—C5
bond. On the other hand, elec-
tron density is transferred from
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the filled d, to the antibonding m* MO, which leads to
weakening and elongation of the C4—Pd and C5—C6 bonds.
The hyperconjugative interactions can be shut off upon
rotation to the 1f form (z=180°), in which the d,(C4—Pd)
and nt*(C5—C6) MOs are orthogonal. The electron density
transfer to the m*(C5—C6) MO is also reflected by the
electronic charges of 1f and 1e. As one goes from 1f to the
conjugated form 1le, the group charge on the double bond
(CH,;=CH) is increased from —0.048 to —0.086 e.

The electronic interactions in the protonated form 3a are
also related to the hyperconjugative interactions in 1le. For
example, the conformational requirements (7) of the inter-
actions in 1e and 3a are the same. However, the protonation
in 3a leads to very strong interactions between C5 and
palladium, involving rehybridization of C4. As a consequence,
the interaction between C4—C5 and palladium corresponds to
a standard 7’-type olefin—palladium bonding.[*"*-#] Since
the protonation is the simplest electrophilic attack, one can
expect that the structure and stability of the transition state in
the electrophilic attack are determined by electronic effects
intermediate to the d—s interactions present in 1e and 3a.
Since the stereoelectronic requirements of these interactions
are the same, it can be expected that the preferred con-
formation of the allyl moiety attacked is encountered when t
is approximately 90°.

Reactions of the bis-allylpalladium complexes with electro-
philes: Investigation of the reactivity of bis-allylpalladium
complexes toward electrophiles has involved calculation of
the transition state (TS) structures and activation energies for
the reaction of several above discussed complexes with acetic
acid and formaldehyde (Figure 2). Acetic acid is a simple
electrophilic reagent, and its reaction with 2b is experimen-
tally well documented.'! Formaldehyde is considered as a
model substrate for the aromatic and aliphatic aldehydes and
ketones frequently used as reactants in the catalytic proc-
eSSeS.[S' 11, 13]

Reaction of acyclic bis-allylpalladium complexes with acetic
acid: In the TS structure (4a) obtained for the electrophilic
attack of acetic acid on 1le, the acetate is syn to palladium.
This geometry also involves electrostatic interactions between
the acetate ion and the metal atom, which stabilize the TS
structure. The 7 angle is 87° ensuring the stereoelectronic
requirements of the d—u type hyperconjugative interactions.
These interactions are apparently more intensive than in the
parent le complex, as shown by the elongation of Pd—C4
(2.195 A) and C5-C6 (1.418 A) and shortening of C4—C5
(1414 A). A partial #? coordination is indicated by the
relatively short Pd—C5 distance (2.688 A). The activation
barrier of the reaction is unusually low (3.2 kcal mol~!), which
can be explained by the above discussed stabilizing factors:
electrostatic OAc—Pd interaction, and d—m type hypercon-
jugative interactions. In the reaction product (4b), C4—C5 is
n?-coordinated to palladium and the structure of the complex
is very similar to that of 3a. The acetate ion is weakly
coordinated to the fifth coordination place of palladium.
However, the long Pd—O distance (2.385 A) indicates that this
coordination is much weaker than the usual in plane
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coordination of an acetate, where the typical Pd—O distance is
about 2.11 A 1

The TS structure for the reaction of the 7%°-complex 1a
and acetic acid was also localized (5a). Interestingly, in 5a, the
conformation and geometry of the allyl moiety attacked is
about the same as in 4a, indicating that the electrophilic
attack at the 73-coordinated allyl proceeds through the initial
formation of the #!-allyl moiety. The free coordination site
generated by the #* — ! transformation is occupied by the
acetate ion. The activation barrier (Figure 4) of the electro-
philic attack on 1a is much higher (11 kcalmol~!) than that of
the corresponding reaction involving the #7l7%-complex 1e
(3 kcalmol~!). As has been shown above (Table 1), coordina-
tion of o-donor ligands, stabilizes the #',5° complexes much
less than coordination of m-acceptor ligands, which probably
accounts for the high activation energy calculated for the
reaction involving Sa.

Reaction of 2 ¢ with acetic acid: The #'-allyl moiety of 2¢ can
be attacked both at the C6 position and at the metallated
carbon (C8), leading to two different regioisomers. The C6
attack proceeds through TS structure 6a with a low activation
barrier of 6.5 kcalmol~'. On the other hand, the C8 attack
involving 7a as a TS requires a considerably higher activation
barrier of 10.3 kcalmol~. In both TSs, the conformation and
geometry of the n'-allyl moiety is similar to that discussed for
the acyclic complex 4a; this indicates that the driving force of
the reaction is the maximalization of the d—m type hyper-
conjugative interactions. In 6a C7 is able to coordinate to
palladium without significant changes of the C3..-C8—Pd
seven-membered ring structure. However, in the TS structure
of the C8 attack (7a) the d-m interactions bias a five-
membered ring involving C3-.-C6—Pd atoms. The five-
membered ring in 7a is more strained than the seven-
membered ring formed in the C6 attack (6a), which increases
the activation barrier. In addition, the metallated carbon (C6)
of the n'-moiety in 7a bears an alkyl substituent, which is also
destabilizing (see below).

The seven-membered ring structure is fully developed in
the product of the C6 attack (6b) and a five-membered ring
structure can be found in the product of the C8 attack (7b).
The five-membered ring structure 7b is less stable by
4.8 kcalmol~! than its isomer 6b. This energy difference is
similar to the stability difference of 6.5 kcalmol~! calculated
for the unprotonated five- and seven-membered species 2¢
and 2d (Figure 1). Clearly, the seven-membered ring structure
is most stable in both the parent compound (2¢) and the TS
structure (6a), which significantly contributes to the high
regioselectivity of the electrophilic attack.

The above results on the facile and regioselective proto-
nation of 2¢ with acetic acid are in good agreement with the
findings of Jolly and co-workers.l'! According to these
authors, analogues of 2¢ are protonated at the C6 position
even at very low temperature [Eq. (6)]. Furthermore, low
temperature NMR studies!'! indicate that in the product of
protonation, the acetate ion coordinates to the fifth coordi-
nation position of palladium, while the terminal double bond
and the phosphine ligand lie in the coordination plane of
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palladium. All these structural features are also clearly
displayed in product 6b.

Reactions with formaldehyde: The electrophilic attack of
formaldehyde on 1e and 2 ¢ involves TS structures 8a and 9a,
respectively. The key conformation (7) and geometry features
of the n'-allyl moiety in these TS structures are the same as in
the corresponding TS structures of the protonation reaction
(4a and 6a). Furthermore, although the activation barriers are
higher (7.5 and 13.5 kcal mol™!) than in the protonation, these
activation energies are still low considering the weak electro-
philicity of CH,O toward alkenes.

The relatively low activation energies are in accordance
with the experimental findings that catalytic reactions involv-
ing attack by aldehydes and ketones on bis-allylpalladium
complexes [Eq.(1) and (4)] occur at room temperature
without participation of Lewis acids.® ¥l The fact that the
C6 position of 2 ¢ can be attacked with a low activation energy
through TS structure 9a, incorporating a seven-membered
ring unit, explains the observation of Tsuji and co-workers(!!]
that, in telomerization of butadiene with aldehydes [Eq. (4)],
only six-membered ring (3,6-divinyltetrahydropyrane) is
formed instead of an eight-membered ring, which would be
expected in case of a C8 attack.

In the products of the formaldehyde attack (8b and 9b), the
resulting alkoxide group moves in the coordination plane of
palladium, displacing the alkene moiety. Under catalytic
conditions, this alkoxide group may undergo nucleophilic
attack at C3 providing 3,6-divinyltetrahydropyranes [Eq. (4)].

Relevance of this study in the chemistry of bis-allylpalladium
complexes

Structure and stability of the bis-allylpalladium complexes:
The two #7*-coordinated allyl moieties impose considerable
ring strain on 1a and in particular on 2a. This ring strain can
be relieved by coordinating a spectator ligand involving the
change of the coordination state of one of the allyl moieties. In
ethylene bridged #',5° complexes, the seven-membered form
(2¢) is more stable than the isomeric five-membered ring
form. Spectator ligands with a m-acceptor character, such as
phosphine, stabilize the 5',7* complexes more than o-donor
ligands, such as ammonia (Table 1). The effects of alkyl
substituents on the stability of the #',5* complexes depend on
the coordination state of the substituted allyl moiety. Alkyl
substituents at the metallated terminal carbon (C4 in 1b)
destabilize the complex.

The double bond in the #',%* complexes is involved in d, —
m* type hyperconjugative interactions with palladium. These
interactions influence the structure and stability of the
complexes. The structural effects involve: elongation of the
Pd—C4 and C5—C6 bonds and shortening of the C4—C5 bond
as well as a distinct conformation for the #'-allyl moiety (z ~
100°). The hyperconjugative interactions thermodynamically
stabilize the complexes up to 6 kcalmol~'. Protonation of the
terminal position of the #!-allyl moiety (C6 in 1b) leads to
coordination of the C5 carbon to palladium resulting in an 7>
coordinated species, such as 3a.
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Reactivity of the bis-allylpalladium complexes: Electrophiles,
such as weak acids and aldehydes, attack the 7' moiety of the
bis-allylpalladium complexes with a remarkably low activa-
tion energy. The electrophilic attack is facilitated by three
important factors: the highly exothermic #*— #' conversion
of one of the allyl moieties, especially in the presence of -
acceptor phosphine ligands, the presence of intensive d, — mt*
type hyperconjugative interactions in the #'-allyl moiety, and
interactions between the electrophile and palladium in the TS
of the electrophilic attack. In absence of m-acceptor phos-
phine ligands the electrophilic attack proceeds trough the
initial formation of an #x'%’ complex, in which the free
coordination site is occupied by a counter ion (5a) or a solvent
molecule. The TS geometry in this attack is very similar to the
TS structure of the phosphine assisted reaction (c.f. 4a and
5a), however the activation energy is considerably lower,
when a m-acceptor phosphine ligand is coordinated to
palladium (Figure 4).

In contrast to bis-allylpalladium complexes, common cata-
lytic (mono-)allylpalladium intermediates do not react with
electrophiles. This can be ascribed to two important differ-
ences: in (mono-)allylpalladium complexes the #*— ' con-
version is endothermic even in the presence of m-acceptor
phosphine ligands;*? and in the absence of a strong 7 —donor
ligand (such as the #3-allyl ligand in 1e or 2¢) the d,— m*
hyperconjugative electron donation in the #'-moiety of a
(mono-)allylpalladium complex is less effective than this type
of hyperconjugation exerted in an #'3-bis-allylpalladium
species.

The bridged complex (2¢) is attacked exclusively at the C6
position in a process proceeding through the TS structure 6a
incorporating a C3 .-« C8—Pd seven-membered ring. Attack at
the C8 position has a higher activation energy since the
corresponding TS (7a) has a strained five-membered ring
structure. Considering the stability of the isomeric bridged
complexes (2¢ and 2d) and the topological preference of the
TS structures, an exceptionally high C6 regioselectivity can be
predicted for the electrophilic attack on bridged #73-bis-
allylpalladium complexes.

Conclusion

This theoretical study describes the structure and reactivity of
two main types of bis-allylpalladium complexes (1b and 2b)
that are catalytic intermediates in important synthetic trans-
formations [Eq. (1) to (5)]. The structure and reactivity of the
complexes is strongly influenced by d,— m* type hyper-
conjugative interactions occurring in the 7!-coordinated allyl
moiety in 1b and 2b. These hyperconjugative interactions
remarkably increase the reactivity of the double bond in the
n'-moiety and enhance the regioselectivity of the electrophilic
attack.

Acknowledgement

This work was supported by the Swedish Natural Science Research Council
(NFR). The calculations were done at the IBM SP2 parallel computer
facility of the Parallelldatorcentrum (PDC) at the Royal Institute of
Technology, Sweden. The author thanks the PDC for a generous allotment
of computer time.

4420

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

[1] J. Tsuji, Palladium Reagents and Catalysis: Innovations in Organic
Synthesis, Wiley, Chichester, 1995.

[2] S. A. Godleski, Comprehensive Organic Synthesis, Vol. 4 (Eds.: B. M.
Trost, I. Fleming), Pergamon, New York, 1991, Chapter 3.3.

[3] P.J. Harrington, Comprehensive Organometallic Chemistry 11, Vol. 12
(Eds.: E. W. Abel, F. Gordon, A. Stone, G. Wilkinson, R. J. Pudde-
phatt), Elsevier, New York, 1995, p. 797.

[4] J-E. Béckvall, Metal-catalyzed Cross Coupling Reactions, VCH,
Weinheim, 1998.

[5] B. M. Trost, Acc. Chem. Res. 1980, 13, 385.

[6] H. Nakamura, J.-G. Shim, Y. Yamamoto, J. Am. Chem. Soc. 1997, 119,
8113.

[7] H. Nakamura, K. Nakamura, Y. Yamamoto, J. Am. Chem. Soc. 1998,
120, 4242.

[8] K. Nakamura, H. Nakamura, Y. Yamamoto, J. Org. Chem. 1999, 64,
2614.

[9] K. Ohno, J. Tsuji, Chem. Commun. 1971, 247.

10] J. Kiji, K. Yamamoto, H. Tomita, J. Furukawa, J. Chem. Soc. Chem.
Commun. 1974, 506.

11] K. Ohno, T. Mitsuyasu, J. Tsuji, Tetrahedron 1972, 28, 3705.

12] Y. Inoue, Y. Sasaki, H. Hashimoto, Bull. Chem. Soc. Jpn. 1978, 51,
2375.

13] H. Nakamura, H. Iwama, Y. Yamamoto, J. Am. Chem. Soc. 1996, 118,
6641.

14] T. Mitsuyashu, M. Hara, J. Tsuji, J. Chem. Soc. Chem. Commun. 1971,
345.

15] T. Prinz, B. Driessen-Holscher, Chem. Eur. J. 1999, 5, 2069.

16] R. Benn, P. W. Jolly, R. Mynott, B. Raspel, G. Schenker, K.-P. Schick,
G. Schrot, Organometallics 1985, 4, 1945.

17] J.-E. Béckvall, J. O. Vagberg, J. Org. Chem. 1988, 53, 5695.

18] E. Hupe, K. Itami, A. Aranyos, K. J. Szabo, J.-E. Béckvall, Tetrahe-
dron 1998, 54, 5375.

19] K. J. Szabd, Chem. Eur. J. 1997, 3, 592.

20] K.J.Szabo, E. Hupe, A. L. E. Larsson, Organometallics 1997, 16, 3779.

21] J.-E.Biéckvall, J.-E. Nystrom, R. E. Nordberg, J. Am. Chem. Soc. 1985,
107, 3676.

22] J. E. Bickvall, S. E. Bystrom, R. E. Nordberg, J. Org. Chem. 1984, 49,
4619.

23] I Fleming, J. Donoguéz, R. Smithers, Org. React. 1989, 37, 57.

24] A. Dedieu, Chem. Rev. 2000, 100, 543.

25] K.J. Szabd, Organometallics 1996, 15, 1128.

26] K.J. Szabd, J. Am. Chem. Soc. 1996, 118, 7818.

27] S. Sakaki, K. Takeuchi, M. Sugimoto, Organometallics 1997, 16, 2995.

28] K.J. Szabd, Organometallics 1998, 17, 1677.

29] B. Biswas, M. Sugimoto, S. Sakaki, Organometallics 1999, 18, 4015.

30] H. Hagelin, B. Akermark, P-O. Norrby, Chem. Eur. J. 1999, 5, 902.

31] V. Branchadell, M. Moreno-Maiias, F. Pajuelo, R. Pleixats, Organo-
metallics 1999, 18, 4934.

32] S. Sakaki, H. Satoh, H. Shono, Y. Ujino, Organometallics 1996, 15,
1713.

33] X.Li, G. M. Bancroft, R. J. Puddephatt, Z. F. Liu, F. Hu, K. H. Tan, J.
Am. Chem. Soc. 1994, 116, 9543.

34] A.D. Becke, J. Chem. Phys. 1993, 98, 5648.

35] J. P. Perdew, Y. Wang, Phys. Rev. B 1992, 45, 13244.

36] T.H. Dunning, P.J. Hay, Modern Theoretical Chemistry, Vol.3,
Plenum, New York, 1977.

37] P.J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270.

38] P.J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 299.

39] A.E.Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899.

40] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb,
J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, R. E. Strat-
mann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Daniels, K. N.
Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M. Cossi, R.
Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. Ochterski,
G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V.
Ortiz, B. B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi,
R. Gomperts, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y.
Peng, A. Nanayakkara, C. Gonzalez, M. Challacombe, P. M. W. Gill,
B. Johnson, W. Chen, M. W. Wong, J. L. Andres, C. Gonzalez, M.
Head-Gordon, E.S. Replogle, J. A. Pople, Gaussian 98, Gaussian,
Inc., Pittsburgh PA, 1998.

0947-6539/00/0623-4420 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 23





Allyl-Palladium Reactivity 4413-4421

[41] T. A. Albright, J. K. Burdett, M.-H. Whangbo, Orbital Interactions in [44] J.E. Hay, J. Am. Chem. Soc. 1981, 103, 1390.
Chemistry, Wiley, New York, 1985. [45] J.-E. Bickvall, E. E. Bjorkman, L. Pettersson, P. Siegbahn, J. Am.
[42] 1. Macsari, K. J. Szabd, Organometallics 1999, 18, 701. Chem. Soc. 1984, 106, 4369.
[43] When 7 is restricted at 180° the geometry optimizitaion leads to [46] A. Aranyos, K. J. Szabd, J.-E. Béckvall, J. Org. Chem. 1998, 63, 2523.
cleavage of the Pd—C4 bond. In order to estimate the conformational
energy of this form the Pd—C4 bond was also restricted at 2.426 A,
which is the optimized Pd—C4 bond length in the 7 =150° conformer. Received: April 13,2000 [F2422]

Chem. Eur. J. 2000, 6, No. 23 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000 0947-6539/00/0623-4421 $ 17.50+.50/0 4421






FULL PAPER

Ion Chemistry of anti-o0,0’-Dibenzene
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Dedicated to Professor Henning Hopf on the occasion of his 60th birthday

Abstract: The ion chemistry of anti-
0,0’-dibenzene (1) was examined in the
gaseous and the condensed phase. From
a series of comparative ion cyclotron
resonance (ICR) mass spectrometry ex-
periments which involved the interac-
tion of Cu' with 1, benzene, or mixtures
of both, it was demonstrated that 1 can
be brought into the gas phase as an
intact molecule under the experimental
conditions employed. The molecular
ions, formally 1'" and 1'~, were inves-
tigated with a four-sector mass spec-
trometer in metastable-ion decay,
collisional activation, charge reversal,

cyclization to yield two benzene mole-
cules was not dominant for the long-
lived molecular ions; however, other
fragmentations, such as methyl and
hydrogen losses, prevailed. In contrast,
matrix ionization of 1 in freon (77 K) by
y-radiation or in argon (12 K) by X-ir-
radiation leads to quantitative retrocy-
clization to the cationic dimer of ben-
zene, 2. Theoretical modeling of the
potential-energy surface for the retro-
cyclization shows that only a small, if

Keywords: dibenzene - cyclorever-
sions - gas-phase chemistry - mass

any, activation barrier is to be expected
for this process. In another series of
experiments, metal complexes of 1 were
investigated. 1/Cr* was formed in the
ion source and examined by metastable
ion decay and collisional activation ex-
periments, which revealed predominant
losses of neutral benzene. Nevertheless,
comparison  with the bis-ligated
[(C¢Hg),Cr]™ complex provided evi-
dence for the existence of an intact
1/Cr* under these experimental condi-
tions. No evidence for the existence of
1/Fe* was obtained, which suggests that
iron mediates the rapid retrocyclization

and neutralization — reionization experi-
ments. Surprisingly, the expected retro-

Introduction

Since the first synthesis of anti-0,0’-dibenzene (1) in 1969,
there has been a great deal of scientific interest in this
molecule.?) In particular, the propensity of 1 to exothermi-
cally dissociate into two benzene molecules has been a focus
of attention. Most of this work has dealt with the nature of the
symmetry-forbidden retrocyclization. In this context, photo-
induced, thermally-induced, concerted and stepwise mecha-
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of 1/Fe" into the bis-ligated benzene
complex [(C4H,),Fe]™.

nisms have been discussed.” In very recent work, a model has
been proposed which involves electron transfer (ET) catalysis
for the [2+42] cycloreversion of 1.1 This is of special interest
because one of the most important pericyclic reactions of
radical cations is the [2+42] cycloreversion of cyclobutane
derivatives, which was the first class of pericyclic reactions
recognized to be catalyzed by ET. Indeed, ET accelerates
the rate of the reaction 1 — 2 C¢Hy by at least five orders of
magnitude relative to the thermal process.”!

Inspired by the proposal of a radical-cation intermediate for
the [2+2] cycloreversion of 1, we examined the ion chemistry
of anti-o,0'-dibenzene by mass spectrometric techniques as
well as by matrix isolation in order to probe the behavior of
ionized 1 in different environments. In order to understand
this process, it is important to realize that, in analogy to
cyclobutane, cycloreversion of 1" does not lead directly to
dissociation, because benzene and its radical cation form a
complex 2 that is bound by =20 kcalmol L8 Under
collisionless conditions in the gas phase, the exothermicity
of the cycloreversion and the gain in entropy will provide
sufficient driving force for the dissociation of 1°* into the
C¢Hg" ion and neutral C¢Hg; however, at higher pressures, or
in the condensed phase, the reaction is likely to stop at the
stage of the complex 2**.

0947-6539/00/0623-4422 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 23





4422-4430

Experimental Section

Compound 1 was synthesized in 13% overall yield from commercially
available cis-3,5-cyclohexadiene-1,2-diol as reported previously.* After
synthesis, the compound was stored and transported at — 78 °C. Evacuation
in the vacuum lock prior to introduction into the mass spectrometer or the
vacuum line of the matrix-isolation apparatus is safely assumed to remove
any benzene contained in the samples.

Most of the gas-phase experiments were performed with a modified VG-
ZAB-HF/AMD 604 four-sector mass spectrometer of BEBE configuration
(B and E stand for magnetic and electric sector, respectively), which has
been described elsewhere.”) The ions of interest were generated by electron
ionization (EI, 70 eV) or chemical ionization (CI) of appropriate precur-
sors; [Cr(CO),] and [Fe(CO)s] acted as the metal sources. On account of
the volatility of 1 at 10-° mbar, its thermal instability,*) and the need to
gently warm the sample in the probe tip to ~35°C by the ion-source
heating (200 °C), useful ion intensities lasted only for a few minutes. During
this period, a signal at m/z 156, which formally corresponds to the radical
cation 1'%, was observed under EI conditions. The subsequent disappear-
ance of this particular signal provides strong evidence for the origin of the
m/z 156 from 1 rather than from any possible (less volatile) impurity of the
sample. After acceleration to 8 keV, the ions of interest were mass-selected
by using B(1)/E(1) at a resolution of m/Am > 4000, which was sufficient to
resolve most of the other isobaric species. In some cases, for example
1/[Cr(C¢H;D5)]*, isobaric interferences were present; however, their
contributions to the spectra could be deconvoluted by comparison with
the spectra of isotopologues and background signals that remained after
decomposition of 1. Note that contributions that result from the natural
abundance of *C were fully acknowledged in all experiments.

The ion structures were probed by various MS/MS experiments.!"'!
Unimolecular dissociations of metastable ions (MI) in the field-free region
preceding B(2) were monitored by scanning this sector. Collisional
activation (CA) spectra were obtained similarly, with helium as a target
gas (80% transmission, 7) in the field-free region preceding B(2).
Likewise, charge stripping (CS) experiments were performed with oxygen
(80% T) instead of helium. For neutralization —reionization of cations via
neutrals to cations (*NRT), two collision cells in the field-free region
preceding B(2) were used, of which the first contained xenon (80 % T) for
neutralization, and—after deflection of the remaining ions—the second
contained oxygen (80% 7)) for reionization. Neutralization —reionization

Abstract in German: Die lonenchemie von anti-o,0'-Dibenzol
1 wurde sowohl in der Gasphase als auch in kondensierter
Phase untersucht. Ionen-Cyclotron-Resonanz-Massenspektro-
metrie mit Hilfe von Cu*-Ionen zeigten, dass 1 unter den
experimentellen Bedingungen als intaktes Molekiil in der
Gasphase existiert. Die Molekiilionen, formal 1" und 1,
wurden mit einem Viersektor-Massenspektrometer untersucht
und verschiedenen Stofiexperimenten unterworfen. Erstaunli-
cherweise war die erwartete Retrocyclisierung, die zu zwei
Benzolmolekiilen fiihren sollte, nicht der Hauptprozess, son-
dern andere Fragmentierungen, wie Methyl- und Wasserstoff-
verluste iiberwogen. Im Gegensatz dazu fiihrte die Matrix-
ionisierung von 1 durch y-Strahlung in freon (77 K) oder
durch Rontgenstrahlung in Argon (12 K) zu quantitativer
Retrocyclisierung unter Bildung des kationischen Benzoldi-
mers, 2%, Die theoretische Modellierung der Retrocyclisie-
rungs-Potentialenergiefliche zeigt, dass eine nur geringe Bar-
riere fiir diesen Prozess erwartet werden kann. In einer weiteren
Reihe von Experimenten wurden kationische Metallkomplexe
von 1 untersucht. Gasphasenexperimente ergaben, dass im
Falle des Chroms der Komplex 1/Cr* erzeugbar war, wihrend
fiir Eisen eine schnelle Retrocyclisierung zum bisligierten
Benzolkomplex [(C4H,),Fe]™ vorherscht.
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of anions via neutrals to cations ("NR*) was performed in a similar manner,
except that oxygen was used in both collisions (80 % T, each). For charge
reversal of B(1)/E(1) mass-selected anions (“CR*) oxygen (80% T) was
also used as a collision gas. In all cases, the resulting mass spectra were
recorded by scanning B(2).

Additional gas-phase studies were performed with a Spectrospin CMS 47X
Fourier transform ion cyclotron resonance (FTICR) mass spectrometer
equipped with an external ion source and a superconducting magnet (max.
7.05 T).I'- 21 The aim of these studies was to investigate whether 1 can be
brought into the gas phase as an intact molecule or if it decomposes before
it reaches the analyzer region under the experimental conditions employed
(see below). To this end, experiments were performed with mass-selected
%Cu*, which was generated by laser desorption/laser ionization!"?l of a
copper target followed by transfer of the ions to the ICR cell and mass
selection. Cut was treated with a pulsed-in ~100:1 mixture of argon and
cyclohexane in order to generate the [Cu(c-C4H,)]* association com-
plex,l"l which can serve as a probe for the neutral gases present in the
FTICR cell from ligand-exchange reactions.”>! Neutral 1 and [D¢]benzene
were introduced through leak valves at pressures in the range of 1078 to
1077 mbar; the vial containing solid 1 was kept in an ice bath during the
measurements.

For the matrix experiments, 1 was either dissolved to a concentration of
1072m in a mixture of CFCl; and CF,BrCF,Br (“freon mixture”) or co-
deposited with an equimolar amount of CH,Cl, (acting as an electron
scavenger) and a ~1000-fold excess of Ar on a Csl plate held at 20 K
(because of the low volatility of 1, this was effected by passing a stream of
Ar/CH,CI, over a sample of 1 held at —28°C in a U-tube attached to the
inlet system of the cryostat). Ionization of the solvents was effected by
exposure of the freon solutions to 0.5 Mrad of MeV *“Co y-rays, or by
exposure of the Ar matrices to keV X-irradiation as described in detail
earlier.l'") Subsequent hole transfer from the matrix leads to ionization of
the substrate 1, whereas electrons are trapped by the freon, or by CH,Cl, in
the case of the Ar matrix experiments. Electronic absorption spectra were
recorded with a Perkin-Elmer Lambda 900 instrument.

In the computational studies, geometry optimizations of 1" and its
rearrangement products were carried out by the B3LYP hybrid density
functional method!"”! with the 6-31G* basis set to model the one-electron
density and/or by the CASSCF method with an ANO basis set. All
stationary points located by B3LYP were subjected to analysis by second-
derivative calculations. The DFT calculations were carried out with the
Gaussian 98 program.['l CASSCF geometry optimizations and subsequent
CASPT2 single-point calculations!™ were performed with an active space
of nine electrons in ten molecular orbitals (MOs), to ensure that the same
type of MOs always remained in the active space to ascertain continuity of
the potential-energy surfaces. These calculations were carried out with the
MOLCAS program,?! with the DZ[C]3s2p1d/[H]2s ANO basis set of
Widmark et al.l?!

Results and Discussion

Inspired by the dramatic acceleration of the [2+2] retrocy-
clization of 1 upon electron transfer in solution,’! we choose
to examine the stability of 1'* by two different spectroscopic
methods as well as with ab initio theory.

Stability of 1: A fundamental prerequisite for the investiga-
tion of 1 was to prove that it reaches the analyzing volume as
an intact molecule under the experimental conditions chosen.
This concern is by no means trivial, and three aspects require
serious consideration: i) Compound 1 is a thermolabile
compound and decomposes at room temperature with a free
energy of activation of 24.8 4 1.6 kcalmol'.P As typical
storage temperatures of the sample in the inlet systems were
—28°C in the matrix experiments, 0°C in the FTICR, and
35°C in the sector mass spectrometer, partial thermal
degradation is thus to be expected. ii) The inlet systems of
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the mass spectrometers used are made of stainless steel, which
could potentially induce retrocyclization by surface cataly-
sis.?? iii) By definition, 1 is isobaric with the dimer of two
benzene molecules, that is, the product of a [2+2] cyclo-
reversion. A prime topic was therefore to establish that the
experimental methods indeed sampled intact 1, rather than
benzene.

The electron ionization (EI) mass spectrum of 1 shows a
[Ci2,Hy,]  radical cation at m/z 156. While the EI spectrum of
benzene does not show a signal at m/z 156, its mere
observation cannot be regarded as proof for the existence of
genuine 1'" because the sample might undergo retrocycliza-
tion either before or upon ionization to yield the ionized
benzene dimer 2" (Scheme 1).2%24 A more specific mass-
spectrometric probe must therefore apply an ionization

,Tr
< _%

1/m*

<o

T+
\_‘_/ \< a z

[M(CeHe)2]" L[M(CeHe)]"

o+

=

2™ 3

0
U

Scheme 1. Structures of the radical cations and complexes discussed.

method which is as soft as possible. For this purpose, metal-ion
chemistry was applied, in particular, the reactions of the
cyclohexane [Cu(c-C¢Hy,)]t complex.'s) Copper was chosen
because of its good propensity for the formation of association
complexes,l'¥ while it is rather unreactive as far as ligand
activation is concerned because of its closed 3d shell.? This is
essential because in probing the presence of 1in the gas phase,
cationization should not enforce the exothermic [2+42] cyclo-
reversion of 1 to two benzene molecules. In order to lower the
internal energy content of putative 1/Cu*, instead of the bare
copper cation, its complex with cyclohexane was used so that
1/Cu* could only be formed by the exchange of the cyclo-
hexane ligand present in [Cu(c-C¢H;,)]". Thus, part of the
binding energy D(1-Cu*) is consumed by decomplexation of
the cyclohexane ligand. In consequence, [Cu(c-C¢H;,)]t can
be regarded as a very soft agent for the cationization of
neutral molecules, provided that these are able to replace
cyclohexane as a ligand.[">]

4424
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When [Cu(c-C¢Hy,)]" is treated with the vapor over solid 1
under ICR conditions, [Cu,C4,H¢]* and [Cu,Cy,,Hyp]t are
initially formed in a =9:1 ratio. The former ion is most
certainly the benzene complex [Cu(C4Hg)]", formed by ligand
exchange of [Cu(c-C¢H;,)]" with the neutral benzene formed
prior to association with copper and/or generated by Cu*-
mediated retrocyclization of 1. The [Cu,C;,H;,]" ion could be
intact 1/Cu* and/or the bis-(benzene) complex [Cu(C¢Hg),]*.
Formation of the latter is indeed indicated by the fact that
[Cu(C4Hg)]* yields [Cu,Cy,,Hyp]* at longer reaction times,
which could be explained by the association of [Cu(C¢H,)]*
with another benzene molecule. Similar consecutive associa-
tions of arene ligands to metal cations in the gas phase have
been observed repeatedly and appear to be quite general.[?]
Note, however, that in none of these previous studies more
than two benzene ligands, namely [M(C¢Hg),|" with n>2,
were found to attach to the metal center; not even in flow-
tube experiments that involve typical operating pressures in
the mbar regime.*® Nevertheless, kinetic analysis and
double-resonance experiments reveal that some fraction of
[Cu,C,,Hyy|" is formed directly from [Cu(c-C¢Hy,)]™; this
indicates that intact 1 was present as a neutral species.
However, even if 1 is present as a neutral species, the
[Cu,Cy,,Hyy|" species may entirely consist of [Cu(CgHg),]"
formed by ligand exchange followed by retrocyclization,
rather than intact 1/Cu*. The subsequent reactions of
[Cu,Cy,,Hyp]t provided further information: [Cu,Cig,Hyg]"
and [Cu,C,,H,,]" were formed at longer reaction times. If
these products were benzene ligands formed by retrocycliza-
tion, they would correspond to the tris- and tetrakis-benzene
complexes [Cu(CgHy), ]t (n =3, 4), which have no precedents
in the gas phase with copper or any other transition metal.!
If intact 1/Cu* were indeed formed, these signals are easily
rationalized as 1/[Cu(C¢H)]* and (1),/Cu', respectively.
While these assignments are still based on the assumption
that [Cu(C4Hg),]* ions with n > 2 are unlikely to exist, isotopic
labeling provides more direct proof for the presence of
1/Cut. Thus, when [Dg]benzene was added, in addition
to the benzene complexes [Cu(C¢Dy),]" (n=1, 2), only
[Cu,Cis,Hy,, D], and not [Cu,Cy5,Hg,Dy,]* nor [Cu,Cig,Dyg]*
were observed in the mass range of the formal tris-benzene
complexes. Moreover, when these ions were trapped in a large
excess of C¢Dy for 40seconds, no [Cu,Cis,Di]" (iee.,
[Cu(C¢Dg)s]") was observed, while the [Cu,Cs,H;,,Dg]"
species persisted. This result unambiguously demonstrates
that, under FTICR conditions, the [Cu,C5,H;,,D¢]" ion—or
any isotopologue—cannot be formed by association of the bis-
benzene complex with another benzene ligand, but its
formation can only be rationalized if an intact C,,H;, unit is
present in the copper complex, namely 1/[Cu(CyDg)]*.

In summary, a considerable amount of intact 1 is present in
the gas phase and can be complexed with copper cations.
However, it is impossible to quantify exactly how much of 1
decomposed to yield benzene before it reached the analyzer
volume. In the extremes, the ~9:1 ratio of [Cu(CsH¢)]|" and
1/Cu* formed initially could either result from a ~9:1 mixture
of neutral benzene and dibenzene in the gaseous sample or it
could be attributed to pure 1, of which a minor fraction (10 %)
remains intact upon coordination with Cu*, while the majority

0947-6539/00/0623-4424 $ 17.50+.50/0 Chem. Eur. J. 2000, 6, No. 23





Dibenzene

4422-4430

(90%) undergoes metal-ion induced retrocyclization con-
comitant with expulsion of a benzene ligand to afford
[Cu(CeHe)]".

Molecular ions: After confirmation that 1 can remain intact in
the gas phase, we now discuss the results obtained with sector-
field mass spectrometry. Thermal decomposition of 1 is less
likely in this instrument than in FTICR because the solid
samples were introduced directly into the high vacuum of the
ion source and the overall residence times of the samples in
the instrument were a few minutes compared to several hours
in the FTICR experiments. The base peak in the EI mass
spectrum of 1 corresponds to ionized benzene. The large
amount of CsHg'" supports the hypothesis of an ET-driven
retrocyclization of 1 as a prompt process upon ionization.
However, a long-lived [C;,,H;,]*" ion, formally the molecular
ion 1", is also observed. For comparative purposes, we
attempted the investigation of the ionized benzene dimer
(C¢Hg),™ (2°7) as the putative product of [2+2] retrocycliza-
tion. However, generation of (C4sHg),** by chemical ionization
of benzene proved impossible under our CI conditions.
Failure of this particular experiment is possibly the conse-
quence of the low binding energy of the ionized benzene
dimer, which is only ~7 kcalmol ' at 200 °C.I" 8 Further gas-
phase studies of the CgHg+ CgHg " = (C¢Hy),** equilibrium!®
and electron ionization of neutral (C¢H), resulted in the
exclusive formation of (CsHy),'* and C¢Hg .27}

For metastable [C,,H;,] " ions generated by EI of 1, a
number of fragmentations from the loss of Am=1 up to the
loss of Am=78 are observed, among which the latter
fragmentation is minor (Table 1). This result suggests that

Table 1. Mass differences (Am [amu]) observed in the unimolecular
decomposition of metastable ion complexes.[?)

-1 -2 —-15 —-26 —28 —40 —41 —65 —78 —81

1+ 100 23 72 5 16 2 5 7 2
1/Cr* 1 110 100
[Cr(CeHy)o]* 100
1/[Cr(C¢H;D5) ]+ 15 100

[a] Intensities are given relative to the base peak =100 %. [b] This minor
fragment may also result from an interfering carbonyl complex.

the long-lived [C,,,H;,]** species formed does not primarily
decompose to two benzene molecules by the expected retro-
[242] route, but that other fragmentation channels are
accessible. For example, the loss of a methyl radical (m/z
15) requires a number of hydrogen shifts prior to fragmenta-
tion and thus suggests the occurrence of structural rearrange-
ments, well-known for open-shell hydrocarbon cations."!
Collisional activation (CA) experiments with [C,,H,]*"
confirmed the results of the MI experiments (Table 2), as
well as the charge stripping (CS) results (not shown), for
which the fragmentation patterns are essentially identical to
those observed in the CA spectrum. The neutralization -
reionization (TNRT) mass spectrum of [C;,,H},]*" reveals a
rich fragmentation pattern of the carbon skeleton, but again
ionized benzene is not very prominent.”?”! Since NR experi-
ments often involve substantial energy depositions in the
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Table 2. Mass differences [amu] observed in the collisional activation mass
spectra.l?l

-1 -2-3-4-15-26 —28 —40 —41 —65 —78 —156

1 10018 6 4 54 24 11 8 4
1crt 1 1 100 16
[Cr(CsHy),]* 100 17

[a] Intensities are given relative to the base peak =100 %.

molecules involved, this result has two obvious implications.
Either the hypothesis of a facile [2+2] retrocyclization of 1**
does not apply to the isolated molecule in the gas phase, or the
long-lived [C,,,H;,] " radical cations sampled in our experi-
ments no longer possess structure 1°*. That is to say, genuine
1" may well undergo retrocyclization, but a minor fraction
could undergo skeletal rearrangement after which retrocy-
clization is less easily achieved and these isomers—instead of
1-t—constitute the long-lived ions. Because of the enormous
variety of conceivable [C,,,H;,]*" structures, comparative
mass spectrometric studies with putative isomers would be
circumstantial,®®! and we cannot decide this issue for the time
being.

For the sake of completeness, we have subjected 1 to
chemical ionization in the negative ion mode with N,O as the
moderating CI gas. Surprisingly, a signal corresponding to the
formal anion radical of 1"~ was generated under these
conditions, even though many closed-shell hydrocarbons do
not have positive electron affinities.’®) However, a ring-
opened bis-cyclohexadienyl species could well have a positive
electron affinity; for comparison, the cyclohexadienyl radical
has an electron affinity of 0.6 eV.”% While collisional activa-
tion of [Cy,,H;,]~ proved ineffective as electron detachment
prevailed, charge reversal to cations revealed abundant
fragmentations.?!l However, the formation of benzene, either
ionized or neutral, was again not pronounced. Thus, cyclo-
reversion appears to play a minor role for [C,,,H;,]*"'~ species
in either charge state.

Proton catalysis: The C;,H,"* radical cation generated from 1
does not prefer to undergo a [2+2] retrocyclization to yield
ionized benzene; rather, other fragmentation channels pre-
vail. This seems to contradict the previous observation that
the ET-catalyzed process is 10° times faster than the thermal
retrocyclization of 1.” In addition to the conceivable involve-
ment of C,H,, " isomers other than 1'*, other explanations
are possible. A straightforward one would be a proton-
instead of an electron-transfer catalysis, as suggested for other
potentially ET-catalyzed reactions.’>?4 Despite several at-
tempts, it was impossible to produce [1+H"] by the use of H,,
CH,, iC,H,,, and H,O as reagent gases in the CI experiments.
Instead, C;H;* was always obtained as the major protonated
species in the presence of 1. This observation might suggest
that retrocyclization of [1+H"] rather than 1** is rapid and in
fact too fast to allow for the generation of long-lived [1+H"]
under mass spectrometric conditions; this supports a proton
catalysis of the retrocyclization. However, careful control
reactions in solution showed that this is not the case.
Particularly, the amminium-salt-catalyzed cycloreversion of
1 is not decelerated upon the addition of 2,6-di-tert-butylpyr-
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idine as a base.’®) The reaction is also very efficiently
catalyzed by photoinduced ET with tris(anisylpyrrylium)
tetrafluoroborate as the sensitizer, which does not contain
the traces of acids often found as impurities in amminium
salts. Further control experiments showed that the efficient
[2+2] retrocyclization of 1 under these conditions does not
result from a direct photoreaction of neutral 1 or weak Lewis
acid properties of the pyrrylium salt. It can therefore be
concluded that proton catalysis is not responsible for the rate
acceleration in solution. Alternative pathways include the
multitude of possible rearrangements of 1°*. When the ET-
induced reaction was monitored by 'H NMR in deutero-
chloroform, benzene was the only observable product. Hence,
putative sideproducts are formed in less than ~2 % yield.

Metal catalysis: Atomic metal ions could serve as simplistic
models for retrocyclization of 1 catalyzed by (closed-shell)
Lewis acids or (open shell) metal compounds. Metal ions
mediate several formally symmetry-forbidden cycloaddition
reactionsP® and may initiate the reversal as well. As far as the
choice of the metal (M) is concerned, it should not only act as
a mere spectator, unlike copper. If, however, the metal
initiates prompt retrocyclization of 1, the formation of
detectable amounts of 1/M* may prove impossible. For
example, attempts to generate 1/Fe* failed in that the ion
current for [Fe,C;,,H;,]* lasted only for a few seconds after
sample introduction to the source. In addition, its reactivity
was consistent with that expected for a bis-ligated complex
[Fe(C4Hq),]*.B" Accordingly, atomic Crt was chosen as it is
much less reactive than Fe® in terms of hydrocarbon
activation, but not as unreactive as Cu*.['*25-38] With the
use of [Cr(CO),] and 1 as precursors, it was possible to
generate a complex of the mass m/z 208, which may
correspond to 1/Cr*, the ionized bis-benzene chromium
complex [Cr(C¢Hy),]* . Therefore, we compared the spectra
of putative 1/Cr™ with those of [Cr(CsHg),]™ which was
independently generated from [Cr(CO)4] and benzene. The
MI and CA spectra of putative 1/Cr* (Tables 1 and 2) revealed
loss of benzene as the major fragmentation channel and are
similar to those of [Cr(C4Hg),]*. Minor differences can be
explained by a higher internal energy content of [Cr(C¢Hg),]"
when formed by retrocyclization of transient 1/Cr* rather
than association of benzene ligands.*! Similarly, the NR
spectrum of putative 1/Cr* is very close to the previously
reported data for [Cr(C,Hg),]* generated independently.l!
Evidence for the formation of intact 1/Cr* was, however,
provided by ionization of a mixture of [Cr(CO),], 1, and
[1,3,5-D;]benzene® which afforded a [Cr,C,5,H;s5,D5]* ion.
As tris-adducts with benzene appear unlikely for Cr+,2°f
formation of the bis-ligated complex 1/[Cr(C¢H;D3)]" is
implied. The MI spectrum of this ion showed predominant
loss of [1,3,5-Ds]benzene. In the hypothetical case of an ion
that has equivalent benzene ligands, a ratio C;H4:C¢H;D; of
2:1 is expected if isotope effects are neglected, while the ~1:7
ratio observed experimentally disproves the presence of three
equivalent benzene ligands. Consequently, two pathways
compete in the dissociation of metastable 1/[Cr(C¢H;D3)]™:
simple ligand loss of the coordinated [1,3,5-Ds]benzene and
retrocyclization followed by loss of unlabeled benzene.
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Accordingly, despite significant occurrence of [2+2] retro-
cyclization, it is possible to generate 1/M* complexes for M =
Cr and Cu, while failure with M = Fe is attributed to the better
bond-activation capabilities of this metal.?! In summary,
transition metals can indeed affect retrocyclization; however,
this property seems to be restricted to the most active metals.
With regard to the experimental conditions of the solution
studies, complete retrocyclization of 1 as a result of metal
catalysis induced by trace impurities therefore appears
unlikely.

Matrix experiments: In order to acquire further insight into
the stability of the molecular ion 1", matrix experiments were
conducted in which dibenzene 1 was ionized by radiolysis.
Figure 1 shows the electronic absorption spectra (400—
1200 nm) obtained on ionization of 1 in Ar at 12K (spec-
trum a) and in the freon mixture (FM) at 77 K (spectrum b).

© WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000
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400 600 800 1000 1200 1400 1600 1800 nm
Figure 1. Electronic absorption spectra of ionized 1 a) in argon at 12 K and
b) in a freon glass at 77 K. Spectrum c was obtained on ionization of a 0.2M
solution of benzene in a freon glass. All spectra show the charge resonance
band of 2** at A~900 nm, but no bands above 1200 nm where 1‘* is
expected to absorb.

Both spectra are dominated by intense bands of very similar
shapes peaking at 890 nm in Ar or 900 nm in FM. These bands
are indicative of the so-called charge-resonance transition in
the benzene dimer radical cation, 2*.%! Spectrumc in
Figure 1 was obtained by the ionization of a 0.2M solution
of benzene in FM. Such high concentrations are generally
used to observe dimer cations of aromatic compounds, and the
NIR band obtained in this way is indeed identical in position
and shape to that obtained from the ionization of 1 in FM.
This indicates that at least some decomposition has taken
place during this process.

In the case of the Ar matrix experiments, UV and IR
spectra indicated the complete absence of benzene before
ionization, and we assume that the same is true in the FM
experiments in which the temperature of 1 was never raised
above 0°C during the preparation of the samples. The
question is whether any residual intact 1** might still be
present after ionization of 1. To answer this question, we need
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to consider the electronic structure of 1**. According to
Gleiter et al.,?"! 1 may be considered to be a pair of butadiene
moieties that interact through space through the C—C 0 MOs
of a cyclobutane ring. Since only the bonding combination of
the butadiene 1 HOMOs is of the proper symmetry to interact
with one of the cyclobutane o0 MOs, this leads to a splitting of
the highest two m MOs which amounts to 0.67 eV according to
the photoelectron spectrum.! It is to be expected that this
energy difference increases on relaxation of the geometry of
the radical cation. Indeed, CASPT?2 calculations of 1'* (see
below) predict a A, — B, electronic transition at 0.9 eV
(which corresponds to A=1380nm) that carries a large
oscillator strength. However, as documented in Figure 1, we
did not detect any band that peaked above the band at 1=
900 nm (1.37eV), even in the freon matrix experiments
(Figure 1b) where excess energy is rapidly dissipated.

Although the CASPT2 method usually predicts the first few
electronic transitions of radical cations to within £0.25 eV of
experiment, we wanted to exclude the possibility that the
prediction is inaccurate by nearly 0.5 eV in this case, and that
the 2A, — ?B, transition is hidden under the charge resonance
band of 2°*. Based on the expectation that 1~ would be
converted to 2*" photochemically, we exposed the samples
which gave the spectra in Figure 1, to light of various
wavelengths (1200-300 nm). However, even prolonged irra-
diation through a Pyrex filter did not lead to any changes in
spectrum a or b. As even minor spectral changes would have
been detected in the corresponding difference spectra, we
estimate an upper limit for 1** that will not exceed the lower
percent range.

These results appear to contradict the observation that the
long-lived (i.e., microseconds) C;,H;,"" parent ion is acces-
sible in the mass spectrometric
experiments described above.
In order to resolve this discrep-
ancy one must, however, realize
that the hole transfer from the
solvent, by which ionization
occurs in these matrix experi-
ments, is exothermic by several
eV in Ar. Furthermore, the
excess energy which is thus

E .o /kcal-mor’

A

30

20

10

1" implies that either i) decomposition to 2°* takes place
upon ionization, ii) decomposition takes place in a matter of
minutes at 77 K, or iii) that 1** is present after ionization, but
that it does not manifest itself in the 400 —1200 nm range, and
that this ion is entirely photostable. In view of the above-
mentioned electronic structure calculations, the last possibil-
ity seems very unlikely and therefore we conclude that
cycloreversion of 1'* to 2" must be a low-barrier process.
From the activation energy of ~ 14 kcalmol~! for the analo-
gous cycloreversion of the parent cyclobutane radical cation
(which is endothermic by ~5 kcalmol'),[*) and in view of the
high exothermicity of the cycloreversion of 1'*, a very low
barrier for this process is indeed not unexpected.

Theoretical calculations: In an effort to shed further light on
the key question of the kinetic stability of 1'*, we resorted to
quantum chemical calculations of the potential-energy surfa-
ces that connect 1** and 2** (Figures 2 and 3, and Table 3). In
agreement with expectations from the nodal properties of the
a, HOMO of 1 (Figure 2, leftmost side), which contains a
significant contribution from the cyclobutane C—C o MOs,
ionization leads to a noticeable lengthening of the bonds
which connect the two cyclohexadiene moieties (from 1.58 to
1.65 A), that is, ionization already takes 1'* part of the way
along the reaction coordinate to 2°*. Interestingly, optimiza-
tion of the 2A, ground state 1'* in its “native” C,, symmetry by
B3LYP leads to a saddle point, which is subject to sponta-
neous distortion along a coordinate of a, symmetry. Following
this coordinate leads to a C, minimum, which is
0.52 kcalmol~! below the C,, structure, where one of the
above o bonds has lengthened to 1.70 while the other has
shortened to 1.60 A. Note that this distortion must be the

imparted to the incipient parent
cation can only be dissipated
with difficulty. This may pre-
vent the observation of meta-
stable parent cations in Ar
matrices.

The effect is much less pro-
nounced in FM in which the
hole transfer is less exothermic
and excess energy is much more
readily dissipated. For example,
rather unstable primary cations,

1
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such as ionized Dewar ben- e
zene,*! have been observed in 618
FM. The fact that the FM
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1
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Figure 2. State-correlation diagram for the conversion of 1** to 2°* via the bis-cyclohexadienyl radical cation 3**.

Each bar corresponds to a stationary point on the surface of the electronic ground state; note that the nature of

experiments yielded no indica-
tion of the presence of parent
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the ground state changes between 3a°+ and 3¢'. Each electronic state is characterized by its singly occupied MO
(SOMO). The SOMOs are shown as inserts which also indicate the meaning of the coordinate r.
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Figure 3. C—C bond lengths in 1", 2", 3a*", and 3b** (minima) as well as
3¢ (transition structure for the tautomerization of 3a and 3b**) calculated
at the B3LYP/6-31G* (normal font) and the (9,10) CASSCF levels (italics).

Table 3. Relative energies [kcalmol™!] of different C;,H,,"* structures.l?!

B3LYPM (9/10)CASSCF CASPT2[cd]
1 A, OR ()0 (0
°B, 703 74.6 54.6
2 2Ag —-31.9 11.5 52
’B, —-319 —30.9 —24.4
3a" 2A 0.7 —11.5 2.7
’B 25.7 19.9 21.4
3b" 2A —22 —8.8 4.5
’B —22 —6.1 3.8
3c¢* 2A, 4.8 -1.7 12.6
’B —-51 —10.5 0.7

u

[a] See Figure2. All geometries were obtained from (9,10)CASSCF
calculations except for 3b**, which is the B3LYP geometry of 3*" in C,
symmetry.[b] Calculated with a 6-31G* basis set. [c] Calculated with a
DZ ANO beasis set. [d] Based on the (9,10)CASSCF wavefunction. [e] Total
energy: — 464.151388 Hartrees. [f] Total energy: — 461.189058 Hartrees.
[g] Total energy: — 462.594760 Hartrees.

result of vibronic interaction with an excited state of A,
symmetry.

At the CASSCF(9,10) level, the C,, structure of 1'% is
subject to a symmetry-breaking effect, because even the
slightest distortion to C, symmetry leads to a drop of the
energy by more than 0.5 eV. Reoptimization of this structure
leads to complete cleavage of one of the C—C ¢ bonds which
link the two cyclohexadiene moieties, namely to a species
which is best described as a bis-cyclohexadienyl radical cation,
3a*t.P4 A similar structure is also found on the B3LYP
surface where it can be identified as a potential-energy
minimum of C, symmetry (structure 3b). The two geometries
look very similar except for the distance of the formerly
bonded C atoms, which is ~0.5 A longer at the B3LYP level.
In view of the correlation with the product, 2** (see below),
we also optimized 3t in C,, symmetry (3¢'*), where it
corresponds to a saddle point for the interconversion of two
identical C, structures by B3LYP (the geometry is very similar
with that found with CASSCF).
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So far, the electronic states of the different species (i.e.,
their SOMOs) were always symmetric with regard to the
twofold axis that is present throughout, namely %A in C, (A,
inl, 2Ag in 3¢ ", both in C,,). However, this is no longer the
ground-state symmetry for 3¢+ as a 2B, state lies at lower
energy. Thus, a state crossing had apparently taken place on
the way from 1'* to 3¢**. Reoptimization of the geometry of
this 2B, state of 3¢** by B3LYP led to spontaneous decay to
the ionized benzene dimer 2" (cf. right-hand side of Figure 2)
in which the benzene rings are separated by 2.86 A.

Indeed, frequency calculations showed that the 2B, state
thus obtained represents the equilibrium structure of the
ground state of this complex (2a°"). According to the B3LYP
calculations, 2a** is bonded by 20.2 kcalmol~! relative to free
benzene and its radical cation. Addition of the thermal
corrections from frequency calculations leads to AH,g=
18.2 kcalmol~'. This value can be compared with the exper-
imentally determined gas-phase binding enthalpy of 20.6 +
1.0 kcalmol~! for 2 at this temperature.’! Thus, B3LYP
seems to perform quite well, and the slight underestimation of
the binding energy is within the expected error margins of this
approach for a molecular ensemble of this size.

CASSCF(9,10) reoptimization of 2a*" resulted in a short-
ening of the bond that connects the benzene moieties in the
complex cation from the B3LYP value of 2.86 to 2.61 A. An
indication that the CASSCF structure is probably closer to
reality is provided by CASPT2 calculations. Firstly, the
CASPT2 energy drops by 1.6 kcalmol~! on going from the
B3LYP to the CASSCF structure. Secondly, the B, —2A,
excitation, which is responsible for the observed strong
900 nm charge resonance band of 2** (Figure 1), is predicted
by CASPT2 in much better agreement with experiment for
the CASSCEF structure (966 nm) than for the B3LYP structure
(1370 nm).[ ]

In Figure 2, we present full correlation diagrams for the A
and B states that are involved in the dissociation of 1*. This
allows us to return to the central question, namely, the
mechanism and energetics of the [2+2] retrocyclization. As
mentioned above, one of the C—C bonds that links the two
cyclohexadiene moieties in 1** undergoes spontaneous cleav-
age at the CASSCF(9,10) level. On the B3LYP surface, where
1'* represents a true minimum (albeit slightly distorted to C,),
we were able to find a transition structure for the conversion
to 3+, 1.7 kcalmol~! above 1'* (0.9 kcal mol~! after accounting
for the difference in zero-point energies). In contrast, at the
CASPT2 level, for which geometry optimizations are un-
fortunately impossible, the process is endothermic by
~5 kcalmol~".

More importantly, however, the A and B states are nearly
degenerate at the B3LYP equilibrium geometry of 3t (i.e.,
structure 3b), both at the B3LYP and at the CASPT?2 level (at
CASSCF they are still separated by 2.7 kcalmol™'). This
indicates that 3b is very close to a conical intersection between
these two states (although not necessarily the lowest point of
conical intersection). In reality, the system will seek and find a
way around this non-stationary point by distorting to C,;
symmetry. Unfortunately, 3** is too big to allow a mapping
of this pathway by any reliable method of computation.
However, the energy of the conical intersection certainly
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presents an upper limit for the highest point that has to be
crossed on the way from the reactant to the ground-state
surface of the product. Accordingly, both methods predict
that the activation barrier associated with the retrocyclization
1"t —2* is almost negligible, especially under conditions
where excess energy cannot be readily dissipated.*’] At the
CASPT?2 level, the conical intersection lies ~4 kcalmol™!
above 1", and hence this number represents an upper limit
for the activation energy of ring cleavage at the highest level
of theory that we were able to apply to this molecule. This is in
agreement with our observations in low-temperature matrix
experiments.

Conclusions

Mass spectrometry reveals that intact dibenzene (1) can be
introduced into the instruments by means of standard inlet
systems. While the electron ionization spectrum of 1 is
dominated by ionized benzene on account of the facile
[2+2] retrocyclization, the existence of a C,H;,"" molecular
ion that has a lifetime of at least several microseconds is
demonstrated. Moreover, unimolecular and collision-induced
fragmentations of the long-lived C;,H;,"" ion do not afford
losses of neutral benzene as the major reaction pathway, as
expected for retrocyclization. These results seem to conflict
with the suggestion that retrocyclization of 1 should prevail
upon ionization because of the dramatic acceleration of this
process upon electron transfer in solution.’] The matrix
experiments as well as ab initio theory indicate, however, that
the genuine radical cation 1°* is unlikely to persist for any
length of time, although an educated guess of the lifetime at
low temperatures cannot presently be made. A possible
explanation of these discrepancies may be because of the
enormous sensitivity of the mass spectrometric approach
used, which can sample minor fractions of either intact and/or
rearranged C;,H,,"" which escaped experimental detection in
the condensed phase.
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Metallostars: High-Nuclearity Linearly Developed Nanostructures

Containing Multiple Cluster Motifs

Edwin C. Constable,*® ?1 Oliver Eich,?! Dieter Fenske,!*! Catherine E. Housecroft,*!* "l and

Lesley A. Johnston!?!

Abstract: Metallostars are complexes in which a single branching site bears a number
of metallated arms. Although they are related to metallodendrimers, they have the

advantage of being capable of extending in an unlimited sense; in contrast to
metallodendrimers, steric interactions decrease with increasing generation number.
In this paper a series of polyalkyne stars with four and six arms, based upon a single

Keywords: cluster compounds - co-
balt - dendrimers - metallodendrim-
ers - metallostars

tetrahedral carbon core and a benzene core, respectively, are reported and their
reactions with [Co,(CO);] to give metallostars that contain multiple {C,Co,(CO)g}

motifs are described.

Introduction

The potential application of metallostars and metalloden-
drimers'-3! containing large numbers of polymetallic units as
catalysts and precursors for novel materials has prompted us
to develop synthetic strategies that can be applied to both
these classes of compound.[**! Whereas metallodendrimers
possess multiple branching sites and cannot be extended
beyond the Gennes limit, metallostars possess a single
branching site from which arms can, in principle, be extended
through unlimted generations. In both cases, divergent, multi-
ple iterative synthesis may be utilized to sequentially grow the
molecules out through increasing generations.

The metallostars that we are developing arise from the
reaction of polyalkyne frameworks with dicobaltoctacarbonyl
to give multiple {C,Co,(CO)¢} cluster sites. The area of
carbon-rich molecules is already well established, with supra-
molecular assemblies developed from C, cores being of
particular interest.”! Hexaethynylbenzene, prepared by al-
kyne coupling to hexabromobenzene, was reported fifteen
years ago by Vollhardt, along with structural details of
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C4(C=CSiMe;),.¥l The incorporation of organometallic do-
mains into carbon-rich frameworks has recently been exploit-
ed by a number of groups,°'®l and includes systematic
molecular construction building out from 1,3,5-triethynylben-
zene cores.>13: 18 19

In this paper we describe the extension of this methodology
to the formation of a series of star compounds that contain
tetrahedral carbon and C; cores, and which possess alkyne
functionalities. The reactions of these compounds with
[Co,(CO);] lead to metallostars that contain up to 24 cobalt
atoms.

Results and Discussion

Tetrahedral carbon-centred stars—the polyalkyne precursors:
The compound C(4-ICH,),? has previously been used as a
starting point for the assembly of nanostructures such as
organometallic tripodaphyrins.?" 22 By using C(4-IC¢H,), as a
central building block, our aim was to use a divergent strategy
to prepare multialkyne stars which could then be functional-
ized by using the well-tested reaction of an alkyne with
dicobalt octacarbonyl [Eq. (1)].2>2]

RC=CR + [Co)(CO)s] — [Co,(CO)RCCR] + 2CO 1)

Compound 1 was prepared by a literature method,?*?? and
spectroscopic data were in accord with those published. Each
of the four arms in molecule 1 can be extended systematically
as summarized in Scheme 1.

Compound 2 was isolated in 66 % yield, and characterized
by mass spectrometric and NMR spectroscopic methods.
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1 2
Scheme 1. i) p-IC;H,C=C(TMS). ii) NaOH (aq).

Spectroscopic data were consistent with the formation of a
symmetrical product. This, and the observation of a parent ion
in the MALDI-TOF mass spectrum at m/z 816, confirmed
that all four arms of 1 had been extended to give compound 2.
A similar reaction was used to introduce another alkyne unit
to each arm, converting compound 2 to 3. A parent ion at m/z
1217 in the MALDI-TOF mass spectrum was consistent with
the formation of 3, and '"H and '*C NMR spectroscopic data
were in accord with a symmetrical product.

Compounds 4 and 5 are remote functionalized first
generation stars related to 1 and were both prepared from
tetrakis(4-iodophenyl)methane. Coupling of C(4-1C¢H,), and
PhC=CH in the presence of
[PACL,(PPh;),], Cul and NEt;,
gave 4 in 33% yield. The
MALDI-TOF mass spectrum
shows a parent ion at m/z 720
consistent with the formulation
of 4. The ®C and 'H NMR
spectroscopic data were also in
accord with this symmetrical

OH structure. Crystals of com-

pound 4 suitable for X-ray

5 diffraction were grown from

CH,Cl, layered with pentane.

The molecular structure of one

of the two independent molecules (differences between which
are not chemically significant) is shown in Figure 1 and

c+O—=C
4

4

C6

Figure 1. The molecular structure (Schakal plot) of one of the two
crystallographically independent molecules of compound 4.

Chem. Eur. J. 2000, 6, No. 23
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confirms the expected formula-
tion of the tetrayne. Selected
bond lengths are listed in
3 Table 1. In each arm of the
molecule, the two phenyl rings
are related to one another by a
twist angle of ~51°.

Table 1. Selected bond lengths [pm] in one of two independent molecules
of compound 4.

C15-C12 154.6(5) C15-C16 155.6(5)
C8-C9 144.4(6) C19-C22 145.8(7)
C7-C8 118.6(6) C22-C23 116.9(6)
C6-C7 143.7(6) C23-C24 144.1(7)

Coupling of C(4-IC;H,), with (TMS)OCH,C=CH followed
by deprotection with base gave compound 5, the mass
spectrum of which exhibited a parent ion at m/z 536 consistent
with the expected formulation. In the 'H NMR spectrum, a
triplet (/= 6.0 Hz) at 6 = 5.33 was assigned to the OH protons
and a doublet (J = 6.0 Hz) at 0 = 4.27 to the methylene groups.
Our interest in this tetrayne (and its organometallic deriva-
tives) lies in its potential to form a hydrogen-bonded network
although, to date, we have been unable to grow crystals of
suitable quality to enable us to study the solid-state structure
of compound 5.

Compounds 1, 2 and 3 form a series of polyalkynes that
possess star motifs with linear arms, while 4 and 5 represent
additional members of the first generation star family with
pendant functionality. The next step in our strategy was to
treat each polyalkyne with an excess of [Co,(CO);], thereby
introducing organometallic domains into each arm of the star
molecules.

Tetrahedral carbon-centred metallostars—cobalt carbonyl
derivatives: The reaction of 1 with a large excess of
[Co,(CO)s] (Scheme 2) proceeded smoothly to give 6

G— o H - © l."'d'H
i -0 w g

i noe=i B n=1

7 nayf T nsf

3 n=3 & s=3

'J » JCCo D0 s]

Scheme 2.

in 46 % yield. The incorporation of the metal carbonyl units
was confirmed by the appearance of strong absorptions in the
IR spectrum at 2092, 2057 and 2027 cm™!, typical of [Co,-
(CO){RCCR] clusters. In the *C NMR spectrum, a single
signal at 6 = 199.4 was assigned to the carbonyl carbon atoms.
That each alkyne group had been functionalized was evi-
denced by the appearance in the MALDI-TOF mass spectrum
of a peak at m/z 1532 assigned to a parent ion with loss of one
CO group. Confirmation of complete functionalization came
from the 'H and 3C NMR spectroscopic data which revealed
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the presence in solution of a symmetrical product. In the
'H NMR spectrum, a shift in the signal due to the terminal
C-H proton from 6 =3.06 in 1 to d =6.37 in 8 was consistent
with the coupling of the dicobalt carbonyl fragment to each
alkyne moiety.

The reactions of 2 and 3 with an excess of [Co,(CO)g] led to
compounds 7 and 8 (26 % and 45% yields, respectively) as
shown in Scheme 2. The same characteristic pattern of IR
spectroscopic bands in the carbonyl region were observed for
both 7 and 8, and a similar group of three absorptions to that
described above for 6 was obtained. In the 3C NMR spectra,
signals assigned to the CO carbon atoms were observed at 0 =
199.1 both for 7 and 8. For 7, the '"H NMR spectrum showed a
singlet at 6 = 6.39 assigned to the terminal C-H proton of each
arm; this signal had shifted from 6 =3.18 in 2. Similarly, the
conversion of 3 to 8 was accompanied by a shift in this signal
from 0 =3.18 to 6.40. These data provided evidence that the
outer generation of alkyne units in each of 2 and 3 had
undergone reaction with [Co,(CO);]. No analogous diagnos-
tic label was available for the inner generations of alkyne.
Here, the most informative data came from inspection of the
3C NMR spectroscopic data. Although the shifts in the peaks
assigned to the alkyne carbon atoms were too small to be
useful in terms of confirming the formation of the Co,C, units,
those of the carbon atoms labelled Ca, Cb, Cc, Cd and Ce in
Scheme 3 are highly diagnostic. On going from compound 1 to
6, the signal for Ca shifts from 6 =121.3 to 135.5. A similar
shift for each of atoms Ca, Cb and Cc is observed on going
from 2 to 7 (0 =123.6, 122.0 and 121.1 shift to 6 =138.4, 137.3
and 136.3), and on going from 3 to 8 (the group of signals at
0=123.5,123.3,122.8, 122.1 and 121.2 shift to 6 =138.3 (2C),
138.1, 137.4 and 136.3). These data provide good evidence for
the formation of organometallic cluster units at all of the
alkyne sites.

b, d
el V= I H}
4

Scheme 3.

Although we have been unable to grow X-ray quality
crystals of compounds 6, 7 or 8, it is instructive to consider one
general structural change that accompanies reactions of the
type shown in Equation (1). Crystallographic data for [Co,-
(CO)sCPh,] P [1,4-{Coy(CO)CHLCH,JP and  [(CO)s-
Co,C,H(1,4-C,H,)CH,(1,4-C;H,)HC,Co,(CO)]?" (three de-
rivatives in which the environment of the RCCR fragment is
closely related to that in 6, 7 and 8) show that the Cp,-Cgygier
Causter bOnd angles (angle a in Scheme 4) are ~140°. This
clearly means that upon conversion of each polyalkyne to its
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Scheme 4.

organometallic derivative, each linear arm of the star becomes
kinked. By using molecular modelling, we estimate that the
radius of compound 8 is in the range 1.6—-2 nm.

The reaction of 4 with [Co,(CO)g] led to the cobalt-
containing derivative 9 in 76% yield. The IR spectrum
provided evidence of cobalt carbonyl incorporation, giving

fot9)

9
M = Co(CO)3

10
M = Co(CO)3

strong absorptions at 2090, 2056 and 2027 cm~'. No parent ion
could be observed in the MALDI-TOF or electrospray mass
spectrum; however, molecular ions corresponding to the
parent ion losing 17 or more CO groups were visible. The 'H
and *C NMR spectroscopic data for 9 were consistent with a
symmetrical product. The presence of terminal phenyl
substituents in both 4 and 9 meant that we were unable to
use the 'TH NMR spectroscopic probe for cluster formation
that had been diagnostic for the conversion of 1 to 6.
However, in the 3C NMR spectra, signals at ¢ =128.3 and
123.2, assigned to the phenyl carbon atoms attached to the
alkyne groups in 4, shifted to 6=138.3 and 136.4 upon
formation of 9. This exactly paralleled the changes in chemical
shift for the carbon atoms shown in Scheme 3 for the
conversions of 1to 6, 2 to 7, and 3 to 8, and thereby supported
the reaction of each C=C unit in 4 with [Co,(CO);] and the
formation of the tetracluster product 9.

Compound 5 reacted smoothly with an excess of [Co,-
(CO);] to give compound 10 in reasonable yield. The reaction
of all four alkyne functionalities and consequent formation of
a symmetrical product was supported by the NMR spectro-
scopic data. In the MALDI-TOF and electrospray mass
spectra, however, no parent ion could be observed, and the
highest mass peak detected in the MALDI-TOF mass
spectrum was at m/z 715; this corresponds to loss of 24 CO
and five Co. The IR spectrum was informative in revealing the
group of strong absorptions in the carbonyl region, which is
diagnostic of a [Co,(CO)C,R;] cluster. Strong evidence for
cluster formation also comes from the change in the *C NMR
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chemical shift for the alkyne-attached phenyl carbon atom; in
keeping with our discussions above, this signal moved from
0 =120.5 in alkyne 5 to d = 137.0 in cluster 10. In the '"H NMR
spectrum of 10, the equivalence of the four CH, groups was
confirmed with the appearance of a single doublet at 6 =5.08,
shifted with respect to the corresponding signal (0 =4.27) in 5.
The OH protons are also affected by the cluster-forming
reaction, and the triplet assigned to them in 5 shifts from 0 =
533 t0 6=4.92in 10.

Cs-centred stars—the polyalkyne precursors: In the second
series of compounds, the core of the star molecule is an
aromatic C4 ring. This provides a rigid, planar framework
from which stepwise growth of six linear, polyalkyne arms can
readily be achieved. The core building block chosen was
Cs(p-C¢H,I )62 The related compound Cy(p-C;H,OH); has
recently been reported and, in the solid state, it crystallizes to
give a porous, two-dimensional hydrogen-bonded network,
illustrating the potential of these systems for supramolecular
assembly.[*’]

Reaction of Cy(p-C¢HyI)s with (TMS)C=CH under stand-
ard coupling conditions (Scheme 5) gave, after deprotection
with NaOH, compound 11 in good yield. Further extension of
each arm of the star was then achieved by reaction with
p-1CcH,C=C(TMS) in the presence of Cul and [PdCl,(Ph;P),]
in NEt;, followed by deprotection (Scheme 5). Compound 12
was obtained in good yield as a white crystalline solid. The
MALDI-TOF mass spectra of 11 and 12 showed parent ions at
m/z 677 and 1279, respectively. In their 'H NMR spectra,
singlets due to the terminal alkyne protons was observed at
0=3.02 (11) and 3.22 (12). Signals in the aromatic region were
consistent with the structures shown in Scheme 5, as were the
13C NMR spectroscopic data.

Compound 11 was further characterized by single crystal
X-ray crystallography. Single crystals were grown from a
mixture of CH,Cl, and pentane. The molecular structure is
shown in Figure 2, and selected bond lengths are listed in

O | i), ii

11
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Figure 2. The molecular structure (Schakal plot) of compound 11.

Table 2. The phenyl rings in the six arms of the star adopt a
“paddle-wheel” configuration with an average twist angle out
of the plane of the central C; ring of ~67°.

Table 2. Selected bond lengths [pm] in compound 11.

cl-c2 140.0(3) C1-C6 141.1(3)
2-C3 140.7(3) C3-C4 140.9(3)
C4-C5 140.6(3) C5-C6 140.3(3)
cl-c7 149.2(3) C2-Cl15 150.1(3)
3-C23 149.2(3) C4-C31 149.3(3)
C5-C39 149.9(3) C6-C47 149.6(3)
C10-C13 143.7(3) C13-Cl4 117.5(4)
Cl18-C21 143.9(3) C21-C22 118.2(4)
C26-C29 139.1(4) C29-C30 117.7(4)
C34-C37 144.0(3) C37-C38 117.8(4)
C42-C45 143.5(3) C45-C46 117.8(4)
C50-C53 143.6(3) C53-C54 117.7(4)

i), iv)

12
Scheme 5. i) (TMS)C=CH, Cul, [PdCL(PPh,),], NEt,. ii) NaOH, THF. i) p-IC;H,C=C(TMS), Cul, [PdCL(PPh;)NEL], Net;. iv) NaOH (aq).
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Cs-centred metallostars—cobalt carbonyl derivatives: The
structural details of hexayne 11 confirmed that the six alkyne
groups were, as expected, sterically uncrowded. The reaction
of 11 with an excess of [Co,(CO);] is facile and produces 13
(Scheme 6) almost quantitatively. The incorporation of six
cluster units was clearly established from the diagnostic shift
in the "TH NMR spectrum of the alkyne proton signal from ¢ =
3.02 in 11 to 6 =6.21 in 13. Further confirmation came from
the mass spectrum, the highest mass peak in which was at m/z
2366; this corresponds to the parent ion with loss of one CO

moness Mooy | GOy

" 1 _. " - ..E_ .::- ﬂ H
% s -Co
11 13

X F angmin |CodO0G)
[ . T e H - fa
B a4 h - oo

12
g = Gl
Scheme 6.

ligand. In the IR spectrum, the pattern of strong absorptions
around 2000 cm™! characteristic of the {C,Co,(CO)g} cluster
unit were observed, and in the *C NMR spectrum of 13,
the appearance of a signal at d=200.0 assigned to the
cobalt carbonyl groups supported the formation of the
cluster units. The overall spectrum was consistent with 13
retaining the high symmetry of 11. The most diagnostic
feature in terms of confirming cluster formation at each of the
alkyne units was the shift of the signal assigned to the phenyl
C atom adjacent to the C=C group from 119.9 in 11 to 135.0 in
13. This parallels the shifts which accompanied the formation
of the tetrahedral carbon-centred cobalt carbonyl stars
discussed above.

In polyalkyne 12, the inner generation of alkyne function-
alities is more sterically shielded than the outer generation.
Nonetheless, treatment of 12 with an excess of [Co,(CO)g]
gave 14 (Scheme 6) in high yield. The MALDI-TOF mass
spectrum exhibited a parent peak at m/z 4706, and IR and
3C NMR spectroscopic data supported the formation of
{C,C0,(CO)g} cluster units. The reaction of the outer gener-
ation of alkyne groups to form organometallic clusters was
readily confirmed by the appearance in the '"H NMR spectrum
of 14 of a singlet at 0 =6.49 assigned to the terminal C-H
protons (shifted from ¢ =3.22 in 12) and the disappearance of
the 6 =3.22 peak. Confirmation that the inner generation had
also reacted came from a comparison of the *C NMR spectra
of 12 and 14. In 12, signals due to the phenyl C atoms adjacent
to the C=C groups appear at 6 =124.0, 122.2 and 120.6 and
this set of signals shifts to 6 =138.9, 137.4 and 135.8 upon the
formation of 14. This is consistent with our previous dis-
cussions, and confirms the complete cluster-functionalization
of compound 14.

4368
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Conclusion

Two new cores for the preparation of metallostars have been
developed and iterative methods have been used to extend
poyalkyne arms out through the third generation. Subsequent
reaction with [Co,(CO);,] resulted in the formation of metal-
lostars in which both the surface and core alkynes have
reacted to generate {C,Co,(CO)} motifs. The use of these
compounds as precursors for novel materials is currently
under investigation.

Experimental Section

General: Reagents and solvents were
generally purchased as reagent grade
and used without further purification.
Toluene and THF were distilled over
sodium and benzophenone. Column
chromatography: silica gel 60 (230—
400 mesh, 0.040-0.063 mm, Merck).
UV/Vis spectra were measured on a
Varian Cary-5 spectrophotometer or
on a Perkin—Elmer Lamda 19 spec-
trophotometer. IR spectra were meas-
ured on Perkin — Elmer 580 or Genesis
Series FTIR spectrometers. NMR
spectra were recorded on Bruker
AMS500, AM250 or Varian Gemi-
ni 300 or 200 spectrometers at 296 or
300 K, with solvent peaks as internal reference. Electrospray mass spectra
(ES-MS) were recorded on a Finnigan Mat LCQ-mass spectrometer with
acetone or acetonitrile as solvent; MALDI-TOF mass spectra were
obtained by using a PerSeptive Biosystems Vestec spectrometer in positive
linear mode at 5 kV acceleration voltage either without a matrix or with 2,5-
dihydroxybenzoic acid as matrix. Compound 1 was prepared according to
the literature,” ™ spectroscopic data were in accord with those published.

Compound 2: Compound 1 (83 mg, 0.20 mmol), p-IC;H,C=C(TMS)
(251 mg, 0.837 mmol), Cul (15mg, 0.080 mmol) and [PdCL,(PPh;),]
(56 mg, 0.080 mmol) were stirred in dry, degassed NEt; (10 mL) under
Ar for 42 h at 41°C. Chromatographic workup (alumina, hexane/CH,Cl,
4:1) gave the TMS-protected intermediate as a yellow crystalline solid. This
was dissolved in THF (30 mL), and NaOH (1m, 30 mL) was added; the
solution was stirred for 1 h at room temperature. Water was then added and
after extraction with CH,Cl,, the residue was purified by column
chromatography (SiO,, hexane/CH,Cl, 1:1) to give a yellow crystalline
product (107 mg, 66%). '"H NMR (250 MHz, CDCly): 6 =7.47-743 (m,
24H), 720 (d, J=8.3 Hz, 8H), 3.18 (s, 4H); *C NMR (63 MHz, CDCl):
0=146.1,132.1 (2C), 131.5 (2C), 131.2 (2C), 130.9 (2C), 123.6, 122.0, 121.1,
90.9 (Calkync)v 89.3 (Calk)nc)’ 83.3 (Calkync)v 789 (lekync)a 65.0 (Cqual); MS
(MALDI-TOF): m/z: 816 [M]*, 614 [M-2CH,CCH]*, 413 [M—
4CsH,CCH]*.

Compound 3: Compound 2 (47 mg, 0.058 mmol), p-IC(H,C=C(TMS)
(72.5 mg, 0.242 mmol), Cul (4.4 mg, 0.023 mmol) and [PdCL,(PPh;),]
(16.2 mg, 0.023 mmol) were stirred in dry, degassed NEt; (5 mL) under
Ar for 12 h at 35°C. Work-up was analogous to that for 2 and gave a white
crystalline solid (37 mg, 53 % ). 'H NMR (250 MHz, CDCl;): 6 =7.50-7.44
(m, 40H), 722 (d, J=8.3Hz, 8H), 3.18 (s, 4H); C NMR (75 MHz,
CDCly): 0 =146.1,132.1,131.6, 131.5, 131.2, 130.9, 123.5, 123.3, 122.8, 122.1,
121.2, 91.0 (Cyikyne)» 90.9 (Ciikyne)> 90.7 (Caieyne)s 89-6 (Cuikyne)s 83.2 (Caikyne)»
79.0 (Ciikyne)> 65.0 (Cquar); MS (MALDI-TOF): m/z: 1217 [M]*, 915 [M —
(CH,C,);H]*, 613 [M —2(CH,C,);H]; UV/Vis (CHCL): A, (¢) =337
(139.7), 357 nm (100.0 dm*mol~' em™); fluorescence (CHCl;, A% =337 nm,
298 K): A =370, 394, 738, 781 nm.

Compound 4: Tetrakis(4-iodophenyl)methane! (200 mg, 0.24 mmol), Cul
(9.3 mg, 0.049 mmol) and [PdCL(PPh;),] (34.1 mg, 0.049 mmol) were

suspended in dry NEt; (5 mL). Phenylacetylene (104.2 mg, 1.02 mmol)
was added, and the mixture was stirred under Ar for 1h at room
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temperature, followed by heating for 1 h at 50°C. The solvent was removed,
and the residue extracted with toluene (20 mL) while stirring at 50°C. The
extract was filtered and the filtrate was evaporated. The residue was
purified by chromatography (SiO,; AcOEt/hexanes 1:11) and recrystallized
from CH,Cly/hexane to yield off-white crystals (58 mg, 33%). IR (KBr
disc): 7=3053 (w), 3031 (w, =C-H), 1596 (m), 1503 (s, C=C), 845 (w), 822
(s), 753 (s), 687 cm™! (s,=C-H); 'H NMR (400 MHz, CDCl,): 6 =7.55-7.52
(m, 8H), 746 (d, J=8.7 Hz, 8H,), 7.37-7.32 (m, 12H), 722 (d, J=8.7 Hz,
8H); *C NMR (101 MHz, CDCl;): d =145.9,131.7 (2C), 131.1 (2C), 130.9
(20C),128.4 (2C),128.3,123.2,121.4, 89.8 (Cijyne)» 89.0 (Caryne)» 64.9 (Couar)s
MS (MALDI-TOF): m/z: 720 [M]*.

Compound 5: Tetrakis(4-iodophenyl)methanel?”! (254.7 mg, 0.31 mmol),
Cul (23.6 mg, 0.12 mmol) and [PdCl,(PPh;),] (86.8 mg, 0.12 mmol) were
suspended in dry NEt; (15mL). Then (TMS)OCH,C=CH (0.41 mL,
2.66 mmol) was added, and the mixture was stirred under Ar for 36 h at
50°C. The solvent was removed, and the residue extracted with benzene.
The mixture was then filtered, and solvent removed from the filtrate; the
residue was purified by chromatography (alumina, CH,Cl,/MeOH 100:4).
The brown solid was dissolved in THF (40 mL), and then aqueous NaOH
(3m, 30mL) was added. The reaction mixture was stirred at room
temperature for 4 h. The solution was diluted with aqueous HCl (3Mm,
40 mL) to give pH ~ 1 and extracted with AcOEt (250 mL). The combined
organic phases were washed once with H,O and brine and dried over
MgSO,. The solvents were removed and the orange oil was purified by
column chromatography (SiO,, AcOEt/hexane 1:1) to give white crystals
of 5 (130.0 mg, 78.4%). IR (KBr disc): 7 =2921 (s), 2853 (m, C—H), 1499 (s,
C=C), 1034 (s, C-0), 825 (s), 748 (w), 733 (s), 712 (s), 669 cm™! (w);
'"H NMR (250 MHz, [D4]DMSO): 6 =7.38 (d,/J=8.4 Hz, 8H,), 707 (d, J =
8.4Hz, 8H), 533 (t, /J=6.0Hz, 4H; OH), 427 (d, /J=6.0Hz, 8H);
3C NMR (101 MHz, [D¢]DMSO): 6 =145., 130.9 (2C), 130.5 (2C), 120.5,
902 (Cytiyne): 830 (Copegne): 641 (Cgu). 49.4 (Coppyiene): MS (MALDI-TOF):
mlz: 536 [M]*, 519 [M — OH]", 408 [M — 4CH,;OH]".

Compound 6: Compound 1 (19 mg, 0.046 mmol) and [Co,(CO)g] (94 mg,
0.27 mmol) were stirred in CH,Cl, (or acetone, 6 mL) for 1 h, the solvent
was removed, and the residue was purified by column chromatography
(SiO,, hexane:CH,Cl, 1:1) to give a dark brown solid (33 mg, 46%). IR
(CHCLy): #=2092 (s), 2057 (vs), 2027 cm™! (vs, CO); '"H NMR (300 MHz,
CDCL): 6 =744 (d, J=8.1 Hz, 8H), 722 (d, J = 8.1 Hz, 8H), 6.37 (s, 4H);
3C NMR (101 MHz, CDCL): 6 = 199.4 (CO), 145.8, 135.5, 131.4,129.5, 89.5
(Catuster)s 73.0 (Copuster)s 64.9 (Cyua); MS (MALDI-TOF): mi/z: 1532 [M —
COJ*.

Compound 7: Compound 2 (16 mg, 0.020 mmol) and [Co,(CO);] (95 mg,
0.27 mmol) were stirred in CH,Cl, (or acetone, 6 mL) for 1 h, the solvent
was removed, and the residue was purified by column chromatography
(Si0,, hexane/CH,Cl, 1:1) to give a dark brown solid (16 mg, 26 %). IR
(CHCL): 7=2089 (s), 2057 (vs), 2028 cm~! (vs, CO); 'H NMR (250 MHz,
CDCly): 6 =7.60-7.29 (m, 32H), 6.39 (s,4H); *C NMR (75 MHz, CDCL,):
0=199.1 (CO), 145.7, 138.4, 137.3, 136.3, 131.6, 130.6, 129.6, 128.5, 91.7
(Caser)s 913 (Cuyge) 89:1 (Catugr): 728 (Cetuger): 65.0 (Coua)-

Compound 8: Compound 3 (29 mg, 0.024 mmol) and [Co,(CO)g] (95 mg,
0.27 mmol) were stirred in CH,Cl, (or acetone, 6 mL) for 1 h, the solvent
was removed, and the residue was purified by column chromatography
(SiO,, hexane/CH,Cl, 1:1) to give a dark brown solid (50 mg, 45%). IR
(KBr pellet): #=2090 (s), 2052 (vs), 2020 cm™!' (vs, CO); 'H NMR
(300 MHz, CDCly): 6 =761-731 (m, 48H), 6.40 (s, 4H); *C NMR
(75 MHz, CDCl;): 6 =199.1 (CO), 145.7, 138.3, 138.1, 1374, 136.3, 131.7,
130.7,129.8, 129.7, 129.6, 128.6, 91.7 (Capuster) 916 (Caruser)s 91.4 (Corngter), 913
(Casier)s 891 (Catger)s 72.9 (Caster)s 630 (Cgu); MS (MALDI-TOF): mi/z:
4653 [M]*.

Compound 9: Compound 4 (35.0 mg, 0.049 mmol) was dissolved in dry
CH,Cl, (2 mL), and [Co,(CO),] (105.0 mg, 0.307 mmol) was added. The
solution was stirred for 1.75h under nitrogen at room temperature.
Afterwards the solvent was removed at room temperature and the residue
dried briefly under high vacuum, followed by chromatographic workup
(SiO,; CH,Cly/hexanes 1:9) to give a black solid of 9 (69.0 mg, 76.2%). IR
(CCl, solution): 7=2090 (s), 2056 (vs), 2027 cm~' (vs, CO); 'H NMR
(400 MHz, CDCly) 6 =7.64-7.52 (m, 16 H), 7.40-7.28 (m, 20H); *C NMR
(101 MHz, CDClL3) 6 =199.3 (CO), 145.7 (C?), 138.3 (C?®), 136.4 (C°), 131.6
(C3,2C),129.2 (C°,2C), 128.9 (C°,2C), 128.5 (C* 2C), 1279 (C"), 92.4
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(C57), 91.5 (C%7), 65.0 (C'); MS (MALDI-TOF): m/z: 1388 [M — 17COJ*,
1133 [M — 24 COJ*.

Compound 10: Compound 5 (14.0 mg, 0.026 mmol) was dissolved in dry
acetone (1.5 mL), and [Co,(CO)s] (56.0 mg, 0.16 mmol) was added. The
solution was stirred for 1.2 h. Solvent was removed at room temperature,
and the residue dried briefly under high vacuum, followed by chromato-
graphic workup (SiO,, AcOEt/hexane 1:1) to give a red-brown solid of 10
(26.0 mg, 59.5%). IR (KBr disc): 7=2923 (w), 2858 (w, C—H), 2092 (s),
2053 (s), 2030 (s), 2015 (s, CO), 1490 cm~' (w, C=C); '"H NMR (400 MHz,
[Dg]acetone): 6 =7.62 (d, J=8.4 Hz, 8H), 7.33 (d, /=8.4 Hz, 8H), 5.08 (d,
J=6.0Hz, 8H), 492 (t, J=6.0Hz, 4H; OH); *C NMR (101 MHz,
[DgJacetone): 6 =200.7 (CO), 146.6, 137.0, 132.1 (2C), 130.0 (2C), 100.5
(Cagne)s 904 (Cpigne)s 658 (Coua)s 634 (Cppyind): MS (MALDITOF):
mlz: 715 [M —24CO — 5Co]", 588, 570, 553.

Compound 11: A suspension of Cy(p-CH,I){? (405 mg, 0.314 mmol),
(TMS)C=CH (370 mg, 3.77 mmol), Cul (23.9mg, 0.126 mmol) and
[PdCL,(PPh;),] (88.1 mg, 0.126 mmol) in NEt; (20 mL) was stirred at
43°C for 19 h. The solvent was removed, and the product was extracted
with C¢Hg. After chromatographic separation, the brown solid obtained
was dissolved in THF (80 mL); NaOH (1M, 80 mL) was added, the solution
stirred for 3.5 h, and water added to give a white precipitate. The mixture
was extracted with CH,Cl, and purified by column chromatography to yield
white crystals (125.2 mg, 59%). IR (KBr disc): 7#=23291 (vs, =C-H), 3035
(W) (=C-H), 1509 (m, C=C), 870 (w), 841 (s), 795 (m), 664 (s), 641 (m),
615 cm™! (s); '"H NMR (400 MHz, CD,Cl,): 6 =7.04 (d, J=8.4 Hz, 12H),
6.79 (d, J 8.4 Hz, 12H), 3.02 (s, 6H); C NMR (101 MHz, CD,Cl,): =
140.9, 140.2, 131.6 (2C), 131.1 (2C), 119.9, 83.7 (Cyiyne)s 775 (Caieyne); MS
(MALDI-TOF): m/z: 677 [M]"; elemental analysis calcd (% ) for Cs,H;,: C
95.6, H 4.5; found C 94.9, H 4.7

Compound 12: A suspension of 11 (126 mg, 0.185 mmol), p-
IC,H,C=C(TMS) (445 mg, 1.48 mmol), Cul (10.0 mg, 0.053 mmol) and
[PACI,(PPh;),] (13.0 mg, 0.019 mmol) in NEt; (15 mL) was stirred at 45°C
for 12 h, solvent was removed, and the product was purified by column-
chromatography (white solid, 133.9 mg, 42.2 % ). Deprotection of the TMS-
protected product (274 mg, 0.160 mmol) under the same conditions as for
11, gave 12 as white crystals (140.5 mg, 68.5%). 'H NMR (300 MHz,
CD,Cl,): d=7.44-7.36 (m, 24H), 7.13 (d, J=8.1 Hz, 12H), 6.89 (d, /=
8.1 Hz, 12H), 3.22 (s, 6H); 3*C NMR (75 MHz, CD,Cl,): 6 =140.8, 140.3,
132.4,131.7 (two coincident signals), 130.7, 124.0, 122.2, 120.6, 91.5 (Cjiyne)»
89.2 (Cyikyne)s 83-4 (Caikyne)» 792 (Coiyne); MS (MALDI-TOF): m/z: 1279
[M]*; elemental analysis caled (%) for C,,Hs,: C 93.1, H 4.2; found
C 935, H 4.6; UV/Vis (CH,ClL): Ay (8)=315 (149.1), 327 nm
(136.3 dm*mol~'cm™); fluorescence (CH,Cl,, h# =327 nm, 298 K): A=
370, 730 nm.

Compound 13: [Co,(CO)g] (125 mg, 0.366 mmol) was added to compound
11 (33.2 mg, 0.026 mmol) dissolved in CH,Cl, (3 mL), the mixture was
stirred for 1.5h, and solvent removed. After chromatographic workup,
compound 13 was obtained as a red crystalline solid (46.3 mg, 95.1%).
'H NMR (250 MHz, CD,Cl,): d=7.08 (d, /=79 Hz, 12H), 6.81 (d, J=
79 Hz, 12H), 6.21 (s, 6H); *C NMR (101 MHz, CD,Cl,): 6 =200.0 (CO),
140.7, 140.5, 135.0, 132.3 (2C), 129.3 (2C), 90.4 (Cyusier)s 73.0 (Capusier)s IR
(KBr): 7=2094, 2051, 2032, 2022, 2010 cm~! (CO); MS (MALDI-TOF):
mlz: 2366 [M — CO]*.

Compound 14: [Co,(CO)g] (319 mg, 0.934 mmol) was added to compound
12 (33.2 mg, 0.026 mmol) dissolved in CH,Cl, (5 mL), the mixture stirred
for 1 h, and the solvent removed. After chromatographic workup, 14 was
obtained as a red crystalline solid (105 mg, 85.7%). '"H NMR (250 MHz,
CD,CL): 6 =749 (d, ] =8.1 Hz, 12H), 742 (d, = 8.1 Hz, 12H), 724 (d,J =
8.4 Hz, 12H), 6.94 (d, J=8.4 Hz, 12H), 6.49 (s, 6H); ®C NMR (75 MHz,
CD,Cl,): 6 =199.6 (CO), 140.6, 140.5, 138.9, 137.4, 135.8, 132.4 (2C), 130.9
(2C), 129.9 (2C), 128.2 (2C), 92.2 (Cypusier)s 91.5 (Causier)s 89.7 (Ceugier)s 73.6
(Ceuster); IR (KBr disc): 7=2089, 2053, 2021 cm~! (CO); MS (MALDI-
TOF): m/z: 4706 [M]*, 3711 [M — 36 CO]*.

Crystallography: Crystallographic parameters and details of the data
collection for compounds 4 and 11 are given in Table 3. The structures were
solved by routine methods as described previously.?” 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-143144 and CCDC-143145. Copies
of the data can be obtained free of charge on application to CCDC, 12
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Table 3. Crystallographic data and structure refinement for compounds 4
and 11.

4 11
formula Cs;Hjy Cs,Hj,
M, 720.86 678.78
T [K] 183(2) 193(2)
1 [A] 0.71073 0.71073
crystal system tetragonal monoclinic
space group I4/a P2,/c
a[A] 13.424(2) 17.933(4)
b [A] 13.424(2) 15.039(3)
c[A] 66.283(13) 14.939(3)
£ 1] 105.12(3)
VA 11944.0(34) 3889.5(13)
V4 12 4
Pearea [gem 3] 1.203 1.159
u# [mm~1] 0.068 0.066
F(000) 4536 1416
0 range [°] 2.16 to 26.07 2.47 to 28.07
reflections collected 22834 13320
independent reflections 5893 (R, =0.1764) 8629 (R;, = 0.0508)
observed reflections [/ >20(I)] 2583 5614
refinement method full-matrix least-squares on F?
data/restraints/parameters 5043/0/494 8621/0/607

GOF on F? 0.798 0.797

final R indices [/ >20()] R,=0.0689 R,=0.0565
wR,=0.1684 wR,=0.1681

R indices (all data) R, =0.1696 R, =0.0942
wR,=0.3298 wR,=0.2168

largest diff. peak/hole [e A3 0.245/—-0.183 0.281/—-0.157

Union Road, Cambridge CB21EZ, UK (fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).
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