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The cover picture shows the synthesis of novel conjugated macrocycles assembled from
oligothiophenes bearing terminal acetylene groups. Under pseudo-high-dilution con-
ditions the oxidative cyclooligomerization first gives the oligothiophenediynes, the
precursors to the new class of a-cyclo[n]thiophenes. The detailed structure of
macrocycles with up to 76 ring members and cavities of up to 3nm could be
investigated by means of X-ray structure analysis, scanning tunneling microscopy, and
quantum chemical calculations (see the molecular model top right). The novel rings
combine the excellent electronic properties of the corresponding linearly conjugated
oligomers with the possibility of complexing large organic guest molecules or other
objects (the tower of the Cathedral at Ulm represents a nanometer-sized, rodlike
entity), which should have new fundamental properties and applications. The back-
ground shows the image obtained by scanning electron microscopy of a self-assembled
and perfectly ordered monolayer of macrocycles on a graphite surface. More on
these fascinating nanometer-sized rings can be found in the communication by
P. Biuerle et al. on p. 3481 ff.
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Artificial Molecular Machines

Vincenzo Balzani,* Alberto Credi, Francisco M. Raymo, and J. Fraser Stoddart*
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The miniaturization of components
used in the construction of working
devices is being pursued currently by
the large-downward (top-down) fabri-
cation. This approach, however, which
obliges solid-state physicists and elec-
tronic engineers to manipulate pro-
gressively smaller and smaller pieces of
matter, has its intrinsic limitations. An
alternative approach is a small-upward
(bottom-up) one, starting from the
smallest compositions of matter that
have distinct shapes and unique prop-
erties—namely molecules. In the con-
text of this particular challenge, chem-
ists have been extending the concept of
a macroscopic machine to the molec-
ular level. A molecular-level machine
can be defined as an assembly of a
distinct number of molecular compo-
nents that are designed to perform
machinelike movements (output) as a
result of an appropriate external stim-
ulation (input). In common with their
macroscopic counterparts, a molecular
machine is characterized by 1) the kind
of energy input supplied to make it
work, 2) the nature of the movements
of its component parts, 3) the way in

N

which its operation can be monitored
and controlled, 4) the ability to make it
repeat its operation in a cyclic fashion,
5) the timescale needed to complete a
full cycle of movements, and 6) the
purpose of its operation. Undoubtedly,
the best energy inputs to make molec-
ular machines work are photons or
electrons. Indeed, with appropriately
chosen photochemically and electro-
chemically driven reactions, it is possi-
ble to design and synthesize molecular
machines that do work. Moreover, the
dramatic increase in our fundamental
understanding of self-assembly and
self-organizational processes in chem-
ical synthesis has aided and abetted the
construction of artificial molecular
machines through the development of
new methods of noncovalent synthesis
and the emergence of supramolecular
assistance to covalent synthesis as a
uniquely powerful synthetic tool. The
aim of this review is to present a
unified view of the field of molecular
machines by focusing on past achieve-
ments, present limitations, and future
perspectives. After analyzing a few
important examples of natural molec-

ular machines, the most significant
developments in the field of artificial
molecular machines are highlighted.
The systems reviewed include 1) chem-
ical rotors, 2) photochemically and
electrochemically induced molecular
(conformational) rearrangements, and
3) chemically, photochemically, and
electrochemically controllable (co-
conformational) motions in inter-
locked molecules (catenanes and ro-
taxanes), as well as in coordination and
supramolecular complexes, including
pseudorotaxanes. Artificial molecular
machines based on biomolecules and
interfacing artificial molecular ma-
chines with surfaces and solid supports
are amongst some of the cutting-edge
topics featured in this review. The
extension of the concept of a machine
to the molecular level is of interest not
only for the sake of basic research, but
also for the growth of nanoscience and
the subsequent development of nano-
technology.
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1. Molecular-Scale Machines

What would be the utility of such machines? Who knows? I cannot
see exactly what would happen, but I can hardly doubt that when we
have some control of the arrangement of things on a molecular scale
we will get an enormously greater range of possible properties that
substances can have, and of the different things we can do.

Richard P. Feynman!! (1959)

1.1. The Concept of a Machine at the Molecular Level
In everyday life we make extensive use of (macroscopic)
machines. A machine is?! “an apparatus for applying mechan-

ical power, having several parts each with a definite function”.
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When a machine is working, at least some of its components
display changes in their relative positions. A machine is
characterized by 1) the kind of energy input supplied to make
it work, 2) the type of movements performed by its compo-
nents, 3) the manner in which its operation can be monitored
and controlled, 4) the possibility to repeat the operation at
will and establish a cyclic process, 5) the timescale needed to
complete a cycle of operation, and 6) the function performed
by the machine.

The concept of a machine can be extended to the molecular
level. A molecular-level machine can be defined as an
assembly of a discrete number of molecular components
designed to perform mechanical-like movements (output) as a
consequence of appropriate external stimuli (input). Al-
though there are many chemical compounds whose constitu-
tions and/or shapes can be modified by an external stimulus—
for example, molecules capable of undergoing photoinduced
cis/trans isomerizations of their C=C, C=N, or N=N bonds—
the term molecular-level machine will only be used for
systems whose component parts undergo movement with
relatively large amplitudes. Furthermore, systems in which the
molecular movements are not controlled by some easily
identifiable and well-characterized external stimulus will not
be considered to be molecular-level machines. The extension
of the concept of a machine to the molecular level is of
interest not only for the sake of basic research, but also for the
growth of nanoscience and the subsequent development of
nanotechnology.

The concept of a machine at the molecular level is not a new
one. Our bodies can be viewed as very complex ensembles of
molecular-level machines that power our physical motions in
a multitude of different guises, repair tissue damage in a wide
spectrum of situations and circumstances, as well as preside
over our innermost worlds where we are preoccupied by our
sensory perceptions, emotional states, and thought processes.
The idea of constructing artificial molecular-level machines,
however, is quite a recent one. The first time the topic was
seriously contemplated was in 1959 by Richard Feynman,!!
Nobel Laureate in Physics, in his historic address “There is
Plenty of Room at the Bottom” to the American Physical
Society in December of that year. The earliest examples of
synthetic molecular-level machines, based on the photoisom-
erization of azobenzene, were reported® in the early 1980s. In
the last 15 years research in the field of artificial molecular-
level machines has been stimulated by several major scientific
breakthroughs and paradigm shifts: they include 1) the rapid
development of probe microscopies!¥ following the award of
the Nobel Prize in Physics to Binnig and Rohrer in 1986; 2) a
growing interest in supramolecular chemistry®! after the
award of the 1987 Nobel Prize in Chemistry to Pedersen,
Cram, and Lehn; 3) the elucidation and unraveling of the
working mechanisms of some key biological devices and
machines,® 7 such as those involved in photosynthesis (De-
isenhofer, Huber, and Michel recognized by the 1988 Nobel
Prize in Chemistry) and in the ATP synthesis (leading to the
1997 Nobel Prize in Chemistry to Boyer, Skou, and Walker);
4) the great progress in understanding the mechanisms of the
homogeneous and heterogeneous thermal and photoinduced
electron-transfer reactions® provided by Marcus who was
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awarded the Nobel Prize in Chemistry in 1992; and 5) the
realization that the (physical) top-down approach to minia-
turization in the electronics industry, for example, has intrinsic
limitations and the increasing confidence that it can be
replaced profitably by a (chemical) bottom-up approach.l!

In the past few years interest in artificial molecular
machinery has grown exponentially and several short reviews
covering specific aspects of the field are now available.l') The
aim of this article is to present a unified view of the field by
focusing in on past achievements, present limitations, and
future perspectives.

1.2. Defining Molecular-Level Machines

We have already identified the features and characteristics
of macroscopic machines in Section 1.1, and have also
established that one of the operational requirements of a
molecular machine will be that the movement of its compo-
nent parts will have relatively large amplitudes—a property
which implies the occurrence of chemical reactions. In his
1959 address to the American Physical Society, Feynman!'!
noted that “An internal combustion engine of molecular size
is impossible. Other chemical reactions, liberating energy
when cold, can be used instead.” Even relatively “cold” chemical
reactions, however, can destroy the molecules constituting a
machine. Since such a machine works by repeating cycles
(Point 4), an important requirement is that any chemical change
or reaction taking place in the system has to be reversible.
Within this constraint, any kind of chemical process that
causes motions of a machine’s component parts—for example,
isomerizations, acid/base reactions, oxidation/reduction proc-
esses, complexation/decomplexation equilibria involving, for
example, the making and breaking of hydrogen bonds—can
be useful. Most chemical reactions occur as a result of thermal
activation on mixing the reactants. If a molecular-level machine
has to work by thermal activation it will need the addition of
reagents at all steps in its working cycle, since the added
reagents play the role (Point 1) of chemical energy inputs.
Although such kinds of input can be useful, clearly the
repeated addition of reagents will result in the accumulation
of by-products that, after a relatively small number of cycles,
will compromise the operation of the machine unless the
products can be removed from the system, which is not an easy
task to perform. In principle, the best energy inputs to make a
molecular machine work (Point 1) are photons and electrons
(or holes). Indeed, with appropriately chosen photochemi-
cally or electrochemically driven reactions, it is possible to
design interesting and intriguing molecular machines.

The motions performed by the component parts of a
molecular-level machine (Point 2) depend to some extent on
whether the machine is molecular or supramolecular in
nature.!"'). Movements of component parts within classical
molecules will necessarily involve changes in their conforma-
tions and/or configurations around covalent bonds that are
formally single or double, respectively, in their orders,
although these changes in molecular structure are accompa-
nied by the making and breaking of intramolecular non-
covalent bonds. Movements of the component parts within
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supermolecules (complexes) may be accompanied by con-
formational and/or configurational changes within their
covalently linked molecular components; however, it will be
largely the reorganization of intermolecular noncovalent bonds
between the molecules that will usually reflect and constitute
the movements within these kinds of molecular-level ma-
chines. In nonclassical so-called interlocked molecules the
mechanical bonds that link the component parts together
offer the close to unique opportunity, within relatively small
molecules at least, to effect movements with large amplitudes
upon their components, mainly as a result of the making and
breaking of intercomponent noncovalent bonds.

In order to monitor and control the operation (Point 3) of a
molecular machine the motions of the component parts
should bring about readable changes in some properties of the
system. Any kind of chemical or physical probe can be useful
in providing read-outs, particularly the various different types
of spectroscopies that are currently available to us. In this
regard, it should be pointed out that photochemistry and
electrochemistry are often very useful since both photons and
electrons can play the dual role of “writing”, that is, causing
the change in the system, and “reading”, that is, reporting the
resulting state of the system. The operating timescale
(Point 5) of molecular machines is that of nuclear motions,
which can range from nanoseconds to seconds depending on
the nature of the components involved and the type of
motions that are happening. We would like to point out that
the description of a motion implies the definition of a fixed
reference system. In the case of molecular machines, this
matter is not so trivial (see Section 4.2). Finally, the functions
that can be performed by exploiting the movements of the
components in artificial machines (Point6) are largely
unpredictable. Some comments on this topic will be presented
later on in Section 5.

1.3. Natural Molecular Machines

Before reviewing artificial molecular machines, we will
discuss a few examples of natural molecular machines. Since
the molecular machines produced by nature are extremely
complicated systems, there is little hope of reproducing them
artificially, at least in the short term. The functions of living
organisms involve free energy differences caused by
1) changes in chemical potential, mechanical forces, temper-
ature, extent of order, pressure, etc., or by 2) changes arising
from absorption of light or other electromagnetic radiations.
The task of biological molecular machines, which are assem-
blies of proteins, is to convert energy from one form or
location into another.'” When energy in one of the above
forms is available to the correct protein construct, that is, a
specific molecular machine, it can be converted or transduced
by the appropriate protein into any one of the other forms of
energy. Living organisms represent the synergistic integration
of functionally diverse molecular machines."

In the last few years the outstanding development of single
molecule manipulation and observation, particularly by
fluorescence spectroscopy,'* 1 has thrown light on the
operational mechanism of several biological machines.

3352

1.3.1. A Rotary Motor: F;-ATPase

Mitochondria, bacteria, and chloroplasts use the free
energy stored in transmembrane ion gradients to manufacture
adenosine triphosphate (ATP) from adenosine diphosphate
(ADP) and inorganic phosphate (P;) by the action of ATP
synthase. This enzyme consists!!®! of two principal domains
(Figure 1). The asymmetric membrane-spanning F, portion

= 10 mim -

Figure 1. The structure of F)F,ATP synthase.'!l The catalytic region is
composed of the subunits a—e. The proton channels lie at the interface
between the subunits a and ¢ (dashed lines indicate the putative inlet and
outlet channels). Proton flow through the channels develops torque
between the a and c subunits. This torque is transmitted to F, via the y
shaft and the & subunit, where it is used to release ATP sequentially from
the catalytic sites in F,. The c¢ subunit consists of 9-12 twin a-helices
arranged in a central membrane-spanning array. The a subunit consists of
5-7 membrane-spanning a-helices and is connected to F; by the b and ¢
subunits. Reprinted by permission from ref. [16f] (Copyright® Macmillan
Magazines Ltd 1998).

contains a proton channel, and the soluble F; portion contains
three catalytic sites which cooperate in the synthetic reactions.
The catalytic region is made up of nine protein subunits in the
stoichiometry a:f:y:0:¢=3:3:1:1:1 and approximates to a
flattened sphere, 10 nm across and 8 nm high. The flow of
protons through F, is thought to generate a torque which is
transmitted to F; by an asymmetric shaft, the coiled-coil y-
subunit. This subunit acts as a rotating “cam” within F,,
sequentially releasing ATP molecules from the three active
sites. The free-energy difference across the inner membrane
of mitochondria and bacteria is sufficient to produce three
ATP molecules per twelve protons that pass through the
motor. The FyF,-ATP synthase is reversible, that is, the full
enzyme can synthesize or hydrolyze ATP; F, in isolation,
however, can only hydrolyze it. The spinning of F,-ATPase,
namely, the rotary motor nature of this enzyme, was first
proposed by Boyer.l'®®] Recently, the rotation of F,-ATPase
has been directly observed!'”! during ATP hydrolysis by
attaching a fluorescent actin filament as a marker to the y
subunit. In other experiments'®! performed with actin fila-
ments of variable length, discrete 120° rotations have been
observed, as expected from the threefold rotational symmetry
of yF,. A rather puzzling result is that F,-ATPase is reported
to convert chemical into mechanical energy with near 100 %
efficiency.
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1.3.2. Linear Motor Proteins: Myosin

Enzymes such as myosin, kinesin, dynein, and their
relatives are linear motors which convert the energy of ATP
hydrolysis into mechanical work along polymer substrates—
myosin along actin filaments in muscle and other cells, and
kinesin and dynein along microtubules.'¥] Motion derives
from a mechano-chemical cycle during which the motor
protein binds to successive sites along the substrate in such a
way as to move forward on average.

Myosin provides the power for all of our voluntary motions
(running, walking, lifting, etc.) as well as for involuntary
muscles (for example, beating heart). Myosin is composed of
two large heads connected to a long, thin tail. In the muscle
cells, many myosin molecules combine by aligning their tails,
staggered one relative to the next. Muscle cells are also filled
with cables of actin, which are used as a ladder on which
myosin climbs. The head groups of myosin extend from the
surface of the resulting filament like bristles in a bottle brush.
The bristling head groups provide the power to contract
muscles. They reach from the myosin filament to a neighbor-
ing actin filament and attach to it. Breakage of an ATP
molecule then forces the myosin head into a radically
different shape. It bends near the center and drags the myosin
filament along the actin filament. This is the power stroke of
muscle contraction. In a rapidly contracting muscle, each
myosin head may stroke five times a second, each stroke
moving the filament about 10 nm.

The term myosin refers to at least 14 classes of proteins,
each containing actin-based motors. For myosin I (skeletal
muscle myosin), the working stroke has been observed!™ by
optical methods in the following way (Figure 2): An actin

Figure 2. Experimental geometry used'” to observe single myosin mole-
cules binding and pulling an actin filament. The filament was attached at
either end to a trapped bead. These beads were used to stretch the filament
taut and move it near surface-bound silica beads that were decorated
sparsely with myosin molecules. Adapted with permission from ref. [19]
(Copyright® Macmillan Magazines Ltd 1994).

filament was bound at either end to a polystyrene bead to
form a dumbbell structure. Both beads were then optically
trapped, and the filament was pulled taut and moved near
surface-bound silica spheres that were decorated sparsely
with myosin molecules. Transient bead deflections parallel to
the long filament axis were observed and interpreted as
reflecting myosin binding and the pulling of the filament.
These experiments, however, could not resolve a number of
issues—such as the motor mechanism—which are still the
subject of extensive investigation.?”! Several other biological
processes are based on motions. For example, RNA polymer-

Angew. Chem. Int. Ed. 2000, 39, 3348 -3391

ase moves along DNA while carrying out transcriptions, thus
it acts as a molecular motor. The force and velocity of single
molecules of RNA polymerase have recently been meas-
ured.?!! Evidence of concerted operation of kinesin and
myosin motors has also been reported.??!

1.4. Interlocked Molecules as Prototypes of Artificial
Molecular Machines

One of the goals of supramolecular chemistry®™ 'l is to
create organized, functioning molecular-scale devices which
are able to interpret, store, process, and dispatch information
just like the sophisticated machines found in natural systems.
Arguably, the most profound influence upon the art of
chemical synthesis in recent times has been a supramolecular
one, in which intermolecular noncovalent bonding interac-
tions play a prominent role in templating reactions.?> 2 While
supramolecular synthesis has led to the creation of the so-
called rotaxanes? 2! under thermodynamic control, supra-
molecular assistance to molecular synthesis, under both kinetic
and thermodynamic control,?”! has led to the construction of
the so-called catenanes,’*>2¢! as well as of the rotaxanes. As
observed in natural systems, self-assembly?! in its strictest
sense, and also with covalent modification, has provided the
impetus for the development of synthetic supramolecular
chemistry®! to a point where synthesizing catenanes and
rotaxanes is quite routine.

A [2]rotaxanel® 291 is a molecule composed of a macrocyclic
and a dumbbell-shaped component. The macrocycle encircles
the linear rodlike portion of the dumbbell-shaped component
and is trapped mechanically around it by two bulky stoppers.
Thus, the two components cannot dissociate from one
another, even although they are not linked covalently to each
other. If it can be arranged, during the template-directed
synthesis® 24 of a [2]rotaxane, to locate two identical
recognition sites within its dumbbell component, then the
result is a degenerate, co-conformational®! equilibrium state
in which the macrocyclic component can shuttle back and
forth along the linear portion of the dumbbell. Such a
molecule constitutes a molecular shutile?3 Two exam-
plesBh 33 of [2]rotaxanes that behave as degenerate molecular
shuttles are shown in Scheme 1. When the two recognition
sites in the dumbbell component differ in their constitutions,
then the [2]rotaxane can exist as two different equilibrating
co-conformations,®! whose populations reflect their relative
free energies as determined primarily by the strengths of the
two different sets of noncovalent bonding interactions in the
molecule. In the schematic representation shown in Scheme 2,
it has been assumed that the molecular shuttle resides
preferentially in “state 0” until a stimulus is applied that
switches off the stronger of the two recognition sites, thus
inducing the macrocycle to move to the second weaker
recognition site, “state 1”. In appropriately designed [2]ro-
taxanes, this nondegenerate process can be con-
trolled!'%atvy- 34 reversibly using stimuli that are either
chemical, electrochemical, or photochemical. Protonation/
deprotonation as well as oxidation/reduction processes can all
be exploited to alter reversibly the stereoelectronic properties
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Scheme 1. In the [2]rotaxane 1*f, the bipyridinium-based cyclophane
shuttlesP! from one 1,4-dioxybenzene recognition site to the other at a rate
of about 2000 s~! in (CD3),CO at ambient temperature. In the [2]rotaxane
24, the 1,4-dioxybenzene-based macrocyclic polyether shuttles?®’! from one
bipyridinium recognition site to the other one at a rate of about 300000 s~!
under the same conditions.

of one of the two recognition sites, thus affecting their relative
abilities to sustain noncovalent bonds. By switching the
recognition properties of one of the two recognition sites off
and on again, the relative proportions of the two species can
be controlled reversibly. These kinds of controllable molec-
ular shuttles can be self-assembled using one of a number of
different template-directed synthetic strategies.’>?4 In one
instance, a linear half-dumbbell-shaped compound is thread-
ed (Scheme 3; step a) through the cavity of a preformed
macrocycle with the assistance of noncovalent bonding
interactions and then the so-called pseudorotaxane’™! is
stoppered (step b) by the covalent attachment of a bulky
group. In another instance, the macrocycle is clipped (step c)
around the preformed dumbbell, again with the help of
noncovalent bonding interactions. Both the threading fol-
lowed by stoppering and the clipping approaches to synthesiz-
ing controllable molecular shuttles are examples of supra-
molecular assistance to molecular synthesis. An alternative
approach is provided by slippage,* which is an example of
supramolecular (noncovalent) synthesis.?! In this approach

slimulus B

stimulis &

Scheme 2. The two co-conformations associated with a [2]rotaxane
incorporating two different recognitions sites within its dumbbell-shaped
component®'! can be interchanged by appropriate stimuli.
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Scheme 3. The a) threading followed by b) stoppering and the c) clipping
strategies®™! for the template-directed synthesis of a [2]rotaxane.

the macrocyclic and the dumbbell-shaped components are
synthesized separately. When the two species are heated
together in solution the macrocycle “slips” over the dumb-
bell’s stoppers to form a molecular shuttle. Upon cooling the
reaction mixture, the macrocycle is obliged to remain
threaded on the dumbbell as a result of the thermodynamic
trap (Figure 3) provided by the stabilizing noncovalent
bonding interactions.

o-&—0

Figure 3. The change in energy associated with the slippingP® of a
macrocycle over one of the stoppers of a dumbbell-shaped compound.

A [2]catenane® % is a molecule composed of two inter-
locked macrocyclic components. The two macrocycles are not
linked covalently to each other: rather, a mechanical bond
holds them together, and prevents their dissociation. If it is
arranged during the template-directed synthesisi?> > to have

Angew. Chem. Int. Ed. 2000, 39, 3348 -3391
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two identical recognition sites located within two different
macrocycles, then the [2]catenane that results is one that
undergoes a degenerate co-conformational® change when
one of the macrocycles circumrotates’! through the cavity of
the other and vice versa. An examplel®! of a degenerate
[2]catenane is shown in Scheme 4 wherein the dynamic

[jj
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Scheme 4. The solid-state structure of the [2]catenane 3*" and the dynamic
processes associated! with this molecule in solution which involve the
circumrotations of the macrocyclic components through each other’s
cavities.?o"

processes in solution are illustrated together with its solid-
state structure. When one of the two macrocyclic rings carries
two different recognition sites then the opportunity exists to
controll!%4vy. 3. 401 the dynamic processes in these switchable
[2]catenanes (Scheme 5) in a manner reminiscent of the
controllable molecular shuttles. In essence, the requirement
for being able to switch between “state 0” and “state 1” in

stimules A shmulus B8

Scheme 5. The two co-conformations associated with a [2]catenane that
incorporates two different recognition sites within one of its two macro-
cyclic components can be interchanged by appropriate stimuli.
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such a [2]catenane is that the “symmetric” macrocyclic
component resides preferentially around one of the two
different recognition sites incorporated within the “asymmet-
ric” macrocycle. The two associated co-conformations?” are
stabilized by intercomponent noncovalent bonding interac-
tions and their interconversion requires the circumrotation of
the “asymmetric” macrocycle through the cavity of the
“symmetric” one. In solution, the equilibrium between the
two co-conformations is governed by the relative magnitudes
of the intercomponent noncovalent bonding interactions. By
switching off and on again the recognition properties of one of
the two recognition sites of the “asymmetric” macrocycle, the
relative populations of the two species can be controlled
reversibly. Complexation/decomplexation of metal ions or of
neutral organic molecules as well as protonation/deprotona-
tion and oxidation/reduction processes can all be exploited to
alter reversibly the stereoelectronic properties of one of the
two recognition sites, thus affecting
its ability to sustain noncovalent
bonds. These kinds of switchable
[2]catenanes can be prepared fol-
lowing the template-directed syn-
thetic strategy?> 24 illustrated in
Scheme 6 wherein one of the two
macrocyclic components is pre-
formed and then the other one is
clipped around it with the help of
noncovalent bonding interactions in
what amounts to supramolecular
assistance to molecular synthesis.
A large variety of recognition
sites and noncovalent bonding in-
teractions have been employed 2]
to assist in the covalent syntheses of
rotaxanes and catenanes. For exam-
ple, the ability of 1) cyclodextrins to
bind organic molecules in aqueous
solution, 2) crown ethers to bind metal cations or secondary
dialkylammonium recognition sites, and 3) amide groups to
sustain hydrogen-bonding interactions have all been exploited
to template the formation of these interlocked molecules.
However, rotaxanes and catenanes which are particularly
attractive for the generation of molecular machines are those
incorporating redox- and/or photo-active units in one or both
or all of their interlocked components.['>%t%Y] Thus, the most
promising synthetic strategies for the generation of molecular
machines incorporating interlocked components are those
relying on the use of transition metal templates or of
complementary m-electron-rich and m-electron-deficient rec-
ognition sites. Indeed, the ability of transition metals to
coordinate organic ligands with specific geometries has been
exploited?™ 2v-dl to template the formation of rotaxanes and
catenanes incorporating phenanthroline ligands. The redox-
and photo-active metal centers embedded in the resulting
interlocked molecules provide the means to address them
electrochemically and photochemically.'%s**! Similarly, the
ability of bipyridinium recognition sites to sustain w—m and
C—H --- O interactions with polyethers incorporating m-elec-
tron-rich recognition sites has been employed? 26ehi-lnol tq

——

Scheme 6. The

clipping
strategy®! for the tem-
plate-directed synthesis of
a [2]catenane.
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self-assemble, under kinetic or thermodynamic control,?’!
rotaxanes and catenanes. The presence of the redox-active
n-electron-rich and m-electron-deficient units makes these
interlocked molecules perfect candidates for building molec-
ular machines.[1020hipy]

The co-conformational changes associated with rotaxanes
and catenanes are reminiscent!'®4 of the mechanical motions
associated with some macroscopic machines. In a [2]rotaxane,
the “wheel” component can rotate around or shuttle along
(Scheme 7a and b, respectively) the “axis” component. The

HEO - O30
- - &

Scheme 7. Some of the dynamic processes!'® associated with (a and b) a
[2]rotaxane and (c and d) a [2]catenane.

movement of one ring relative to the other in a [2]catenane is
reminiscent of a “ball and socket joint”, as illustrated in
Scheme 7c. Similarly, the twisting of one ring around the main
axis of the [2]catenane forces (Scheme 7d) the other ring to
rotate in the same direction in a manner reminiscent of a
“universal joint”.*!

1.5. Pseudorotaxanes as Prototypes of Artificial
Molecular Machines

Supramolecular complexes are appealing systems for the
construction of simple molecular-level machines since they
can be obliged to undergo dissociation into their free
molecular components and eventually assemble again upon
appropriate counter-stimulations. They are an attractive
proposition and of considerable interest because they can be
prepared under thermodynamic control simply by mixing the
molecular components in solution. The challenge for chemists
engaged in this particular approach to building molecular-
level machines resides in the “programming” of the system,
that is, in the design and synthesis of components, which carry
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within their structures the pieces of information necessary for
the construction of the desired supramolecular architec-
ture.[> 1

From the viewpoint of molecular machines, the most
interesting complexes are the pseudorotaxanes.s The reason
is that they can be reversibly dissociated into a free ring-type
host and a free thread-type guest, which gives rise to
dethreading/rethreading motions. Some of the molecular
motions that can be obtained with pseudorotaxanes are
represented pictorially in Scheme 8. Starting from the simple
dethreading/rethreading motion (Scheme 8a), more complex
processes can be devised. In a chemical system composed of a
macrocycle and two threadlike species one can select
(Scheme 8b), by means of a suitable input, which thread
enters the ring’s cavity. Analogously, a suitable stimulus can
be employed to choose which one of the two macrocycles
surrounds (Scheme 8c) a particular threadlike species. The
investigation of such systems is of interest not only for its
own sake, but also for the design of more complex molecular
machines based on rotaxanes and catenanes (see Sec-
tion 3).

The external stimulus employed to operate such rudimen-
tary molecular machines must be able to weaken the non-
covalent bonding forces that stabilize the initial supramolec-
ular complex. Therefore, the type of stimulus that is used
depends on the nature of such forces. The majority of
complexes studied so far rely on "N—H---O and C-H---O
hydrogen-bonding or on a combination of C-H---O hydro-
gen-bonding and n-electron donor/acceptor (charge-transfer)
interactions.1%2b8ipyl +N—H .- O Hydrogen-bonding interac-
tions can be easily destroyed by addition of a base capable of
deprotonating an ammonium center, and can be restored by
addition of an acid capable of reprotonating an amine
function. Thus, in supramolecular complexes based on hydro-
gen-bonding interactions, mechanical motions can be driven
by means of chemical (acid/base) stimulation. When the
interactions responsible for complexation are donor/acceptor
in nature, they can be weakened by oxidation of the electron-
donor unit or by reduction of the electron-acceptor one. The
reduction of the electron-acceptor unit also weakens the
C—H---O hydrogen bonds which accompany the donor/
acceptor interactions in most of these supramolecular com-
plexes. In most cases, the donor/acceptor interaction can be
restored by means of the reverse redox process. The oxidation
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Scheme 8. a) The dissociation of a pseudorotaxane and the interchange of
b) a macrocycle between two threads and of c) a thread between two
macrocycles.[!%]
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and reduction processes needed to dissociate/associate a
supramolecular complex can be achieved by means of
chemical, photochemical, or electrochemical stimulation.

1.6. Types of Molecular Machines

Some structure and order is required in any meaningful
discussion. This task is never an easy one when discussing
chemical systems. The reason relates to their complexity
which, in turn, results from their multi-dimensional character.
Artificial molecular machines are no exception. Nonetheless,
one clear-cut distinction that can be made between different
types of artificial molecular machines is according to
1) whether the component parts involved only rotate about
covalent, usually single or partial double, bonds in conven-
tional molecules or 2) whether the component parts are
associated with topological or other geometrically related
changes occurring within interlocked molecules, for example,
catenanes and rotaxanes. The terms conformation and co-
conformation are employed in this review in order to
distinguish between these two types of fundamentally differ-
ent motions that can take place within molecules. Some kind
of mechanical bonding within a molecule is required, on top of
the normal range of covalent and noncovalent bonds, to
permit changes in the relative positionings of components that
are co-conformational in nature. It is convenient to extend
this terminology from the molecular world into the supra-
molecular domain, such that pseudorotaxanes, for example,
may be considered to undergo co-conformational changes
between their complexed and uncomplexed states. The other
clear-cut distinction that can be made in discussing the
abilities of molecules and supramolecules to behave as
switches is how they are stimulated to perform their internal
movements. In this review, it has been found convenient to
discuss the addressing issue under the headings of chemical,
electrochemical, and photochemical, depending on the nature
of the fuel. In this ad hoc manner, we have been able to
introduce some semblance of structure and order into our
discussion of artificial molecular machines.

2. Artificial Molecular Machines Based on
Conformational Motions

2.1. Chemically Induced Conformational Motion

2.1.1. On/Off Switches Based on Allosteric Effects

In enzymology, conformational changes induced by binding
give rise to interactions between remote sites (allosteric
effects) and provide a means by which the activity of enzymes
can be regulated. Amongst the earliest examples of artificial
chemically induced conformational motions are thosel*!
related to the construction of molecules, such as 4 and 5,
which are capable of allosteric behavior (Scheme 9). Such
molecules are characterized by 1)an active site, 2)an
allosteric or remote site, and 3) a conformational mechanism
which transmits binding information from one site to the
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other. In the ditopic receptors 4 and 5,
the 2,2-bipyridine and crown ether o Y
binding sites, although separated and
electronically insulated, cannot behave 'b-[/ »T
independently. Chelation of metals with n
the 2,2'-bipyridine unit forces the aro-
matic rings toward coplanarity and ; r:.l,
brings the groups in the 3- and 3- ¢, o e i
positions of the bipyridyl unit close  (opic receptors 4
together. This binding restricts the con-  and 5/ in which
formational freedom of the crown ether ~ conformational
and thereby alters its receptivity toward changes induced by
. metal binding at one
metal ions. In the case of compound 4, e aiter the recep-
the change in selectively is small (a  tivity of a remote
factor of four for K+).?®l However, in  bindingsite.
the case of compound 5, which contains
a larger crown ether macrocycle, it has been found ! that the
capability of the macrocycle to coordinate Hg(CF;), in a
pseudorotaxanelike manner is drastically affected by coordi-
nation of Pd** at the bipyridyl site (on/off behavior).

2.1.2. Chemical Rotors

The correlated rotation of bulky groups in crowded
molecules has presaged®! the design of molecular-sized
propellers and gears. A molecule composed of two bulky aryl
rings attached to a “focal” atom can be regarded as the
molecular equivalent of a macroscopic two-bladed propeller.
The diarylacetic acid derivative 6 (Scheme 10) incorporates!*
two identical aryl rings linked to the same atom. Rotation of
one ring in one direction about the single bond linking it to the
“focal” methine carbon atom forces*-*! the other ring to
rotate in the opposite direction. Thus, when one ring rotates
clockwise, the other must rotate anticlockwise, and vice versa.
The mechanism for this coupled conformational motion,
which involves a concerted disrotation, has been termed
“cogwheeling”.*! The coupled motions of two chemical
rotors have also been exploited*” ** in the design of molecular
gears incorporating triptycyl ring systems. For example, the
molecular gear 7 (Scheme 10) incorporates*’ two 9-triptycyl
ring systems bridged by a methylene group. The aryl rings of
the two 9-triptycyl ring systems interdigitate in a manner
reminiscent of the notches of a pair of meshed bevel gears. As
aresult, the rotations of the two 9-triptycyl ring systems about
the single bonds linking them to the “focal” methylene group
are coupled. When one 9-triptycyl ring system rotates clock-
wise, the other one rotates anticlockwise, and vice versa.
Another interesting class of chemical rotors are the macro-
bicyclic molecules™®! 8-10 illustrated in Scheme 10. The
central phenyl ring of 8 can rotate about its axis. This
conformational motion is reminiscent of the movement of the
spindle of a turnstilel and, as a result, this compound has
been called a molecular turnstile. The dynamic process
associated with the molecular turnstile is affected consider-
ably by the size of the R groups attached to the central p-
phenylene ring. Indeed, two degenerate conformations can be
identified in the case of 9 by low temperature 'H NMR
spectroscopy. At ambient temperature, however, the rotation
about the axis of the central ring of 9 is fast on the 'H NMR
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Scheme 10. The molecular propeller 6,14 the molecular gear 747 and the
molecular turnstiles 8 —10.14

timescale and a free energy barrier of 13.4 kcalmol™ is
associated with this dynamic process. By contrast, this rotation
does not occur in 10, even when a solution of this compound is
heated up to high temperatures. In this instance, the
substituents attached to the central p-phenylene ring are far
too bulky to be able to pass through the cavities of the
macrobicyclic ring system.

The rotations associated with the chemical rotors 6-9 are
spontaneous, in common with the conformational motions
observed in most organic molecules possessing single
bonds.P!l By contrast, the large amplitude motion associated
with a real molecular machine has to be controllable.

An example of a chemically controllable rotor? is the
compound shown in Scheme 11 which incorporates a 9-trip-
tycyl ring system attached to a 2,2'-bipyridine unit. The
rotation about the single bond connecting these two units in
(CD;3),CO at 303K is fast on the '"H NMR timescale. As a
result, only four sets of resonances are observed in the
'H NMR spectrum for the aromatic protons of the 9-triptycyl
ring system. The solution has to be cooled down to 193 K to
slow down this dynamic process. Under these conditions the
twelve aromatic protons of the O9-triptycyl unit became
nonequivalent. Upon addition of Hg(O,CCFj;), to a solution
of 11 in (CD;),CO, the metal ion is coordinated by the 2,2'-
bipyridine ligand. As a result, the conformation of this unit is

3358

locked and the 'H NMR spectra (303 K) recorded before and
after the addition of the metal ion are markedly different.
Upon chelation, the singlet associated with the protons of the
methoxy group attached to the disubstituted pyridine ring is
shifted downfield by +2.02 ppm. Furthermore, the resonan-
ces of the aromatic protons of the 9-triptycyl ring system
broaden significantly. At 243 K, rotation about the single
bond connecting the 9-triptycyl ring system to the 2,2'-
bipyridine unit is already slow enough to render some of the
aromatic protons of the 9-triptycyl ring system nonequivalent.
These observations indicate that the locked conformation of
the 2,2"-bipyridine unit brakes the rotation of the 9-triptycyl
ring system. The molecular brake can be released by adding
EDTA to the solution of [11-Hg]** in (CD;),CO. Indeed,
removal of the coordinated metal unlocks the conformation of
the 2,2"-bipyridine unit, thus disengaging the brake.

In order to generate a chemical rotor which undergoes
unidirectional®! motion, the design of the molecular brake 11
was modified. The 2,2'-bipyridine unit was replaced® by
helicenes of appropriate lengths and the unidirectional,
ratchet-type rotation about the single bond connecting the
O-triptycyl ring system to a [4]helicene has now been
achieved. The steric hindrance associated with the [4]hel-
icene group of 12 (Scheme 12) inihibits the rotation about the
single bond connecting this unit to the 9-triptycyl ring system.
Treatment of 12 with CL,CO and Et;N gives the isocyanate 13.
The intramolecular reaction of the hydroxyl and isocyanate
groups affords the urethane 14 in a highly strained conforma-
tion. The strain is released by the clockwise rotation of the
9-triptycyl ring system about the single bond connecting it to
the [4]helicene. Cleavage of the urethane linkage regenerates
compound 12 in a conformation that is different from the
original one. This new conformation is obtained as a result of a
unidirectional 120° rotation induced by the formation of a
covalent bond. The process can be followed by 'H NMR
spectroscopy using the bridgehead proton of the 9-triptycyl
ring system as a probe. The rapid transformation of 12 into 14
is accompanied by a shift of the singlet associated with the

® ©
[11-Hgl QCL

Scheme 11. The molecular brake 11 is engaged® upon chelation of a Hg"
ion by the 2,2"-bipyridine ligand and it is released upon addition of EDTA
which captures the metal ion ((CDj3),CO, 303 K).
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HO{CH, 0" K,

Scheme 12. The rotation about the single bond connecting the 9-triptycyl ring system to the
[4]helicene group in chemical rotor 12 (CDCl;, 295 K) is assisted! by the formation of a covalent

bond and occurs in one direction only.

probe proton to low field and is followed by the unidirectional
rotation which causes a decrease in the intensity of this signal
and the concomitant growth of another singlet. After about
6 h, the conformational change is almost complete.

2.2. Electrochemically Induced Conformational Motion

Conformational changes can be induced electrochemical-
1yl in appropriately designed self-complexing molecules. An
example is compound in-15% (Scheme 13), which incorpo-
ratesP’ %8 a m-electron-deficient head and a m-electron-rich

o
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Scheme 13. The motion of the m-electron-rich tail of the self-complexing
compound 15* can be induced” electrochemically in MeCN solution at
298 K by reducing/oxidizing the bipyridinium units of the m-electron-
deficient head.
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tail. The tail threads through the cavity of its own head in
solution, which results in the positioning the 1,5-dioxynaph-
thalene ring system between the two bipyridinium units. This
conformation is stabilized by m-m stacking interactions
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between the complementary m-electron-
rich and m-electron-deficient aromatic
units, as well as by C—H---O hydrogen
bonds between the a-bipyridinium hydro-
gen atoms and the polyether oxygen
atoms. Consistently, the absorption spec-
trum of in-15% recorded in MeCN at
298 K shows a band in the visible region at
515 nm, which arises from charge-transfer
interactions between the 1,5-dioxynaph-
thalene ring system and the sandwiching
bipyridinium units. The absorbance of the
charge-transfer band increases linearly
with the concentration. This behavior is
remarkably similar to that of a model self-
complexed systemP”l bearing a bulky
stopper at the end of the tail. The stopper
prevents dethreading of the tail and so this
model compound can exist only in a self-
complexed conformation. The similarities
between the absorption spectra of in-15%
and of this model compound indicate that in-15%* also exists
completely in its self-complexed conformation in solution.
The cyclic voltammogram of in-15*" shows two reversible two-
electron reduction waves. The first one (—0.35 V versus the
saturated calomel electrode (SCE)) corresponds to the
simultaneous addition of one electron to each of the two
bipyridinium units. The second one (—0.71 V) corresponds to
the simultaneous addition of a second electron to each of the
two bipyridinium units. A model tetracationic cyclophane that
does not incorporate the 1,5-dioxynaphthalene tail undergoes
two consecutive two-electron reduction processes at —0.29
and —0.70 V. Thus, the first reduction process occurs at a
more negative potential in the case of in-15*, while the
second reduction process occurs at the same potential in both
compounds. These observations indicate that the 1,5-dioxy-
naphthalene unit of in-15* is sandwiched (Scheme 13)
initially between the two bipyridinium units, which makes
their first reduction more difficult. However, after the
addition of one electron to each of the two bipyridinium
units, the 1,5-dioxynaphthalene unit is expelled from the
cavity of the tetracationic cyclophanel® and the second
reduction process is not affected by the presence of the -
electron-rich unit. Subsequent removal of the electrons
previously added to the bipyridinium units leads back to the
insertion of the tail into the cyclophane. This is an example of
an artificial molecular machine where both the input and the
output are electrochemical.

i4

2.3. Photochemically Induced Conformational Motion

Suitable donor-bridge-acceptor compounds have been
shownl® to undergo conformational folding in nonpolar
solvents upon excitation with light. Excitation of such
compounds with light leads to the formation of an excited
state, localized on the acceptor subunit, which then decays to a
charge-separated state. In this state, the donor and the
acceptor subunits carry a positive and a negative charge,
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respectively, and are well separated in space. However,
electrostatic attractions bring the subunits close together,
thereby making the molecule fold over on itself. Crucial for
the observation of this “harpooning” motion is the fact that
both the extended and folded charge-separated states show a
characteristic fluorescence. This is an excellent example of a
system in which photons are employed as both a stimulation
and a read-out signal.

The N=N bond of azobenzene (1,2-diphenyldiazene) can
adopt cis and trans configurations. Their interconversion can
be induced by irradiation at appropriate wave-
lengths. Thus, the geometries of molecules in-
corporating one or more azobenzene units can be +
altered reversibly by the controlled isomeriza- "
tion of these photoactive sites. In turn, these
structural changes can be exploited to modulate
the physico-chemical properties of such mole-
cules and/or of their surrounding environment.

Indeed, this strategy has been employed exten- {:
sively to control the geometries and functions of
biomolecules,®] of organic materials,? and of {

supramolecular complexes.[* %% For example,
the photoresponsive crown ether trans-16
(Scheme 14) incorporates a frans-azobenzene
unit.l® % Upon irradiation of a solution of
trans-16 in o-dichlorobenzene at 330-380 nm a
trans —cis isomerization of the photoactive unit
occurs. The photoinduced configurational
change about the N=N bond is accompanied by
pronounced conformational changes of the poly-
ether linkages. The overall effect is an expansion
of the macrocyclic cavity upon trans —cis isomer-
ization. The cis —trans reisomerization can be
induced by irradiating at a different wavelength
(>460 nm). Thus, the macrocyclic cavity associated with 16
can be expanded and contracted reversibly by irradiating this
compound at appropriate wavelengths. In turn, these con-
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Scheme 14. The photoinduced cis/trans isomerization of the azobenzene
unit of 16 (o-dichlorobenzene, 303 K) is accompanied(® by the expansion/
contraction of the macrocyclic cavity of this molecule.
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trolled configurational and conformational changes affect the
binding ability of 16. Thus, while the “expanded” macrocycle
cis-16 binds alkali metal cations, the “contracted” one trans-16
does not. In a similar fashion, the photoinduced cis/trans
isomerization of azobenzene was exploited to shrink and
enlarge the cavities of cyclophanes,[”] to shorten and elongate
the distance between the recognition sites of ditopic recep-
tors,[% %86 and to induce (Scheme 15) intramolecular com-
plexation in self-complementary molecules™ 7 such as 17+,
This compound incorporates a macrocyclic polyether head
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Scheme 15. The photoinduced cis/trans isomerization of the azobenzene unit of 17+ (o-
dichlorobenzene, 303 K) is accompanied” by the motion of the cationic tail which can only
interact with its macrocyclic head in the cis isomer.

bridged by a photoactive azobenzene unit to a linear tail
bearing a terminal ammonium group. The ammonium recog-
nition site in the trans isomer is positioned away from the
complementary macrocyclic head. Upon irradiation (o-di-
chlorobenzene, 330-380 nm), however, trans —cis isomer-
ization occurs, which brings the ammonium recognition site in
closer to the crown ether head and allows their intramolecular
association. Thus, while the trans isomer of 17" has a strong
affinity for metal cations, the binding ability of the cis isomer
toward metal cations is almost completely suppressed by the
photoinduced self-complexation.

Two pairs of enantiomers (Scheme 16) are associated’> 7l
with the helical compound 18. Polarimetry, 'H NMR spectros-
copy, and high performance liquid chromatography (HPLC)
revealed that no racemization and no cis/trans isomerization
occur under ambient conditions. The bulky and flexible
tetrahydrophenanthrene unit prevents racemization without
producing an excessive distortion of the central double bond.
Upon continuous irradiation of a solution of pure (M)-cis-18
at either 250 or 300 nm, cis/trans isomerization occurs to
afford mixtures of (M)-cis-18 and (P)-trans-18 in ratios of
68:32 or 64:36, respectively. The same results were obtained
when (P)-trans-18 was irradiated. In all instances, however, no
racemization occurred. Interconversion between the two
photostationary states associated with this chiroptical molec-
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Scheme 16. The photoinduced cis/trans isomerization of the chiroptical
molecular switch 18 (n-hexane/iPrOH 9/1, 298 K) is not accompanied!” by
any racemization.

(M)-rrame-18

ular switch can be achieved by the consecutive irradiation at
250 and 300 nm. The periodical change in the ratio of the
isomers (M)-cis-18 and (P)-trans-18 produced by the alter-
nating irradiation can be followed by monitoring the inten-
sities of the absorption bands at 232 and 262 nm in the circular
dichroism (CD) trace. In order to generate a light-driven
unidirectional molecular rotor, the design of this molecular
switch was modified™ (Scheme 17) by replacing the thio-
xanthylidene ring system with another tetrahydrophenan-
threne unit. Each of the two helical subunits of the resulting
compound 19 can adopt a right-handed (P) or a left-handed

[

o

[F Erans-15 [ Afcim- 16

(P F-c1s-19

A, M- franis-19

Scheme 17. The light-fueled rotary motor 19 undergoes’¥ unidirectional
rotation in n-hexane at 333 K upon irradiation at appropriate wavelengths.
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(M) helicity. As a result, a total of four stereoisomers
(Scheme 17) are possible for this compound. However, the
cis/trans isomerizations are reversible and occur upon irradi-
ation at appropriate wavelengths. By contrast, the inversions
of helicities, while maintaining a cis or a trans configuration,
occur irreversibly under the influence of thermal energy.
Upon irradiation (>280 nm, 218 K) of a solution of (P,P)-
trans-19, a mixture of (P.P)-trans-19 and (M,M)-cis-19 is
obtained in a ratio of 5:95. By warming the solution up to
293 K, (M,M)-cis-19 interconverts irreversibly to (P,P)-cis-19.
Subsequent irradiation (>280 nm) of the solution produces a
mixture of (P,P)-cis-19 and (M,M)-trans-19 in a ratio of 10:90.
Upon increasing the temperature further (333 K), (M,M)-
trans-19 interconverts irreversibly to the original isomer
(P,P)-trans-19. Thus, a sequence of light- and temperature-
induced isomerizations can be exploited to move this
molecular rotor in one direction only. Indeed, when (P,P)-
trans-19 is irradiated (>280nm) at a high temperature
(293 K), a clockwise 360° rotation occurs spontaneously. The
overall process can be followed by monitoring the change in
the intensity of the absorption band at 217 nm in the CD trace.
The unidirectional motion in this system is dictated by the
stereogenic centers associated with the two methyl substitu-
ents. As a result of a trans —cis isomerization, the axial methyl
substituents of (P,P)-trans-19 are forced to adopt a less
favorable equatorial orientation in (M,M)-cis-19. However,
the strain associated with the equatorial methyl substituents is
released upon thermal interconversion of (M,M)-cis-19 to the
more stable isomer (P,P)-cis-19. The subsequent cis —trans
isomerization forces the methyl groups to adopt, once again,
equatorial orientations in the isomer (M,M)-trans-19. Finally,
the thermal interconversion of (M,M)-trans-19 to the original
isomer (P,P)-trans-19 is accompanied by a change from the
equatorial to the more stable axial orientations for the methyl
substituents.

3. Artificial Molecular Machines Based on
Co-Conformational Motions

3.1. Supramolecular Complexes

3.1.1. Chemically Controllable Complexes

Coordination around a metal center was the first kind of
interaction exploited™ in order to organize molecular
components in a pseudorotaxane fashion.*! Suitably designed
macrocyclic and threadlike species containing phenanthroline
ligands, such as 20 and 21, self-assemble (Scheme 18) upon
addition of Cu' ions to yield a pseudorotaxane. Such a
complex was used as an intermediate in the template-directed
synthesis of metal-containing catenanes®® 264l and could
therefore also be called a precatenane.* The formation of
this complex can be followed easily by 'H NMR spectroscopy
as well as visually, since it is accompanied by a change in the
color of the solution. Cul-containing pseudorotaxane com-
plexes are very stable and therefore difficult to dethread: the
copper ion can only be removed” upon treatment of the
complexes with an excess of highly nucleophilic ligands, such
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Scheme 18. The gathering ability of a Cu' ion induces!” the threading of
the phenanthroline-based macrocycle 20 onto the phenanthroline-based
ligand 21 (MeCN, ambient temperature).

as cyanide ions. For this reason, metal complexation has not
been used to develop prototypes of molecular machines based
on chemically stimulated threading/dethreading movements.
Nonetheless, it is a very convenient way[? 26047570 tq
promote the threading of pseudorotaxanes using suitably
designed threadlike and macrocyclic ligands. The versatility
and the properties of metal complexes have been exploited
to design and construct elegant examples of catenane-
and rotaxane-based molecular machines (see Sections 3.2
and 3.3).

An interesting example!””) of redox-induced ion transloca-
tion”®! is that which occurs in triple-stranded helical ligands
that contain internal, “hard” hydroxamate and external,

“soft” bipyridyl binding sites. When the metal ion is Fe™l, it
is accommodated in the hard coordination environment. The
metal ion translocates to the external soft bipyridyl sites upon
chemical reduction to the Fe!! state. The translocation is
reversible and takes place with a change in color.

Complexes which are good candidates for chemical switch-
ing include those that rely upon hydrogen-bonding interac-
tions between ammonium ions and crown ethers. It has long
been known that organic ammonium ions can form adducts
with crown ethers.[?®20hilnl More recently, it has been
found™ that suitable threadlike dialkylammonium ions, for
example, the dibenzylammonium cation, can interpenetrate
suitably sized crown ethers, for example, dibenzo[24]crown-8,
in nonpolar solvents to form pseudorotaxanes.’® These
complexes, whose formation can be demonstrated by
'H NMR spectroscopy in solution and by X-ray crystallog-
raphy in the solid state, are stabilized by *"N—H---O and, to a
lesser extent, by C—H--- O hydrogen bonds and sometimes
also by ;- stacking interactions. Once the pseudorotaxane
has been obtained, it can be easily dethreaded® by adding a
base that is able to destroy the hydrogen bonds by deproto-
nating the "NH, center. Suitable bases are bulky, non-
nucleophilic amines such as iPr,NEt and nBu;N. The pseu-
dorotaxanes can also be prepared from a mixture of the crown
ether and a threadlike dialkylamine by addition of an acid
(typically, CF;SOsH or CF;CO,H) which protonates the
amine function: the threading process can again be reversed
upon addition of a base.[®!] The acid has to be selected so that
it does not give insoluble ammonium salts and such that its
anion does promote ion-pairing.[*2

Recently, chromophoric and/or luminescent units such as
dioxybenzene,®! dioxynaphthalene,®®*l binaphthyl,® an-
thracene,®3%] as well as fullerenes,® have been incorporated
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into crown ethers or ammonium ions in order to study the
photoinduced processes that take place within pseudorotax-
anes. In all these cases, the goal is to design chemically (acid/
base) controllable molecular machines that are able to give a
light signal as a readout. For instance, the absorption and
fluorescence spectra of a solution of amine 22 and crown ether
23 in CH,CI, (Scheme 19) indicatel**l the absence of any
interaction between the two compounds. Addition of a
stoichiometric amount of acid with respect to the amine
causes profound changes in the fluorescence spectrum of the
solution. These changes arise particularly from the result of
the quenching of the luminescence of 23 and the sensitization
of the luminescence of 22 upon excitation with light that is
absorbed exclusively by the crown ether. These observations
are consistent with the formation of a pseudorotaxane-type
adduct wherein very efficient energy transfer takes place from
the binaphthyl unit of the crown ether to the anthracenyl
group incorporated within the dialkylammonium ion. Such a
pseudorotaxane can be disassembled by the subsequent
addition of a stoichiometric amount of base, thereby inter-
rupting the photoinduced energy flow, as indicated by the fact
that the initial absorption and fluorescence spectra are
restored. Besides the machine aspect, such systems can be
viewed (Scheme 19) as molecular-level plug-in-socket devices
since they are characterized by 1) chemically controlled,
reversible “plug in”/“plug out” behavior and 2) photoinduced
energy transfer in the “plug in” state. Interestingly, the “plug
in” process does not take place when a plug component that is
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Scheme 19. A molecular-level plug/socket system based® on the rever-
sible acid/base-driven threading/dethreading motions in the hydrogen-
bonded pseudorotaxane [22-23-H]* (CH,Cl,, 298 K). The acid-driven
threading of the compound 24, which incorporates a bulky benzyl group,
through the macrocyclic cavity of 23 does not occur.
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incompatible with the size of the socket, such
as the benzyl-substituted amine 24, is em-
ployed. A

A similar system has been reported®! where
the chemical stimuli provided by counterions
are employed to achieve switching. In keeping
with detailed results from previous investiga-
tions,®34°1 the (9-anthrylmethyl)methylammo-
nium cation [22- H]* dissolves in CH,Cl, as its
hexafluorophosphate salt and threads through
the cavity of dibenzo[24]crown-8 to form a
pseudorotaxane. Such a pseudorotaxane can
be dethreaded by the addition of one equiv-
alent of nBu,NCI as a result of the formation
of an ion pair between the chloride ions and
the *NH, center incorporated in [22-H]'.
Rethreading of the molecular components
can be performed by the further addition of
one equivalent of nBu;NH' ions (as the
hexafluorophosphate salt) which compete with
[22-H]* for the binding of chloride ions. All
the processes can be followed by changes in the luminescence
properties of the solution and the cycle can be repeated
several times on the same system, as tertiary and quaternary
ammonium ions do not compete with [22-H]" in its associ-
ation with dibenzo[24]crown-8. Such a chemical system can
also be viewed as a fluorescent chemosensor' for species as
different as protons, amines, and chloride ions. These kinds of
multimode molecular devices,'”) which can be operated by
either acid/base or anionic stimuli, are expected to prove
useful for information processing, for example, for the
construction of molecular-level logic gates (see below and
Section 3.1.2).

Threadlike dimeric pyridylpyridinium dications, in which
the aromatic units are linked by a long alkyl chain, have been
used®! as guests for a-cyclodextrin. In this system the
formation of a pseudorotaxane in aqueous solution is driven
by hydrophobic interactions between the aliphatic chain and
the lipophilic cavity of a-cyclodextrin. It has been shown that
the pseudorotaxane can be partially dethreaded by protonat-
ing the two basic nitrogen atoms of the terminal pyridyl units
of the thread. This response can be explained by the decrease
in the hydrophobic character associated with the alkyl chain in
the protonated guest.

As an alternative to metal coordination and "N—H---O
hydrogen-bonding interactions, the stabilization that exists
between m-electron-donor and m-electron-acceptor species,
aided and abetted often by C—H---O hydrogen-bonding
interactions, is a means of template direction which has been
usedh 26ehi-bnol extensively to produce threaded superstruc-
tures. In the last few years, a number of complexes with
pseudorotaxane geometries have been prepared from the self-
assembly (Scheme 20a) of a m-electron-rich threadlike com-
ponent, such as 26, and a m-electron-deficient macrocy-
cle, - 26ehi-lnol such as the tetracationic cyclophane cyclo-
bis(paraquat-p-phenylene) (25*). Similarly, pseudorotaxanes,
in which a linear m-electron-deficient species, such as
the 1,1'-dibenzyl-4,4-bipyridinium dication 27?*, threads
(Scheme 20b) through the cavity of a m-electron-rich macro-
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Scheme 20. The formation of the pseudorotaxanes [25-26]* and [27-28]**
electron-rich and m-electron-deficient components.[2°
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cycle such as 1,5-dinaphtho[38]crown-10 (28), have been
characterized.[?s> 20¢hi-lnol These complexes®l are stabilized
by a combination of electrostatic and dispersive forces, in
particular 1) m—m stacking® (including charge-transfer)
interactions, 2) C—H:--O hydrogen bonds™ between the
hydrogen atoms located in the a-positions, with respect to the
nitrogen atoms, of the bipyridinium unit and some of the
polyether oxygen atoms, and 3) C—H --- t interactions.l”] For
instance, the 2,7-dibenzyldiazapyrenium dication 29%* self-
assembles (Scheme 21) in solution with crown ethers, such as
28, to give pseudorotaxanes (process 1), as shown by a variety
of techniques, including absorption, luminescence, and
'H NMR spectroscopies.” The dication 29> forms®? adducts
with aliphatic amines, presumably as a result of charge-
transfer interactions and, possibly, also because of hydrogen
bonding to the acidic a-protons of the dication. Such an
affinity has been exploited chemically to drive the dethread-
ing of its pseudorotaxane with 28. In fact, upon addition of
20 molar excess of n-hexylamine to a solution of the
pseudorotaxane in MeCN, profound absorption and lumines-
cence spectral changes are observed, which indicates that the
free crown ether and the adduct between 29°* and the amine
are formed (process?2). The dethreading can be reversed
quantitatively (process 3) by the addition of a stoichiometric
amount of CF;CO,H (with respect to the added amine) to the
solution. Despite its structural similarity to the dication
29> the 1,1'-dibenzyl-4,4'-bipyridinium dication 27**
(Scheme 20b) does not interact with amines. This observation
has led®! to the above system being extended to one in which
the amine/acid chemical inputs select which one of two
threadlike species enters the cavity of the macrocycle, which
can cause a reversible interchange to occur between the
threads.

The ability of pseudorotaxanes composed of 29°* and
aromatic crown ethers to be disassembled by aliphatic amines
has been coupled with the possibility of dethreading the same
systems by protonation of the crown ether in nonpolar
solvents. It has been shown[®! that the pseudorotaxane formed
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ascorbic acid. The reduction results in the
insertion of the tetrathiafulvalene unit into the
tetracationic cyclophane. Dethreading can also
be achieved by adding o-chloroanil, which
forms an adduct with the TTF unit. The addition
of Na,S,0s in the presence of water results in
the reduction of o-choroanil and the generation
of the original pseudorotaxane.l”’? Such deth-
reading/rethreading processes can be easily
monitored by UV/Vis absorption spectroscopy,
since 1) the complex shows a broad absorption

Z : band with a maximum around 850 nm, which is
b ascribed to the charge-transfer interaction be-

3 (f l'l '| @ tween the electron-rich tetrathiafulvalene unit

|,.||.I, I 0 dathread and the electron-poor bipyridinium units of

W 28 ™ 25% and 2) the neutral and cationic forms of

zHt

[28-2ReiCHalMHF*

Scheme 21. Schematic representation of the amine/acid-controlled dethreading/rethreading

cyclel” of the pseudorotaxane [28-29]>* (MeCN, 298 K).

by 29** and 2,3-dinaphtho[30]crown-10 in CH,Cl, can be
dethreaded upon addition of nBu;N and assembled again by
adding protons. The same result can be obtained by reversing
the order of the two chemical inputs, that is, dethreading can
be achieved by the protonation of the crown ether’s cavity and
rethreading can be obtained by the addition of nBu;N. All
these processes are accompanied by on/off switching of easily
monitorable changes in the absorption and luminescence
spectra, particularly of an intense fluorescence band, charac-
teristic of the aromatic crown ether, with a maximum at
343 nm. It is worth emphasizing that these results contrast
with the usual behavior of chemical systems that either remain
unchanged or undergo very different changes upon addition
of reactants of opposite chemical types such as amines and
acids. An important consequence of this behavior is that the
input/output relationships of the system correspond to those
of the XOR (eXclusive OR) logic operation.[””! This develop-
ment shows!'”! that carefully designed dual-mode chemically
driven molecular machines are potentially useful for infor-
mation processing.

The assembly of complexes based on electron donor/
acceptor interactions can be controlled by means of redox
stimuli, which can be provided by the addition of oxidants and
reductants. The inclusion complex® formed between the
electron-acceptor cyclophane 25* and the well-known elec-
tron donor tetrathiafulvalene (TTF, 30), as well as pseudo-
rotaxanes”” composed of 25** and threadlike species contain-
ing a tetrathiafulvalene unit, can be disassembled® *7l into
their free components by oxidation of the tetrathiafulvalene
unit to its radical cation with one equivalent of Fe(ClO,); in
MeCN or aqueous solution. The one-electron-oxidized form
of the TTF unit is stable in such conditions and can be reduced
back to its neutral form by adding a stoichiometric amount of
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the tetrathiafulvalene unit exhibit very different
absorption features. Moreover, a system of this
kind can serve as a basis for the construction of
a supramolecular device in which it is possible—
by means of chemical stimuli—to select which
one of two guests enters (Figure 4) a macro-
cycle’s cavity and to interchange reversibly the
two guests.[”’] Addition of the threadlike com-
pound 26, which contains a m-electron-rich
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Figure 4. Top: the chemically induced interchange of guests 26 and 30 into
the cavity of cyclophane 254 .l Bottom: absorption and (inset) fluores-
cence (A =295 nm) spectra of a) a 5 x 107> m aqueous solution (298 K) of
[25-30]** and 26; b) the same solution after addition of one equivalent of
Fe(ClO,)s; ¢) solution b) after addition of one equivalent of ascorbic acid.
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dioxynaphthalene unit, to an
aqueous solution of the [25-
30]** complex affects nei-
ther the charge-transfer ab-
sorption band characteristic
of the complex nor the
strong fluorescence band of
the dioxynaphthalene-based
thread (Figure 4, curves a),
which indicate that this
thread does not displace 30
from inside the macrocyclic
host. On addition of a stoi-
chiometric amount of Fe-
(ClO,); (with respect to
30), the absorption bands of
the radical cation 30" are
formed, and the charge- %
transfer band of [25-30]** [31-K]°
disappears, while the fluo-
rescence band of the dioxy-
naphthalene-based species
is substantially quenched
(curves b). These results show that oxidation causes expulsion
of 30" from 25* and its replacement by the dioxynaphtha-
lene-based thread. On subsequent addition of ascorbic acid,
the system returns to its initial state (curves c).

Recently, threadlike species containing both m-electron-
acceptor and hydrogen-bonding recognition sites have been
prepared and employed to generatel® multicomponent
pseudorotaxanes of various stoichiometries that, in their turn,
can be used to construct acid/base-controlled molecular
machines that exhibit a complex pattern of dethreading/
rethreading motions. Another way of controlling the associ-
ation between the 25* cyclophane and threadlike guests
containing electron-donor units takes advantage of allosteric
effects, that is, of the electrostatic repulsion that arises when a
positive charge is created in the vicinity of the tetracationic
cyclophane. For example, the pseudorotaxane composed of
25% and a molecular thread which incorporates a dioxyben-
zene unit in its middle and is terminated at each end by
[12]crown-4 rings is dethreaded™ readily in MeCN upon
addition of an excess of alkali metal salts, such as NaPF, or
LiPF,. These changes are a response to the electrostatic
repulsion between the alkali metal cation within the
[12]crown-4 macrocycles and the tetracationic cyclophane.
The dethreading of the pseudorotaxane can be followed
visually by the decrease in the intensity of the characteristic
charge-transfer absorption band of the pseudorotaxane.

Such a strategy can be employed to design even more
complex devices, where, not only the dethreading of the
system, but also the replacement of a thread with another one
can be controlled by chemical stimuli provided in the form of
alkali metal cations. The [18]crown-6 derivative 31, which
carries a 1,5-dioxynaphthalene moiety, is a ditopic compound
that can act (Scheme 22) as a host for alkali metal cations and
as a guest for 25, in this latter case, with the formation of a
pseudorotaxane.”” In MeCN, the [25-31]*" species is not
affected by the presence of the 1,4-dioxybenzene-containing
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Scheme 22. The chemically controlled competition® in MeCN at 298 K between the two threadlike species 31 and
32 for the cavity of a tetracationic cyclophane 25+,

thread 32, while it dethreads upon addition of K+ ions because
of the electrostatic repulsions between the bound potassium
cation and the 25% tetracation and is then free to host the
neutral thread 32 within its cavity, thus forming the pseudo-
rotaxane [25-32]*". Since the exchange of guests causes the
color of the solution to change from purple to red-orange, this
molecular machine can also be regarded as a metal-controlled
chromophoric molecular switch. The exchange processes
occurring in these supramolecular systems can also be
monitored by 'TH NMR spectroscopy.

Although the exploitation of electrostatic repulsion exerted
by positive charges to dethread pseudorotaxanes is a promis-
ing strategy, if metal cations are used to provide such positive
charges, then problems can be anticipated as far as the
reversibility of the system is concerned because of the
difficulty of removing the bound metal cations to achieve
rethreading. For this reason, acid/base reactions are preferred
because of their reversibility and simplicity. Quite recently,!'®’)
the pseudorotaxane [25-33]*", which comprises a dioxyben-
zene-containing thread 33 terminated by fert-butylaniline
groups, has been self-assembled (Scheme 23) in solution. In
this supramolecular system, protonation of the nitrogen atoms
of the thread with CF;CO,H results in the complete de-
threading of the pseudorotaxane, as evidenced in both the
absorption and '"H NMR spectra. Addition of iPr,NEt, which
acts as a base, restores (Scheme 23) the original equilibrium
and regenerates the pseudorotaxane. The acid-driven deth-
reading and base-induced rethreading processes can be
repeated on the same solution without risk of degrading the
participating species. Other intriguing acid/base switchable
systems have been described in the recent literature. An
interesting examplel'®! is the ingenuously designed prototype
of the so-called “molecular syringe” 34 (Scheme 24), which
uses a 1,3-alternate calix[4]arene as a m-basic tube that carries
a nitrogen-containing crown cap on one side of the calixarene
and two ethoxyethoxy groups on the other side. An Ag' ion,
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Scheme 23. The base/acid-controlled dethreading/rethreading motions!'®! of the pseudorotaxane

[25-33]* in MeCN at 298 K.
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which is coordinated to the azacrown ether, is pushed through
the tube to the side carrying the twin ethoxyethoxy groups
when the nitrogen atom in the azacrown ether is protonated.
On deprotonation of the nitrogen atom, the Ag' ion is sucked
back through the middle of the calixarene once again.

3.1.2. Electrochemically Controllable Complexes

Redox processes have been used extensively to control
molecular recognition.[%t 11L& 121 [ndeed, electrochemical
stimulation represents a valuable tool for triggering host -
guest interactions. Electrochemical techniques can be em-
ployed, not only to induce chemical or (co-)conformational
changes in supramolecular systems, but also to probe their
superstructures and organization. In other words, electro-
chemistry gives us a handle on both the input stimuli and the
readout signals that are necessary for the operation of
molecular machines.

A large number of inclusion complexes in which the
association/dissociation of the components can be triggered
by changing the oxidation state of the guest or the host have
been investigated.['% 114& 1921 Some of the key features of such
systems are 1) the presence of an electroactive unit in one
component which exhibits reversible redox processes and
2) the effect of the other component on the electrochemical
behavior of the component containing the electroactive unit.
This second property allows the investigation of the complex-
ation/decomplexation process by, for example, voltammetric
techniques. Cyclodextrins are a class of hosts that are inactive
electrochemically yet can form stable inclusion complexes
with a variety of electroactive guests.'3] For example, it has
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been found!'™ that, while bipyridinium-

containing compounds in the dicationic

forms (for example, 35%*; Scheme 25) are
e not bound by fS-cyclodextrin (36), they
interact weakly with the cavity of this
host when reduced to their monocationic
forms, and give fairly stable pseudoro-
taxane complexes with 36 when they are
finally reduced to their uncharged forms.
Similar results have been found'™! for
cobaltocenium derivatives, that do not
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[34eageD*
Scheme 24. The reversible acid/base-controlled metal pumping in a “molecular syringe”
34,000 designed from a 13-alternate calix[4]arene (CD,ClL,/CD;OD 4/1, 303 K). Con-
ditions: protonation with CF;CO,D; deprotonation with Li,CO5/1,8-diazabicyclo[5.4.0]un-

[35-36]"

Scheme 25. The electrochemically induced threading/dethreading proc-
esses (H,O, pH 7,298 K)!1** associated with the pseudorotaxane [35-36]+.

interact with cyclodextrins, yet become good guests for
inclusion in 36 upon one-electron reduction to yield the
neutral cobaltocene. Ferrocene and its derivatives exhibit!!%]
the opposite behavior, that is, they are strongly bound in their
most stable oxidation states, which correspond to uncharged
species. When they are oxidized, they are not bound. These
features have been exploited recently to construct dendrimers
that display redox-controllable multisite complexation of 36,
since the dendrimers contain up to 16 ferrocene units!'” or up
to 32 cobaltocenium units!'® on their peripheries. Such
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dendrimers form very large supramolecular architectures that
can be either broken apart or assembled upon oxidation of the
ferrocene units!'””? or upon reduction of the cobaltocenium
units,'%® respectively.

Similar investigations have been carried out on calixarenes,
another important class of redox-inactive receptors. It has
been found!'™ that the water-soluble calixarene hexasulfon-
ate 37% forms (Scheme 26) stable complexes with ferrocene

20

!

[37+(38),)0 36 ar®

Scheme 26. Redox switching (H,O, pH 7, 298 K)['® between the complexes [37 - (38),]°", which incorporate two
cobaltocenium cations (38*) and one octaanionic calixarene 37%~, and [36 - 38], which is composed of cobaltocene

(38) and f3-cyclodextrin (36).

and cobaltocene derivatives,'% as well as with bipyridinium-
based compounds.l''l However, in contrast with cyclodextrins,
the binding to calixarenes such as 378~ becomes stronger on
increasing the charge on the guest. This result has been
exploited? to design a three-component supramolecular
system where an electroactive guest can choose reversibly
between two macrocyclic hosts, depending on its oxidation
state.l'”l The cobaltocenium cation (38%) gives a strong 2:1
complex with 378, even in the presence of an excess of 36.
However, reduction of the cobaltocenium guests leads
(Scheme 26) to their inclusion in 36 and subsequent oxidation
back to the monocation affords the initial complex.

Unlike cyclodextrins and calixarenes, the cyclophane 39°~ is
electroactivel'® and was one of the early examples
(Scheme 27) of redox-switchable macrocyclic receptors. In-
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Scheme 27. Redox switching (H,O, pH 10, 298 K)!'"* between the com-
plexes [39-40]°~ and [39 - 40]*~ in which the naphthalene ring system (40) is
located “alongside” the macrocyclic cavity of 39>~ and “inside” that of 39>,
respectively.

terestingly, this host in its oxidized form interacts with
naphthalene (40) in an “alongside” fashion: however, upon
two-electron reduction of its isoalloxazine moiety, the binding
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mode of naphthalene changes and an inclusion complex is
formed.

Inorganic systems capable of exhibiting a redox-driven
linkage isomerism resulting in molecular hysteresis are
known.["'¥] Electrochemically driven cation!'™) and anion["!
translocations have also been reported. Translocation of CI~
or NCO- ions has been achieved!'!% in a system consisting of
a tripodal tetramine subunit (tris(2-aminoethyl)amine, tren)
and a tetramine macrocyclic
ring (1,4,8,11-tetraazacyclote-
tradecane, cyclam), covalent-
ly linked by a 1,4-xylyl spacer.
When Cu' occupies the tren
center and Ni' the cyclam
ring, the X~ anion is coordi-
nated to the Cu'® center. How-
ever, upon oxidation of Ni' to
Ni'l, the X~ anion moves to
the Ni'! coordinating center.
This  redox-driven  anion
translocation, which is intra-
molecular in nature, is fast
and fully reversible.

One of the most extensive-
ly studied receptors in recent years has been the cyclophane
254, It constitutes?®" a very efficient host for a wide variety of
st-electron-donating guests. Since it is redox active, " its
binding ability can be subjected to electrochemical control.
The tetracationic cyclophane 25% shows two bielectronic
reduction processes, the first one corresponding to the uptake
of the first electron by each of the equivalent bipyridinium
units and the second one to the subsequent reduction of
radical cations to neutral units. In general, when an electron-
donor unit is located inside the cavity of the cyclophane, the
half-wave potential associated with the first reduction process
is shifted to more negative values, as a consequence of the
charge-transfer interactions with the two bipyridinium groups
of 25*" which stabilizel''® 77 117 118] the complex. The fact that
this cyclophane exhibits another reduction process at more
negative potentials is very important since it can be used to
monitor the occurrence of decomplexation induced!'* !¢l by
the first two-electron reduction. For example, in the presence
of an excess of a threadlike compound composed of a
polyether chain containing one 1,4-dioxybenzene ring the
potential value for the first bielectronic reduction of 25 is
shifted cathodically, while the second reduction process is
practically unaffected.''”) This observation is consistent with
1) formation of a [2]pseudorotaxane between the cyclophane
and the thread and 2) dethreading of the [2]pseudorotaxane
upon two-electron reduction of the 25* host, so that the
second two-electron reduction process reflects that of the free
host. The occurrence of the dethreading process is not
surprising because reduction of the electron-acceptor compo-
nent weakens the charge-transfer interaction that helps to
hold the components of the supramolecular architecture
together. Since all these processes are reversible, oxidation of
25 back to the tetracationic form affords the original
[2]pseudorotaxane. In principle, it should be possible to
obtain useful information on the occurrence of dethreading/

|#6-38]
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rethreading processes from the electrochemical behavior of
the guest; however, the poor reversibility of the oxidation
process associated with a 1,4-dioxybenzene ring prevents the
use of this type of control. More interesting are [2]pseudo-
rotaxanes wherein both the cyclophane and thread compo-
nents exhibit chemically reversible redox processes, as in the
case of the complex [25-30]* of tetrathiafulvalene (30) with
254+ [97a. 18] an( related [2]pseudorotaxanes.”! This improve-
ment in design not only permits the monitoring of the
formation of the supramolecular species, by studying both the
reduction of the electron-acceptor component and the
oxidation of the electron-donor one, but it also provides a
dual mode (reductive and oxidative) of control on the
dethreading/rethreading process. The molecular thread 41,
obtained by adorning a tetrathiafulvalene unit with two
polyether chains (Figure 5), forms®’?l a very stable (K,=5 x
10°m~! in MeCN) [2]pseudorotaxane with 254", Although the
TTF unit in 41 retains the same electron-donor power of free
tetrathiafulvalene, as revealed by comparing their voltammo-
grams, the K, value for the complex [25-41]** is 50 times
higher than that for the complex [25-30]**, which indicates
that the presence of the polyether chains strengthens the
association because of the hydrogen bonding between the
oxygen atoms in the chain and the hydrogen atoms in the a-
positions with respect to the nitrogen atoms of the bipyridin-
ium units. This cooperative interaction is extremely impor-
tant in improving the on/off switching. It has been shownl”7
that reversible dethreading/rethreading cycles of the complex
[25-41]* (as well as of [25-30]*") can be performed either
1) by oxidation and successive reduction of the electron-
donating thread or 2) by reduction and successive oxidation of
the electron-accepting cyclophane. Such processes are ac-
companied by pronounced spectral differences (Figure 5) that

can be followed easily by the naked eye since the solution
changes color from the emerald green typical of the pseudo-
rotaxane to either brown or deep blue upon oxidative or
reductive dethreading, respectively. This unique behavior
makes this system appealing for the construction of electro-
chromic display devices and, since its input(electrochemical)/
output(color) characteristics correspond to those of the
XNOR (eXclusive NOR) logic operation,” for the design
of molecular-level logic gates.* %! Moreover, the voltammet-
ric behavior on oxidation of this system is scan-rate depend-
ent,'! which indicates that the dethreading/rethreading
processes (Figure 5) associated with the redox steps take
place on the timescale of the electrochemical experiment.[2]

The supramolecular complex composed (Scheme 28) of the
enlarged tetracationic cyclophane 42% and the ferrocene-
based thread 43 has been studied!™?!l recently with the aim of
developing new dual-mode switchable systems. This tetraca-
tion is an electron-acceptor cyclophane related to 25%;
however, while the cavity of 25* is ideal for accommodating
aromatic rings, that of 42* is perfect!'??l for hosting ferrocene
as a guest. It has been found['?!] by means of absorption and
electrochemical experiments that the [42-43]*" complex,
which interestingly does not adopt a pseudorotaxane geom-
etry, can be dethreaded reversibly (Scheme 28) either by
oxidation/reduction of the ferrocene unit of 43 or by
reduction/oxidation of the bipyridinium units of 424

Very recently, a three-component supramolecular system
composed (Scheme 29) of tetrathiafulvalene (30), which can
exist in three stable forms—namely, 30, 30*, and 30**—and
two hosts, specifically the m-electron-accepting cyclophane
(25*) and the m-electron-donating crown ether 28, has been
investigated.l"? In its role as an electron donor, 30 forms a 1:1
inclusion complex with 25* which can be dissociated/reasso-
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Figure 5. The electrochemically induced dethreading/rethreading processesl”’?l associated with the pseudorotaxane [25-41]*" and the absorption spectra
recorded (MeCN, 298 K) before (center) and after oxidation (top) or reduction (bottom).
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Scheme 28. The decomplexation/recomplexation of the inclusion complex
[42 - 43]** upon electrochemical reduction or oxidation (MeCN, 298 K).['2!]

ciated reversibly by cyclic oxidation/reduction of 30,172 1180]
while 30°" actsl'®] as a m-electron acceptor to give a 1:1
inclusion complex (K,=4 x 10°m~! in MeCN at 298 K) with
28. By contrast, 30" is not bound by either of the two hosts.
When the electrochemical potential applied to the solution
becomes more positive than about 0.4 V versus SCE 30 is
oxidized to the radical cation and the [25-30]°* complex
disassembles, to give three essentially noninteracting species.
Further one-electron oxidation of 30" to 30°" at potentials
more positive than about +0.7 V versus SCE leads to the
insertion of the dication into the cavity of 28. Since both

s ot [25-3a]**
=

] )

[ ) [ ]

+ M e

' 4 =] _E' + 8 |
S——— ) R —
-8 il - _
T by o=

Sl Ao .
[28-20/** 28 28

Scheme 29. Redox switching (MeCN, 298 K)!'?) between the complexes
[28 - 30]>*, which incorporates the macrocyclic polyether 28 and the dication
30%+, and [25 - 30]*+, which is composed of the tetracationic cyclophane 25+
and tetrathiafulvalene (30).
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oxidized forms of 30 are stable, the initial state can be restored
by subsequent reduction. This system can therefore be
switched!'?!! reversibly between three distinct states by
exercizing electrochemical control over the guest behavior
of 30. The fact that the three states have different colors,
coupled with the ease of their electrochemical interconver-
sion, renders this supramolecular system suitable for electro-
chromic applications; moreover, the system could form the
basis for the construction of molecular devices in which
energy- or electron-transfer processes between selected
components can be controlled.'””! This investigation, along
with others discussed in this review, suggests that carefully
designed molecular machines could be employed to per-
form['™ a variety of valuable functions that go far beyond the
molecular motions they display.

3.1.3. Photochemically Controllable Complexes

Stimulation by light is arguably the most interesting and
promising way to control the formation/disruption of supra-
molecular complexes in a machinelike fashion. Photons, like
electrons, can be exploited,!!!'¢<] both for causing the changes
(“writing”) in chemical systems and for monitoring (“read-
ing”) their states. In general, the systems of this type that have
been reported so far can be subdivided into those based on
photoisomerizations, and those relying on photoinduced
electron-transfer processes.

.:1" v
AD0-500 v
+
-
A

frans-44 45 [iz-44-45]

Scheme 30. The photoinduced inclusion!'?®! of 4,4'-bipyridine (45) inside
the cavity of the azobenzene-capped f-cyclodextrin derivative 44 (H,O,
pH 72, 298 K). The 4,4'-dicarbonylazobenzene unit is attached to two of
the primary oxygen atoms of the S-cyclodextrin derivative.

Photoisomerizations, particularly the well-known['>] rever-
sible cis/trans photoisomerization of the azobenzene group,
have long been used!® %7+ 126.127] to exert photocontrol on
chemical systems. The azobenzene-capped f-cyclodextrin 44
(Scheme 30) cannot bind!'*®! 4,4'-bipyridine (45) at all when
the azobenzene group is in the trans form: its conversion to
the cis isomer, upon irradiation with UV light, leads to the
inclusion (K,~3500M™! in aqueous solution at 298 K) of 45
into the expanded cavity of cis-44, as indicated by circular
dichroism studies. The reversion to the trans isomer, with
subsequent ejection of the guest, takes place (Scheme 30) in
the dark. Azobenzene-containing compounds can also act as
photocontrollable guests. For example, the trans form of p-
(phenylazo)benzoate is bound!'*! by B-cyclodextrin (36) more
strongly than the cis isomer in aqueous solution. The different
affinity has been ascribed to the fact that the “stretched”,
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threadlike structure of the trans-azobenzene group fits the
cavity of 36 better than the elbow-shaped cis isomer. This
observation has been exploited to trigger the catalytic activity
of 36 in ester hydrolysis, since the cavity of 36 can be made
available to the substrate upon light-driven expulsion of the
azobenzene guest.

Threadlike species containing a m-electron-rich azobiphen-
oxy unit have been used!™ (Figure 6), in conjunction with
electron-accepting hosts such as 25+ or 46**, to obtain charge-
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Figure 6. The change in intensity of the luminescence (A..=411nm)
associated!'* with the tetracationic cyclophane 46** for an equimolar
solution (1 x 107*M, MeCN, 298 K) of 46*" and 47 upon consecutive
trans —cis (irradiation at 365 nm, cyan areas) and cis —trans (irradiation at
436 nm and rest in the dark, green areas) isomerization cycles. I, is the
luminescence intensity of the tetracationic cyclophane 46* in the absence
of the guest under otherwise identical experimental conditions.

transfer complexes with pseudorotaxane geometries. Indeed,
the compound trans-47 self-assembles with 25* to givell* a
pseudorotaxane (K,=470M7! in MeCN at 298 K) both in
solution and in the solid state, as shown by 'H NMR
spectroscopy and X-ray crystallography, respectively. On
irradiation at 360 nm of an equimolar MeCN solution of
25% and trans-47, which are in part associated to give a
pseudorotaxane superstructure, the N=N bond isomerizes to
the cis form and the pseudorotaxane dethreads. The trans
isomer of the guest can be reformed and, as a result, rethreads
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inside the cyclophane either on irradiation at 440 nm or by
warming the solution in the dark. These photoinduced
dethreading/rethreading motions have been monitored by
"H NMR spectroscopy and by careful photochemical studies,
which have also shown that the photoisomerization efficiency
of trans-47 is reduced considerably when it is encircled by the
tetracationic cyclophane. It is not clearl’*l whether such a
decreased photoreactivity, as well as the lower affinity of cis-
47 for 25* is a consequence of steric or electronic effects.
Because of its excellent reversibility, a system of this type is of
considerable potential interest for the development of mo-
lecular machines featuring photoinduced dethreading/re-
threading motions. However, the efficiency of the self-
assembly of the molecular components needs to be improved.
For this purpose, the cyclophane 46**, in which the bipyr-
idinium units have been replaced (Figure 6) by the more
effectivel”® % 1321 m-electron-accepting  2,7-diazapyrenium
units, has been used instead of 25 as a host for trans-47.
Moreover, since the 2,7-diazapyrenium unit shows highly
characteristic absorption and luminescence bands, 46*" pro-
vides additional readout signals for the system. In fact, 46**
self-assembles!™* very efficiently (K,=1.5 x 10°M~" in MeCN
at 298 K) with the trans isomer of 47, but it also interacts with
the cis form (K, =1 x 10*M~! under the same conditions). The
photochemical and chemical processes occurring in this
system are schematized in Figure 6. Although it is clear that
irradiation with light does not lead to 100 % dethreading,
these photocontrolled dethreading/rethreading motions can
be followed easily by absorption and luminescence spectros-
copy: the diagram in Figure 6 shows the changes in the
fluorescence intensity characteristic of the uncomplexed
macrocycle 46** upon repeated trans —cis and cis —trans
isomerization cycles of the thread 47.

We now focus on complexes, such as [25 - 26]** (Scheme 31),
which are primarily stabilized by m-electron-donor/acceptor
interactions. In most cases, these interactions introduce new
energy levels that causel> 9294 97-100, 117, 123] the appearance of
charge-transfer absorption bands, often in the visible region of
the spectrum. Excitation in these bands leads formally to the
transfer of an electron from the donor to the acceptor
component and is therefore expected to destabilize the
charge-transfer interaction responsible for self-assembly.
Furthermore, in some cases, the photoinduced electron trans-
fer leads to the formation of charges of the same sign that
repel each other and so contribute to forcing the molecular
components apart. This simple approach, however, is pre-
cluded by the fact that the back electron transfer, that is, the
deactivation of the charge-transfer excited state to the ground
state, is much faster than the separation of the molecular
components, a process which requires!’*! extended nuclear
motions and solvation processes. In some particular cases,!'>’]
laser flash photolysis experiments have been interpreted as
indicating the dissociation of a small fraction of the irradiated
complex.

In order to achieve light-induced dethreading of the [25-
26]* complex, a different approach was devised 1> which
was based on the use (Scheme 32) of an external electron-
transfer photosensitizer (P) and a reductant scavenger (red.)
species. The photosensitizer must be able to 1) absorb light

Angew. Chem. Int. Ed. 2000, 39, 3348 -3391
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Scheme 31. The photochemical processes associated with the pseudorotaxane [25-26]*
upon excitation in its charge-transfer absorption band.’” ¥4 The processes indicated by

dashed arrows are unlikely to occur (see text).

efficiently and 2) have a sufficiently long-lived and reductant
excited state so that its irradiation by light (process 1) in the
presence of the pseudorotaxane will lead (process 2) to the
transfer of an electron to a bipyridinium unit of the cyclo-
phane. The relatively fast back electron transfer from the
reduced cyclophane component to the oxidized photosensi-
tizer is prevented by the reductant which, if present in a
sufficient amount (>1072m), intercepts the oxidized photo-
sensitizer and regenerates (process 3) the original photo-
sensitizer. Good candidates for the role of photosensitizer are
9-anthracenecarboxylic acid*®! and metal complexes'*] such
as [Ru(bpy);]** (bpy =2,2"-bipyridine), while efficient reduc-
tant scavengers are triethanolamine and polycarboxylate
anions (for example, oxalate).'®! Under these conditions,
the persistent reduction of a bipyridinium unit of 25* is
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| elaoinem
i Iranaher
N : M}
[_] ] ) I
) e L
N et

{refhrosding

achieved and the pseudorotaxane dethreads (pro-
cess4), as evidenced by absorption spectral
changes and, more importantly, by the increase
in the intensity of the 1,5-dioxynaphthalene fluo-
rescence, which can only originate from free 26.
Oxygenation of the solution—from which O, was
initially removed—reoxidizes the cyclophane back
(process 5) to the tetracationic form, thereby
promoting rethreading (process 6) with 26 as
shown by the absorption and luminescence spec-
tra.

This strategy has been extended recently to
™ second-generation pseudorotaxanes in which the
) metal-complex photosensitizer, which can also be

called a “light-fueled” motor, has been incorpo-
rated (Scheme 33) either into the thread™*! or into

26 the ringl* component.'*!! The construction of

these “integrated” pseudorotaxanes is not an easy
task and so careful design is of paramount
importance before embarking on sometimes
time-consuming and demanding synthetic work.
The successful operation of such a molecular
machine is the result of 1) the appropriate choice of the
functional units and 2) their covalent linking into the thread
and ring components in order to achieve the correct
integration of functions—for example, receptor ability, redox
features, photophysical properties—and sequence of process-
es—for example, electron-transfer processes—as well as the
lack of interference between the units. As in the case of the
molecular machine shown in Scheme 32, the dethreading and
rethreading motions of the pseudorotaxanes represented in
Scheme 33 can be triggered by irradiation with visible light
and oxygenation of the solution, respectively. The motions can
also be easily monitored by means of UV/Vis absorption and
luminescence spectroscopy. Once again, the most important
readout signal is the intensity of the 1,5-dioxynaphthalene
fluorescence associated with the free ring 28 (Scheme 33 a) or

&

Scheme 32. The photochemically induced dethreading (MeCN or H,O, room temperature) of the pseudorotaxane [25 - 26]**, based on the use of the external
photosensitizer P (9-anthracenecarboxylic acid) and the reductant scavenger (red.=triethanolamine). Rethreading occurs upon oxygenation of the

solution. P 134

Angew. Chem. Int. Ed. 2000, 39, 3348 -3391
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Scheme 33. Photocontrollable molecular machines based on pseudorotaxanes.!' 40l In these second-generation systems the “light-fueled” motor (namely,
the photosensitizer) is part of the acyclic and of the macrocyclic components of [28 - 48]* and [26 - 49]**, respectively. Triethanolamine (red.) is the reductant

scavenger. Conditions: a) EtOH, 298 K; b) H,0, 298 K.

free thread 26 (Scheme 33b) components. It is worth noting
that through a repeated sequence of deoxygenation and
irradiation followed by oxygenation many dethreading/re-
threading cycles can be performed on the same solution
without any appreciable loss of signal until most of the
reductant scavenger is consumed. It should also be stressed
that systems which rely on this photosensitizer-scavenger
strategy produce “waste” species from the decomposition of
the reductant scavenger. In this regard, the
search for efficient molecular machines
exploiting “clean”, reversible photochemi-
cal reactions—in other words, machines
which use only light as an energy supply—
is of fundamental importance.

3.2. Molecular Shuttles

3.2.1. Chemically Controllable Molecular
Shuttles

The [2]rotaxane 50* incorporates
(Scheme 34) a m-electron-deficient macro-
cycle and a m-electron-rich dumbbell.l'? In
solution the macrocycle resides around the
benzidine or the biphenol recognition site.
The two co-conformations are stabilized by
m—g stacking interactions between the
bipyridium units of the macrocycle and the
sandwiched m-electron-rich recognition site
of the dumbbell, as a well as by C-H---O
interactions between the a-bipyridinium
hydrogen atoms and the polyether oxygen
atoms. The '"H NMR spectrum (CD;CN,
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229 K) of this [2]rotaxane shows distinct signals for the two
co-conformations. The ratio between them is 84:16 in favor of
the isomer having the benzidine unit inside the cavity of the
macrocycle. This selectivity is a result of the relative binding
affinityl!’®] of the tetracationic cyclophane for the two -
electron-rich recognition sites. The association constant for a
complex formed between the tetracationic cyclophane and a
model benzidine guest is one order of magnitude higher than

Scheme 34. The shuttling of the macrocyclic component of 50*" along its dumbbell-shaped
component can be controlled!? chemically or electrochemically in CD;CN at 229 K by
protonating/deprotonating or oxidizing/reducing the benzidine unit.

Angew. Chem. Int. Ed. 2000, 39, 3348 -3391
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that for an equivalent complex incorporating a biphenol
guest. The addition (Scheme 34) of CF;CO,D to a solution of
the [2]rotaxane in CD;CN results in protonation of the
benzidine unit. As a result, the tetracationic cyclophane
shuttles away from the newly formed dicationic unit to
encircle exclusively the biphenol recognition site in [50-
2D]%. Consistently, the '"H NMR spectrum shows only the
signals of the isomer having the biphenol recognition site
inside the cavity of the tetracationic cyclophane. Upon
addition of CsDsN, the benzidine recognition is deprotonated
and the original equilibrium between the two co-conforma-
tions is restored.

The [2]rotaxanes [51-H]** and [52-HJ]** incorporate
(Scheme 35) a dialkylammonium and a bipyridinium recog-
nition site in their dumbbell-shaped components.'*] Gradi-

a: [S1-H™

Scheme 35. The chemically controllable!'! molecular shuttles [S1-H]** and [52- H]** and the '"H NMR spectra
((CD3),CO, 298 K) of [51-H]** recorded before (I) and after the addition of /Pr,NEt (II), and after the addition

of CF,CO,H (III).

ent-enhanced NOE spectroscopy demonstrated that the
macrocycle resides exclusively around the ammonium recog-
nition site in (CD;),CO at 298 K. Indeed, irradiation of the p-
phenylene protons adjacent to the ammonium recognition site
showed NOE:s for some of the CH,O protons of the macro-
cycle. Similar effects were observed when the protons of the
stopper adjacent to the ammonium recognition site were
irradiated. The preference of the macrocycle for the ammo-
nium recognition site is a result of a combination of TN—H---
O and C-H--- O interactions between the CH,NH," hydro-
gen atoms of the dumbbell and the oxygen atoms of the
macrocycle. Upon addition (Scheme 35) of an excess of
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iPr,NEt to a solution of one of these [2]rotaxanes in
(CD;),CO, deprotonation of the ammonium recognition site
occurs. As a result, the intercomponent hydrogen bonds are
destroyed and the macrocycle shuttles to the bipyridinium
recognition site in 51°* and 52°*. However, the original co-
conformation is restored after the addition of CF;CO,H, since
the protonation of the ammonium recognition site is followed
by the shuttling of the macrocycle back to encircle the NH,*
center. The shuttling process can be followed by 'H NMR
spectroscopy by employing the bipyridinium protons Hj and
H} as probes. The 'H NMR spectrum ((CD;),CO, 298 K) of
[51- H]** shows (signal I in Scheme 35) a single resonance for
the protons H} and Hj. After deprotonation of the ammo-
nium recognition site, the macrocycle shuttles to the bipyr-
idinium recognition site and two distinct resonances can be

observed (signal II) for the pro-

tons Hj and Hj. Once the

Hy' & Hg3 ammonium group is regenerat-
r ed after protonation, the macro-
_j cycle shuttles back to encircle
- this recognition site and the
original signal for the protons

H' e B2 g g p

H}; and H3. is restored (signal
i — III). The movement of the ring
can be also monitored by elec-
trochemical techniques.

3.2.2. Electrochemically
Controllable Molecular
Shuttles

The shuttling of the macro-
cyclic component of [2]rotaxane
50%* along the linear portion of
its dumbbell-shaped component
can be also controlled!'? 14l
(Scheme 34) electrochemically.
Indeed, the benzidine recogni-
tion site undergoes two con-
secutive one-electron oxida-
tions.'!]  Comparison of the
half-wave potentials of the
[2]rotaxane with those of a
model compound incorporating
a benzidine unit not encircled
by the tetracationic cyclophane shows that the potential for
the first oxidation is more positive in the [2]rotaxane while
that for the second oxidation is the same in both compounds.
These observations indicate that the tetracationic cyclophane
makes the first one-electron oxidation of the encircled
benzidine unit more difficult. However, once this unit is
oxidized to the corresponding radical cation, the tetracationic
cyclophane moves away from it to encircle the biphenol unit
and so does not influence the second one-electron oxidation.
Upon reduction of the benzidine unit back to its neutral state,
the original equilibrium between the two co-conformations
associated with the [2]rotaxane is restored.
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Scheme 36. The shuttling of the macrocyclic component of [53-Cu]* along its dumbbell-shaped component can be controlled'! electrochemically by

oxidizing/reducing the metal center (MeCN, 298 K).

The [2]rotaxane [53- Cu]* has (Scheme 36) a phenanthroline
and a terpyridine unit in its dumbbell-shaped component.['4’]
It also incorporates a Cu! center coordinated tetrahedrally by
the phenanthroline ligand of the dumbbell together with the
phenanthroline ligand of the macrocycle. Oxidation of the
tetracoordinated Cu! center of [53- Cu]* to a tetracoordinated
Cu!! ion occurs!*® 481 upon electrolysis (4 1.0 V versus SCE)
of a solution of the [2]rotaxane in MeCN. In response to the
preference of Cul! for a pentacoordination geometry, the
macrocycle shuttles away from the bidentate phenanthroline
ligand of the dumbbell and encircles the terdentate terpyr-
idine ligand instead. In this co-conformation, the Cu" center
adopts a pentacoordination geometry that is significantly
more stable than the tetracoordination one associated with
the original co-conformation. Consistently, the cyclic voltam-
mogram shows the disappearance of the reversible wave
(+0.68 V) associated with the tetracoordinated Cu'/Cu!
redox couple and the concomitant appearance of a reversible
wave (—0.03 V) corresponding to the pentacoordinated Cu'Y/
Cu! redox couple. A second electrolysis (—0.03 V) of the
solution of the [2]rotaxane in MeCN reduces the pentacoor-
dinated Cu'" center back to a pentacoordinated Cu' ion. In
response to the preference of Cu! for a tetracoordination
geometry, the macrocycle moves away from the terdentate
terpyridine ligand and encircles the bidentate phenanthroline
ligand. The cyclic voltammogram recorded after the second
electrolysis shows the original redox wave (+0.68 V) corre-
sponding to the tetracoordinated Cu"/Cu' redox couple.

The [2]rotaxane 54* incorporates (Scheme 37) a m-elec-
tron-deficient macrocycle and a w-electron-rich dumbbell.['47]
The macrocycle resides around the 2,6-dioxyanthracene
recognition site in solution. This co-conformation is stabilized

3374

by - stacking interactions between the bipyridium units of
the macrocycle and the sandwiched 2,6-dioxyanthracene
recognition site of the dumbbell, as well as by C-H---O
interactions between the a-bipyridinium hydrogen atoms and
the polyether oxygen atoms. The 'H NMR spectrum
((CD3),CO0, 298 K) of this [2]rotaxane shows a singlet at 6 =
430 for the protons in positions 9 and 10 of the 2,6-
dioxyanthracene ring system. By contrast, these protons
resonate at 0 =8.16 in the 'H NMR spectrum of the “free”
dumbbell. The dramatic chemical shift change (Ad = —3.86)
experienced by the resonances associated with these protons
is a result of shielding effects exerted on them by the
sandwiching bipyridinium units. The cyclic voltammogram of
a solution of this [2]rotaxane in MeCN shows a first oxidation
wave (4 1.03 V versus SCE) that corresponds to the oxidation
of the 2,6-dioxyanthracene recognition site. This oxidation
occurs at a potential that is more positive than that of a model
compound incorporating this unit. As far as the oxidation of
the two 1,4-dioxybenzene rings is concerned, two waves
(+1.29 and +1.59 V versus SCE) are observed. The oxidation
of the first 1,4-dioxybenzene ring of the [2]rotaxane occurs at
a potential that is almost identical to that of a model
compound incorporating this unit. The oxidation of the
second 1,4-dioxybenzene ring of the [2]rotaxane occurs at a
potential that is almost identical to that of a model [2]rotax-
ane incorporating this unit that is encircled by the tetracat-
ionic cyclophane. These observations suggest that the tetra-
cationic cyclophane resides (Scheme 37) initially around the
2,6-dioxyanthracene recognition site making its oxidation
more difficult. However, once this recognition site is oxidized,
the tetracationic cyclophane moves away from it and encircles
one of the two 1,4-dioxybenzene rings.
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Scheme 37. The shuttling of the macrocyclic component of 54* along its dumbbell-shaped
component can be induced” by oxidizing electrochemically the anthracene ring system (MeCN,

298 K).

3.2.3. Photochemically
Controllable Molecular Shuttles

The shuttling of the macrocyclic
component of the [2]rotaxane [53-
Cu]* (Scheme 36) along the linear
portion of its dumbbell-shaped com-
ponent can also be induced photo-
chemically.'*> 1481 Upon irradiation
(464 nm) of a solution of the [2]ro-
taxane in MeCN, in the presence of
p-nitrobenzylbromide, the Cul-
based chromophoric unit is excited
to a metal-to-ligand charge-transfer
excited state. Electron transfer from
the photoexcited [2]rotaxane to p-
nitrobenzylbromide follows, which
generates a tetracoordinated Cul!
center. In response to the preference
of the Cu' ion for a pentacoordina-
tion geometry, the macrocycle shut-
tles away from the bidentate phen-
anthroline ligand of the dumbbell
and encircles the terdentate terpyr-
idine ligand instead. Upon addition
of ascorbic acid, the pentacoordinat-
ed Cu" center is reduced to a
pentacoordinated Cu' ion. In re-
sponse to the preference of Cu! for
a tetracoordination geometry, the
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macrocycle moves away from the terden-
tate terpyridine ligand and encircles the
bidentate penanthroline ligand to restore
the original co-conformation.

The [2]rotaxane 55* incorporates
(Scheme 38) an a-cyclodextrin torus and a
trans-azobiphenoxy-containing dumb-
bell.'*) Comparison of the 'H NMR spec-
tra (D,0, 303 K) of the [2]rotaxane and of
its “free” dumbbell-shaped component in-
dicates that the cyclodextrin resides exclu-
sively around the trans-azobiphenoxy rec-
ognition site. While only two sets of signals
are observed for the trans-azobiphenoxy
protons of the “free” dumbbell, four sets of
resonances are associated with the same
protons in the [2]rotaxane. In the [2]rotax-
ane, the local C, symmetry of the trans-
azobiphenoxy unit is lost, as a result of the
toroidal shape of the a-cyclodextrin com-
ponent, and the two p-phenylene rings are
no longer equivalent. Also, the circular
dichroism spectrum (H,O, 278 K) of the
[2]rotaxane shows a positive band (360 nm)
corresponding to m—m* transitions of the
azobiphenoxy unit. This observation indi-
cates that this unit is encircled by the a-
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Scheme 38. The shuttling of the macrocyclic component of 55 along its dumbbell-shaped component can
be controlled!'*] reversibly by photoisomerizing the azobenzene unit (H,O, 278 K).
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cyclodetxrin component, since long-axis-polarized transitions
of aromatic guests inserted through the cavity of a-cyclo-
dextrin hosts produce positive bands. Upon irradiation
(360 nm), the azobiphenoxy unit isomerizes'*! (Scheme 38)
from trans to cis “pushing” the a-cyclodextrin component
away to encircle one of the (CH,),0 chains. As a result, the
intensity of the positive band decreases. Upon further
irradiation (430 nm), the azobiphenoxy unit isomerizes from
cis back to trans. This process is accompanied by the shuttling
of the a-cyclodextrin component back to encircle the trans-
azobiphenoxy recognition site and, consequently, by an
increase in intensity of the positive band at 360 nm.

3.3. Catenanes

3.3.1. Chemically Controllable Catenanes

The [2]catenate [56-Cu]' incorporates (Scheme 39) two
identical macrocyclic components.”> 3 They possess a phen-
anthroline unit and a polyether chain connected by two p-
phenylene rings. The X-ray crystallographic analysis of [56 -
Cu]* revealed™ that the two phenanthroline ligands em-
brace the “central” Cu' ion, while the two polyether chains
are located away from each other. However, a co-conforma-
tional change, which involves the circumrotation of both
macrocycles through the cavity of each other, occurs
(Scheme 39) upon demetalation. Indeed, the [2]catenand 56
is obtained!"*" 1% quantitatively upon treating a solution of the
[2]catenate [56-Cu]* with KCN. The X-ray analysis of 56
revealed!™ a co-conformation that is markedly different from
the one adopted by [56-Cu]*. In the [2]catenand 56, the
phenanthroline ligands are positioned away from each other,
while the entangled polyether chains are located at the
“center” of the molecule. Complete rearrangment of 56
occurs!3 1331 when [Cu(MeCN),]BF, is added to a solution of
this [2]catenand. The two macrocyclic components circum-
rotate through the cavity of each other to allow the
coordination of the Cu' ion by the two phenanthroline
ligands and yield back the [2]catenate [56- Cu]*. A similar co-
conformational change was observed!'** 157l upon metalation
of the [2]catenand with a variety of metal ions or upon
protonation of one of the phenanthroline nitrogen atoms.

The [2]catenanes 57 and 58*" incorporate (Scheme 40) a
bipyridinium-based tetracationic cyclophane and a m-elec-

[SEsCul"

Scheme 39. Demetalation of the [2]catenate [56 - Cu]* and the reverse reaction, metalation of catenand 56, is
accompanied!"™!] by co-conformational changes involving the circumrotation of the macrocyclic components
through each other’s cavity. Conditions: demetalation: KCN/H,0O, MeCN/CH,Cl,, 298 K; metalation:

[Cu(MeCN),]BF,/MeCN/CH,CL, H,0, 298 K.

3376

=
C foE) ) o
PN .
s L@@

[5TezHT
[SBszH[™

@
. —@—
=

Scheme 40. The circumrotation of the tetracationic cyclophane compo-
nent of the [2]catenanes 57** and 58** occurs!'"*! upon protonation of the
porphyrin unit ((CD;),CO, 238 K).

tron-rich macrocyclic polyether comprising a porphyrin ring
system and either a 1,4-dioxybenzene or a 1,5-dioxynaphtha-
lene unit.'*®! The tetracationic cyclophane encircles exclu-
sively the dioxyarene unit as a result of m—m stacking
interactions between this recognition site and the sandwiching
bipyridinium units. The protons of the 1,4-dioxybenzene ring
of the [2]catenane of 574" resonate at 6 =2.62 in the 'H NMR
spectrum (CD;CN, 343 K). Similarly, the protons in posi-
tions 4 and 8 of the 1,5-dioxynaphthalene ring system in the
[2]catenane 58* resonate at d = 1.47 in the 'TH NMR spectrum
((CD3),S0, 378 K). These “unusual” chemical shift values for
the dioxyarene protons are a result of shielding effects exerted
upon them by the sandwiching bipyridinium units. The
porphyrin ring system is also engaged in m-m stacking
interactions with the bipyridinium unit located inside the
cavity of the macrocyclic polyether. However, the tetracat-
ionic cyclophane circumrotates through the cavity of the
macrocyclic polyether exchanging the “inside” and “along-
side” bipyridinium units and, in the case of 57**, the rate of
circumrotation is about 1500 times per second (CD;CN,
298 K). This dynamic process is
slow on the 'H NMR timescale at
238 K in (CD;),CO and signals for
the “inside” and “alongside” bi-
pyridinium units can be distin-
guished. Upon addition
(Scheme 40) of CF;CO,H, the
porphyrin ring system is proto-
nated.'”! As a result of electro-
static repulsion, the tetracationic
&6 cyclophane circumrotates to
move the “inside” dicationic bi-
pyridinium unit away from the
now dicationic porphyrin ring sys-
tem. As a consequence, the
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'H NMR spectra ((CD;),CO, 238 K) of the protonated
[2]catenanes [57-2H]°" and [58-2H]°" show two distinct
environments for the two p-phenylene rings of the tetracat-
ionic cyclophane. In the co-conformation obtained after
protonation, one of the p-phenylene rings is located inside
the cavity of the macrocyclic polyether, while the other is
positioned alongside. Chemical-shift differences of Ad=
—0.39 and —0.50 are observed between the resonances for
the protons of the “inside” and “alongside” p-phenylene rings
of [87-2H]* and [58 - 2H]%*, respectively.

The [2]catenanes 59+ and 60** incorporate (Scheme 41) a
bipyridinium-based tetracationic cyclophane and a m-elec-
tron-rich macrocyclic polyether comprising a tetrathiafulva-
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Scheme 41. The circumrotation of the macrocyclic polyether component of the [2]catenanes 59* and
60*+ can be controlled” !l reversibly in MeCN at 298 K by adding o-chloroanil (61), which forms a
charge-transfer adduct with the tetrathiafulvalene unit of these [2]catenanes. The adduct can be
disrupted by reducing o-chloroanil with S,05?~ ions. The geometry adopted in the solid state by 60** is

also shown.

lene ring system and either a 1,4-dioxybenzene or a 1,5-
dioxynaphthalene unit.’’¢ 1%l The X-ray crystallographic
analysis of the [2]catenane 60*" revealed (Scheme 41) that
the tetracationic cyclophane encircles exclusively the tetra-
thiafulvalene ring system in the solid state. Also, the 'H NMR
spectra (CD;CN, 298 K) of 59* and 60*" indicate that the
tetrathiafulvalene unit resides preferentially inside the cavity
of the tetracationic cyclophane in solution, while the dioxyar-
ene unit is positioned alongside. For example, the character-
isticl!!7& 1611 ypfield shifts for resonances associated with
protons in the dioxyarene units that are encircled by the
tetracationic cyclophane are not observed in these [2]cate-
nanes. The 1,4-dioxybenzene protons of 59* and the 1,5-
dioxynaphthalene protons of 60*" resonate at chemical shift
values downfield from 6 =6.4. Thus, if the co-conformation
having a dioxyarene ring inside the cavity of the tetracationic
cyclophane is present at all in solution, its concentration must
be below the limit of detection by 'H NMR spectroscopy.
Nonetheless, the ability of o-chloroanil (61) to stack
(Scheme 41) against a tetrathiafulvalene ring system can be
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exploited®® 191 to “lock” this unit alongside the cavity of the
tetracationic cyclophane. Indeed, comparison of the 'TH NMR
spectra, recorded at 298 K before and after the addition of 61
to a CD;CN solution of either 59* or 60**, shows significant
upfield chemical shifts for the resonances associated with the
1,4-dioxybenzene protons of 59+ (Ad ~— 3) and the protons
in positions 4 and 8 of the 1,5-dioxynaphthalene ring system of
60** (A0 ~—5). These observations indicate that, after the
addition of 61, the dioxyarene rings become encircled by the
tetracationic cyclophane and their protons suffer pronounced
shielding effects from the sandwiching bipyridinium units.
Upon addition of a mixture of Na,S,05 and NH,PF, in H,O,
the adduct formed between the tetrathiafulvalene ring system
and o-chloroanil is destroyed, and the
original co-conformation with the tetra-
thiafulvalene unit inside the cavity of the
tetracationic cyclophane 1is restored.
Consistently, the original resonances for
the protons of the “alongside” dioxyar-
ene rings are observed again in the
'"H NMR spectra of both [2]catenanes.
The [2]catenane 62* incorporates
(Scheme 42) a 1,4-dioxybenzene-based
macrocyclic polyether and a tetracation-
ic cyclophane comprising a bipyridinium
and a diazapyrenium unit.['*? Its X-ray
crystallographic analysis revealed that
the macrocyclic polyether encircles ex-
clusively the diazapyrenium ring system
in the solid state. The '"H NMR spectrum
((CD;),CO, 193K) of 62* shows the
signals for two distinct co-conformations
in a ratio of 96:4. In the major isomer, the
diazapyrenium ring system is located
inside the cavity of the macrocyclic
polyether and the bipyridinium unit is
positioned “alongside”. In the minor
isomer, the bipyridinium unit is located
inside the cavity of the macrocyclic
polyether and the diazapyrenium ring system is positioned
“alongside”. The ability of n-hexylamine to form®>-*4l adducts
with diazapyrenium ring systems can be exploited!®? to
displace the equilibrium between the two co-conformations in
favor of the isomer having the diazapyrenium ring system
alongside the cavity of the macrocyclic polyether. The differ-
ential pulse voltammogram (MeCN, 298 K) of 62*" shows two
peaks at —0.31 and —0.57 V versus SCE for the monoelec-
tronic reductions of the “alongside” bipyridinium unit and of
the “inside” diazapyrenium ring system, respectively. After
the addition of n-hexylamine, the first peak shifts by —60 mV
to a potential that corresponds to the monoelectronic
reduction of a bipyridinium unit encircled by the 14-
dioxybenzene macrocyclic polyether. Similarly, the second
peak shifts by —20 mV to a potential that is associated with
the monoelectronic reduction of a diazapyrenium ring system
interacting with n-hexylamine. Protonation of n-hexylamine
occurs upon addition of CF;SO,H. As a result the adduct
formed between n-hexylamine and the diazapyrenium unit of
the [2]catenane is destroyed and the original equilibrium
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The [2]catenane 63*" incorporates
(Scheme 43) a 1,4-dioxybenzene-based
macrocyclic polyether and a tetracat-
ionic cyclophane comprising a bipyr-
idinium and a trans-bis(pyridinium)-
ethylene unit.'! The '"H NMR spec-
trum ((CD;),CO, 213 K) of 63*" shows
the signals for two distinct co-confor-
mations in a ratio of 92:8. In the major
isomer, the bipyridinium unit is located
inside the cavity of the macrocyclic
polyether and the trans-bis(pyridinium)-
ethylene unit is positioned “along-

Scheme 42. The circumrotation of the tetracationic cyclophane component of the [2]catenane 62+ can
be controlled!'®?] reversibly in MeCN at 298 K by adding n-hexylamine, which forms a charge-transfer
adduct with the diazapyrenium unit of this [2]catenane. The adduct can be disrupted by protonating
n-hexylamine with CF;SO,H. The geometry adopted in the solid state by the [2]catenane 62** is also

shown.

between the two co-conformations associated with 624 is
restored. The differential pulse voltammogram recorded after
the addition of CF;SO,H is identical with that recorded before
the addition of n-hexylamine.

3.3.2. Electrochemically Controllable Catenanes

The co-conformational motion associated with the [2]cat-
enanes 59* and 60*" (Scheme 41) can also be control-
led160: 163, 164] electrochemically by the reversible oxidation/
reduction of the tetrathiafulvalene ring system. The cyclic
voltammograms of the “free” macrocyclic polyethers show a
reversible wave (ca. +0.3 V versus SCE) for the monoelec-
tronic oxidation of the tetrathiafulvalene unit. In the [2]cat-
enanes, the tetrathiafulvalene ring system is located inside the
cavity of the tetracationic cyclophane and its monoelectronic
oxidation occurs at more positive potentials. Furthermore, a
large separation between the anodic and cathodic peaks
associated with this process is observed. This separation varies
as the scan rate is changed. Upon increasing the scan rate, the
anodic peak moves to more positive potentials, while the
cathodic one shifts to less positive values. These observations
indicate that the oxidation/reduction of the tetrathiafulvalene
unit is accompanied by the circumrotation of the macrocyclic
polyether through the cavity of the tetracationic cyclophane
and that this co-conformational change is occurring on the
timescale of the electrochemical experiment. Indeed, after
oxidation, the newly formed monocationic tetrathiafulvalene
unit is expelled from the cavity of the tetracationic cyclophane
and is replaced by the neutral dioxyarene unit. After
reduction, the original co-conformation is restored as the
neutral tetrathiafulvalene unit replaces the dioxyarene unit
inside the cavity of the tetracationic cyclophane.
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) side”. The first two reduction waves in

CRyS0H the cyclic voltammogram (MeCN,

298 K) of the “free” tetracationic cyclo-

=t phane occur at —0.31 and —043V
e L versus SCE. They correspond to the

first monoelectronic reductions of the
bipyridinium and of the trans-bis(pyr-
idinium)ethylene unit, respectively. In
the case of the [2]catenane, these two
waves are shifted to more negative
potentials and occur at —0.39 and
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Scheme 43. The circumrotation of the tetracationic cyclophane compo-
nent of the [2]catenane 63** can be controlled!'®] reversibly in MeCN at
298 K by oxidizing/reducing electrochemically its bipyridinium unit.

—0.49 V. These observations indicate that the bipyridinium
unit is preferentially located (Scheme 43) “inside” the cavity
of the macrocyclic polyether and its reduction is more difficult
than in the case of the “free” tetracationic cyclophane.
However, once this unit is reduced, the tetracationic cyclo-
phane circumrotates through the cavity of the macrocyclic
polyether moving the trans-bis(pyridinium)ethylene unit “in-
side”, as shown by comparison of its reduction potential with
that of a catenane model compound.'®® The original
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equilibrium between the two co-conformations associated
with the [2]catenane 63** is restored upon oxidation of both
units back to their dicationic states.

The [2]catenate [64-Cu]" incorporates (Scheme 44) a
terpyridine ligand in one of its two macrocyclic components
and a phenanthroline ligand in both.['*l Oxidation of the
tetracoordinated Cu! center of [64- Cu]* to a tetracoordinated
Cu!! ion occurs!!® 171 upon electrolysis (+0.8 V versus SCE)
of a solution of the [2]catenate in MeCN. In response to the
preference of Cu! for a pentacoordination geometry, the
terpyridine-containing macrocycle circumrotates through the
cavity of the other one. In the resulting co-conformation, the
Cu" center adopts a pentacoordination geometry that is
significantly more stable than the original tetracoordinated
one. The cyclic voltammogram shows the disappearance of

the reversible wave (+0.63 V) associated with the tetracoor-
dinated Cu'/Cu! redox couple and the concomitant appear-
ance of a reversible wave (—0.07 V) corresponding to the
pentacoordinated Cu'’/Cu! redox couple. A second electrol-
ysis (—0.4 V) of the solution of the [2]catenane in MeCN
reduces the pentacoordinated Cu'' center back to a penta-
coordinated Cu' ion. In response to the preference of Cu! for a
tetracoordination geometry, the terpyridine-containing mac-
rocycle circumrotates through the cavity of the other one
affording back the original co-conformation. The cyclic
voltammogram recorded after the second electrolysis shows
the original redox wave (+0.63 V) corresponding to the
tetracoordinated Cu'/Cu' redox couple.

The [2]catenate [65-Cu]' incorporates (Scheme 45) two
identical macrocyclic components comprising a terpyridine
and a phenanthroline ligand.['! The Cu!ion is
coordinated tetrahedrally by the two phenan-
throline ligands, while the two terpyridine
ligands are located well away from each other.
The cyclic voltammogram of [65-Cu]* shows
a reversible wave at +0.63 V versus SCE
which is associated with the tetracoordinated
Cu'/Cu' redox couple. The visible absorption
spectrum of the [2]catenate reveals a metal-
to-ligand charge-transfer band at 439 nm for
the tetracoordinated Cu! chromophore. Upon
electrochemical oxidation of [65-Cu]* or
upon treatment with NOBF,, the tetracoordi-
nated Cu' center is converted into a tetra-
coordinated Cu' ion. As a result, the visible
absorption spectrum reveals a band at 670 nm
for the tetracoordinated Cu!' chromophore.
However, the intensity of this band decreases
with time. Indeed, in response to the prefer-
ence of the Cu''ion for a coordination number

Scheme 44. The circumrotation of the terpyridine-containing macrocyclic component of the

[2]catenate [64 - Cu]* can be controlled!'*! reversibly in MeCN at 298 K by oxidizing/reducing

the metal center.

higher than four, one of the two macrocycles
circumrotates through the cavity of the other

Scheme 45. The circumrotation of the macrocyclic components of the [2]catenate [65 - Cu]* can be controlled!'®®! reversibly in MeCN at 298 K by oxidizing/

reducing the metal center.
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to afford a pentacoordinated Cu' ion. Subsequently, the other
macrocycle undergoes a similar circumrotational process to
yield a hexacoordinated Cu! ion which shows instead a weak
absorption band at 687 nm. Electrolysis (—1.0 V) of the
solution of the [2]catenane in MeCN reduces the hexacoordi-
nated Cu"! center back to a hexacoordinated Cu' ion. In
response to the preference of Cu' for a tetracoordination
geometry, the two macrocycles circumrotate through the
cavity of each other in turn to afford the original co-
conformation quantitatively.

3.3.3. Photochemically Controllable Catenanes

The co-conformational motion associated with the [2]cat-
enate [64-Cu]* (Scheme 44) can be also induced photo-
chemically.'%* 191 Upon irradiation (464 nm) of a solution of
the [2]catenate in MeCN, in the presence of p-nitrobenzyl-
bromide, the Cul-based chromophoric unit is excited to a
metal-to-ligand charge-transfer excited state. Electron trans-
fer from the photoexcited [2]catenate to p-nitrobenzylbro-
mide follows, which generates a tetracoordinated Cu' center.
In response to the preference of the Cu!! ion for a pentacoor-
dination geometry, the terpyridine-containing macrocycle
circumrotates through the cavity of the other affording a
pentacoordinated Cu' center. Upon addition of ascorbic acid,
the pentacoordinated Cu'' center is reduced to a pentacoordi-
nated Cu' ion. In response to the preference of Cu' for a
tetracoordination geometry, the terpyridine-containing mac-
rocycle circumrotates through the cavity of the other, which
restores the original co-conformation.

4. Perspectives

With an eye to the future, there are two prominent
emerging perspectives concerning molecular machines, name-
ly, the development of artificial molecular machines based on
biomolecules and the interfacing of artificial molecular
machines with solid supports, which we would now like to
highlight.

4.1. Artificial Molecular Machines Based on
Biomolecules

4.1.1. A Power Plant and Motor

Recent scientific advances in both molecular biology and
nanofabrication technology have opened up the possibility of
building functional hybrid organic and inorganic devices on a
nanometer scale. One long-term objective is to utilize the
finest attributes associated with the worlds of both organic
and inorganic materials for the creation of nanomechanical
systems that are powered by biological motors.

At present, the best characterized biological motor is ATP
synthase. The synthesis of ATP by this enzyme is based (see
Section 1.3.1) on a proton pump across a membrane. Perhaps,
the most spectacular molecular-scale machine constructed in
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recent years is a biomimetic, photon-driven proton pump
which is able to power ATP synthase to produce ATP.

The first step in this research was the design of multi-
component systems capable of performing photoinduced
charge-separation reactions.l'’” Later on, a so-called C-P-Q
triad for photoinduced charge separation that was composed
of a naphthoquinone Q as the electron acceptor, free-base
porphyrin P as the primary electron donor, and carotene C as
the final electron donor!'”!! was implanted (Scheme 46) into

4 H * -

Scheme 46. Schematic representation of the liposome-based proton pump
powered by a photoinduced charge-separation process.['?]

the lipid bilayer of a reconstituted liposome.!'7?l Photoinduced
electron transfer in the triad molecule spanning the wall of the
vesicle sets up an electrochemical potential difference be-
tween the interior and the exterior of the liposome and leads
to directional proton transfer. The preference for the ori-
entation of the triad within the layer is in part thermodynamic
(the bulky porphyrin and quinone remain in the less densely
packed outer layer) and in part kinetic (the activation barrier
for the insertion of lipophilic carotenoid into the bilayer is
much lower than those for the polar quinone and carboxylic
group). Photoexcitation of the porphyrin moiety of C-P-Q
with visible light generates, with a quantum yield of 0.1, the
C*-P-Q~ charge-separated state (Scheme 46, step 1), which
can be detected by monitoring the transient absorbance of the
carotenoid radical. Electron transfer from Q- to the lipid-
soluble 2,5-diphenylbenzoquinone (Q,), with a reduction
potential 0.6 V more positive than that of Q, results (step 2)
in the formation of the radical anion Qg . The reduced form of
Q, accepts a proton from the external aqueous solution to
form the corresponding uncharged semiquinone HQj, which
diffuses through the membrane and performs the crucial
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function of a proton shuttle (steps 3 and 4). Upon reaching the
interior layer of the membrane, HQj§ encounters the carote-
noid radical cation, undergoes (step 5) oxidation to HQ{, and
releases (step 6) the proton into the aqueous medium inside
the vesicle. Random diffusion of the regenerated Q, closes
(step 7) the cycle. The pH-dependent fluorescent excitation
spectrum of a water-soluble dye was used to monitor changes
in the proton concentration inside liposomes. The efficiency of
the system can be increased if an ionophore, such as
valinomycin, is added in order to relax the membrane
potential. The pH gradient thus established across the bilayer
membrane gives rise to a proton-motive force, that is, the
biological analogue of the electromotive force. In principle,
such a force can be utilized to perfom work.'?l F F,-ATP
Synthase has been incorporated (Scheme 47) into liposomes
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Scheme 47. Schematic representation of a liposome-based artificial photo-
synthetic membrane.!'”?]

containing the components of the proton-pumping photo-
cycle. Irradiation of this artificial membrane with visible light
leads to the charge-separation process that causes proton
translocation and generation of a proton-motive force. When
sufficient proton-motive force has accumulated protons flow
through the F(F;-ATP synthase, with the concomitent for-
mation of ATP from ADP and P;. The functioning of the
system was monitored by the luciferin-luciferase fluores-
cence assay. The results show that the synthesis of ATP occurs
against an ATP chemical potential of approximately
12 kcalmol~! and with a quantum yield of more than 7%.
One molecule of ATP is synthesized per 14 absorbed photons
of light with a wavelength of 633 nm, an observation which
means that up to 4% of the initial energy incident on the
sample is stored by the system. The photocyclic system
operates efficiently over a timescale of hours with a turnover
number of seven ATP molecules per F,F, per second. This
system is the first complete biomimetic one which effectively
couples electrical potential, derived from photoinduced
electron transfer, to the chemical potential associated with
the ADP-ATP conversion, thereby mimicking the entire
process of bacterial photosynthesis. It constitutes a synthetic
biological motor that, in principle, can be used to power
anything which requires a proton grandient or ATP to work,
for example, enzymatic systems that catalyze important
reactions or even future nanomachines. Recently, a recombi-
nant expression system has been established for the large-
scale production of F;-ATPase that has been modified to
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contain chemically active “handles”.['’* Further performance
data on motor rotation have also been obtained through the
attachment of fluorescent microspheres to the tip of the y
subunit.’4 Hybrid systems exploiting the motor protein
kinesin!'” and dynein['”® to transport nonbiological mole-
cules are under investigation. It is clear that this field is going
to be an expansionary one in the near future.

4.1.2. A DNA-Based Mechanical Device

An interesting DNA-based artificial machine has recently
been reported.['’””? In DNA double-crossover (DX) molecules,
two DNA double helices are joined to each other twice to
yield rigid molecules. By attaching two DX molecules to one
end of a longer DNA strand, a structure (Scheme 48)
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Scheme 48. Schematic representation of a DNA-based mechanical de-
vice.l'”] The two circles represent dyes whose separation distance changes
upon the change in conformation of the middle DNA segment. The change
in distance is measured by the change in resonance-energy transfer.
Adapted by permission of the authors from ref. [199].

consisting of two short double helices anchored to a longer
double helix has been obtained. The segment separating the
two DX units consists of a special sequence which can switch
conformation. Depending on the solution conditions, this
segment can assume either the B conformation, in which
DNA twists to the right, or the Z conformation, which has a
left-handed twist. The two DX molecules lie on the same side
of the longer DNA strand when the middle segment is in the B
form and on opposite sides when that segment assumes the Z
form. The B-Z transition results in a rotary displacement of
up to 6 nm as well as a 0.6-nm lengthening of the segment. The
motion (Scheme 48) is monitored through changes in the
fluorescence of dyes attached to the free ends of the DX
molecules. When the segment is in the B form, the two dyes
are on the same side and closer to each other than when the
segment is in the Z form. Thus, energy transfer is higher in the
B form than in the Z form.

4.1.3. Machines Based on Protein Folding/Unfolding

The specific function of a protein is determined by its three-
dimensional structure and the ability of this tertiary structure
to evolve with time. The functional conformation of a protein
is determined by its amino acid sequence, and understanding
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how the one-dimensional primary sequence folds into the
functional three-dimensional tertiary structure is a central
problem in structural biology.['”®! The folding of a protein is a
complex molecular motion which results from a sequence of
simple processes and starts from rotations about single bonds.
In the search for kinetic methods of experimental investiga-
tion, ways of triggering the folding and unfolding processes
have been developed. One particular approach consists of the
reduction or oxidation of a component of the protein so as to
shift the folded/unfolded equilibrium. Examples of proteins in
which large-amplitude motions can be controlled by light,
through a photoinduced electron-transfer reaction on the
heme group of cytochrome ¢,'’” or by redox stimulation of
methionine units!’®! in the amino acid chain, have been
reported. Such systems could serve as a basis for the
construction of controllable nanomechanical motors based
on proteins.

4.2. Interfacing Artificial Molecular Machines with
Surfaces and Solid Supports

The investigation of supramolecular systems in solution is
not only of fundamental importance to an understanding of
their complex behavior, it also represents a starting point for
the construction of molecular-level machines. A solution,
however, contains a huge number of molecules which behave
incoherently since they cannot be addressed individually and
hence controlled.'® It seems reasonable therefore that
before functional supramolecular assemblies can be employed
in a machinelike manner they have to be interfaced with the
macroscopic world by ordering them in some way. The next
generation of molecular machines will need to be organized at
interfaces!™®? or deposited on surfaces!'®3 so that they can
behave coherently—either in parallel or in series—and can
also be addressed on the nanometer scale.'¥! We will now
discuss an experiment in which the rotation of single
molecules on a surface has been observed by scanning
tunneling microscopy (STM), and some recent examples of
interlocked molecular systems supported on solid electrodes.

4.2.1. Rotation of a Single Molecule within a
Supramolecular Bearing on a Solid Surface

Nowadays experimental techniques involving various kinds
of probe microscopies allowl* %13l the visualization and
manipulation of single molecules. Single molecule rotors
surrounded by like molecules that form a supramolecular
bearing on a surface have been studied® recently by STM in
ultrahigh vacuum. The molecular rotors are propeller-shaped
hexa-tert-butyldecacyclene molecules of approximately
1.5 nm diameter, which were deposited onto an atomically
clean Cu(100) surface. At surface coverages of just less than
one monolayer, a close-packed supramolecular layer with
nanometer-sized holes is formed by the molecules. As a result
of robust intermolecular interactions, the packed molecules
cannot rotate on the Cu(100) surface and they appear in the
STM images (Figure 7 a) as six-lobed objects. However, some
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Figure 7. Ultrahigh-vacuum STM images of an atomically clean Cu(100)
surface covered with hexa-fert-butyldecacyclene molecules.™®! In a) the
molecule appears as a six-lobed object since it is immobilized by the
surrounding molecules. In b) the same molecule rotates rapidly on the
metal surface and it appears as a torus. Reprinted by permission from
ref. [185].

of these molecules can dissociate from the supramolecular
assembly to enter one of the nanometer-sized voids in which
they are free to rotate. The rate of rotation is greater than the
scan rate of imaging at ambient temperature and, as a result,
the molecules in motion appear (Figure 7b) as toroidal
objects. Interestingly, a single rotating molecule can be
translated, with the aid of the STM tip, to a position where
it is immobilized by the surrounding molecular layer.
Although this system represents an impressive example of
real-space observation of molecular motions, it should be
noted that molecular machines powered by ambient (thermal)
energy cannot be used to do work, unless they are driven by
some kind of “asymmetric” stimulus.33-5% 74 18]

4.2.2. Modified Electrodes

With the aim of constructing electrochemical sensors, the
affinity of thiol groups for gold surfaces has been exploited to
develop electrodes modified with self-assembled monolayers
containing receptors!'®” 138 derived from both 25*" and 36. The
self-assembly of molecular components in solution can be
coupled (Scheme 49) to deposition techniques for obtaining
surface-attached supramolecular and interlocked molecular
systems. Amongst the most interesting examples are a
monolayer constituted of macrocycles 25* or 20 catenated
onto a gold surface by means of a molecular thread bearing
thiol groups at both ends['® and a polyrotaxane deposited as a
film onto an electrode by electropolymerization.'""! In the
latter case, the rotation of the ring component around the
polymer-derivatized thread, confined to the film, can be
electrochemically triggered. Another interesting approach is
provided by the emerging field of heterosupramolecular
chemistry.'”!] Heterosupermolecules, that is, supramolecular
systems in which one or more components are in the
condensed phase (for example, nanocrystals), are expected
to offer considerable advantages from the viewpoints of
molecular organization and addressability. Following the
strategy outlined in Scheme 49, hetero[2]catenanes in which
nanosized particles of TiO, or SnO, are incorporated as a part
of one of the ring components have been prepared and are
currently the subject of photochemical and electrochemical
investigations.[”?]
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Scheme 49. Pictorial representation of the preparation of a surface-attached catenane by
coupling self-assembly in solution with chemisorption onto a solid support.!'s- 192

5. Reflections

Miniaturization of the components for the construction of
useful devices is currently pursued by the large-downward
(top-down) approach. This approach, however, which leads
solid-state physicists and electronic engineers to manipulate
progressively smaller pieces of matter, has intrinsic limita-
tions. An alternative approach to the construction of nano-
scale-sized components and devices is the small-upward
(bottom-up) approach. Chemists, by the nature of their
discipline, are in an ideal position to develop bottom-up
strategies since they are able to manipulate molecules, that is,
the smallest entities of matter that have distinct shapes and
properties. Although the first steps have been taken along the
path to constructing simple artificial molecular machines, it is
very early days yet and much progress remains to be made at a
fundamental level before the knowledge base reaches that
critical threshold which will allow it to be exploited to the full
in a technological context. The majority of the systems
discussed in this review relate to investigations carried out in
solution where incoherence remains a major impediment
when it comes to designing and realizing molecular-level
devices with machinelike characteristics that perform useful
functions. To date, however, the research that has been
conducted on artificial molecular machines reveals a number
of positive features, a few of which we would like to highlight
40 years since Feynman!! laid down the gauntlet. Let us
reflect, for example, on the fact that:

e chemical synthesis is a massive parallel manufacturing
process: for example, 100 milligrams of a machinelike
compound with a molecular weight of 1000 Daltons
correspond to 6 x 10" molecular-level machines;

e for some applications such as drug delivery, artificial
molecular machines need to be able to work in solu-
tion;[lzéc]

o the use of molecular machines for the homogeneous
catalysis of chemical reactions has already been demon-
strated;[64 129

e natural molecular machines work in solution with the help
of membranes and artificial analogues working under very
similar conditions have already been constructed; 172174
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e with the aim of achieving interfacing with the

i macroscopic world, artificial molecular ma-

chines can be organized in the form of mono-
layers and as Langmuir—Blodgett films!'*¥? or
congregated on surfaces!' on and between
electrodes ;134 187-192]

e artificial molecular machines are able to per-
form logic operations® ?7? and, as such, con-
stitute the forerunners of chemical comput-
erS;[184‘ 193-196]

e “when we have some control of the arrange-
ment of things on a molecular scale, we will get
an enormously greater range of possible prop-
erties that substances can have”[! and that
these new properties will lead most certainly to
a wide variety of applications which we cannot
even begin to envisage today;!'"7)

e last, but by no means least, the current high level of
research activity surrounding artificial molecular machines
demonstrates how new concepts continue to instill new life
into Chemistry as a scientific discipline.[®]

6. Addendum

Since this review article was accepted for publication—
aside from references to communications, papers, and reviews
that could be inserted within the original bibliography—some
announcements in the literature have been sufficiently
important and novel to merit special mention in an adden-
dum. In the area of programmed chemical systems, Lehn[']
has published an interesting article on multiple processing and
expression of molecular information. Intriguing exam-
plesP?21 of molecular machines based on metal-induced
conformational changes have been described. Bermudez
et al.??l have shown that the hydrogen-bonded components
of amide-based rotaxanes can be induced to move under the
influence of oscillating electric fields. In a process which is
reminiscent of those operating in natural muscles, a linear
rotaxane-like dimer capable of undergoing contraction and
stretching motions under the action of a chemical stimulus has
been described by Sauvage etal.’® The very important
achievement of STM-controlled reversible shuttling of a-
cyclodextrin beads within a polyrotaxane has been report-
ed.?™l Research on multiwalled carbon nanotubes has 1led?*!
to the construction of low-friction nanoscale linear bearings.
A DNA-fueled molecular machine has been described?! and
interest in the development of molecular computers has been
highlighted yet again®”l and again.?%!
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operations that could allow computations to be done using mole-
cules, see a) L. M. Adleman, Science 1994, 266, 1021 -1024;b) L. M.
Adleman, DIMACS Series on Discrete Mathematics and Theoretical
Computer Science 1996, 27, 1-21. For a recent discussion of the
prospects for large-scale neural network computation using DNA
molecules, see A. P. Mills, Jr., B. Yurke, Proceedings of the Interna-
tional Symposium on Cluster and Nanostructure Interfaces (Rich-
mond, VA, USA) 1999, pp. 1-6.

The term “molecular computer” is still an emotive one among
chemists in spite of the continuous advances in the field of molecular
electronics (see ref. [9] and Acc. Chem. Res. 1999, 32, 191-275
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[200]
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[205]
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(special issue on molecular materials in electronic and optoelectronic
devices)) and the forecast contained in the Pimentel report
(Opportunities in Chemistry, National Academy of Sciences, Na-
tional Academy Press, Washington, DC, 1985), which stated some
15 years ago now that “There are those who dismiss as far-fetched the
idea of man-made molecular scale computers. Only a few decades
ago, however, these same individuals might have classified as science
fiction a proposal that someday there would be a man on the Moon,
that fertility could be controlled by taking a pill, or that we could
learn the structure of DNA. But since we know that molecular
computers are routine accessories of all animals from ants to zebras,
it would be prudent to change the question from whether there will
be man-made counterparts to questions concerning when they will
come into existence and who will be leading in their development.
The when question will be answered on the basis of fundamental
research in chemistry; the who question will depend on which
countries commit the required resource and creativity to the search”.
Some people have envisaged that nanoscale devices will be used for
repairing and manufacturing—thereby remodeling engineering,
chemistry, and medicine, as well as computer technology. See, for
example: a) K. E. Drexler, Nanosystems: Molecular Machinery,
Manufacturing, and Computation, Wiley, New York, 1992; b) T. D.
Schneider, Nanotechnology 1994, 5, 1-18; c¢) R. C. Merkle, Nano-
technology 1997, 8, 23-28; d) S. Becker, K. Miillen in Stimulating
Concepts in Chemistry (Eds.: M. Shibasaki, J. F. Stoddart, F. Vogtle),
Wiley-VCH, Weinheim, 2000, pp. 317 -337.

In a recent editorial (A. J. Bard, Chem. Eng. News 1999, 77(36), 5)
stigmatizing hype in chemistry, the use of terms employed in the
macroscopic world to discuss the behavior of chemical systems has
also been criticized. While we would agree wholeheartedly that the
properties of chemical systems at the molecular and supramolecular
levels should not be described in inappropriate ways, we do believe
that looking at interwoven supramolecular and interlocked molec-
ular systems from the viewpoint of their functions and with some
judicious mentioning of devices in the macroscopic world is a highly
stimulating exercise that helps the development of Chemistry as a
scientific discipline by introducing new concepts onto the scene.
There are some people who share our philosophy: aside from
another editorial (R. M. Baum, Chem. Eng. News 1999, 77(31), 3)
entitled “In Defense of Hype” (!), in the final chapter of a
monograph (P. M. S. Monk, The Viologens: Physicochemical Proper-
ties, Synthesis and Applications of the Salts of 4,4'-Bipyridine, Wiley-
VCH, New York, 1998, chap. 14) devoted to the viologens, the author
seems to dispair that “so much jargon is introduced”, yet refers to the
fact that “an almost infectious enthusiasm permeates the reports of
viologen self-assembly” at the beginning of the chapter and then
concludes, at the end of the chapter, that “an understanding of
physicochemical properties of the viologens allows for the construc-
tion of chemical species which are novel and exciting, but which can
also show great beauty.” We would not disagree—and would add
that fresh fields of science have always generated their own
vocabulary.[11<]
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REVIEWS

The Chemistry of Form

Stephen Mann*

-~

The emergence of complex form in
living and nonliving systems remains a
deep question for scientists attempting
to understand the origins and develop-
ment of shape and structure. In recent
years, biologists and physicists have
made significant advances in explain-
ing fundamental problems in fields
such as morphogenesis and pattern
formation. Chemists, on the other
hand, are only just beginning to con-
template the possibility of preparing
manmade materials with lifelike form.
This review traces a route to the direct
synthesis of inorganic structures with
biomimetic form, beginning from an
understanding of crystal morphology

and biomineralization. The equilibri-
um form of crystals can be modified by
surface-active additives but only within
limits dictated by the symmetry of the
unit cell. In contrast, biological miner-
als, such as shells, bones, and teeth, are
distinguished by a complexity of form
that bears little resemblance to the
underlying order of their inorganic
crystals. By understanding the con-
structional processes that give rise to
the inorganic structures of life it should
be possible to develop a chemistry of
form in the laboratory. For example,
complex small-scale inorganic archi-
tectures are produced at room temper-
ature by undertaking precipitation re-

actions in self-assembled organic me-
dia, such as surfactant micelles, block
copolymer aggregates and microemul-
sion droplets. Unusual inorganic forms
emerge when these reaction fields are
subjected to instability thresholds and
synthesis and self-assembly can be
coupled to produce materials with
higher-order organization. Like their
biological counterparts, these hard in-
organic structures represent new forms
of organized matter which originate
from soft chemistry.

Keywords: biomimetics - biomineral-
ization - crystal growth - inorganic
materials -+ morphology

-
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1. Introduction

The notion of form has intrigued and inspired artists and
philosophers since antiquity. In sculpture and architecture,
form is more than spatial structure. It embodies aesthetics and
metaphysical ideas such as the classical proportions of Greek
and Roman architecture, humanism in Renaissance sculpture,
and fluidity of shape in modern art. In sculpture, form
emerges from the formless by the exclusion of matter—the
carving of stone and wood, for example. Through this process,
sculptors seek to release latent qualities of the material; a
craft not dissimilar from that of the modern-day scientist who
carves out nanofabricated patterns in the featureless terrain of
a silicon wafer. Architecture in contrast is a bottom-up
approach, in which building blocks are integrated into a
spatial structure that has functional, aesthetic, and societal
value. What sculpture is to physics, architecture is to
chemistry.
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Nature, however, is indifferent to aesthetics, and survival of
the genes through functional adaptation becomes an over-
riding principle in the appearance of biological form. What is
so striking about the natural world is the remarkable level of
morphological diversity and complexity, the seemingly end-
less variation of form in association with common functions.
Trying to make sense of this is no easy task even though it is a
central objective of palaeontology, and evolutionary and
developmental biology. Prior to Darwin, natural form was
studied with a metaphysical vigor to match the pursuit of
sculpture and architecture. For example, German Naturphi-
losopie, as espoused by Ernst Haeckel (1834 -1919), promul-
gated the coexistence of matter and spirit, and nowhere was
this more exemplified than in the tiny ornate shells of single-
celled organisms such as diatoms, coccoliths, and radiolarians
(Figure 1).ld This was contested by D’Arcy Thompson, whose
book On Growth and Form™ provided a compelling argument
that natural form was simply the result of known physical and
engineering principles applied to biological growth and
development. In this paradigm, the inevitability of physical
principles, such as space-filling and surface tension, could
account for the general appearance of biological form, and
geometric and topological perturbations to this blueprint
paved the way to diversity. This view was also an affront to the

1433-7851/00/3919-3393 $ 17.50+.50/0 3393
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Figure 1. Natural form as expressed in the calcium carbonate exoskeleton
of a marine coccolith (algae; diameter ca. 13 um). (Photography courtesy of
J. M. Young, Natural History Museum, London).

Darwinian theory of adaptation and natural selection, and
although influential fell out of fashion as the culture of
molecular biology developed in the late twentieth century.
The contention that biology is really just complicated
physics is being currently reasserted as mathematical descrip-
tions of self-organization become increasingly accessible. A
wide range of natural patterns and forms—zebra stripes,
butterfly wings, the structures of trees and lungs—can now be
simulated and described by models based on fractal geometry
and Turing waves.!!l What emerges is a view of form as a
spatio-temporal process written in genetic code and subjected
in part to the push-and-shove of physical contingency. The
interplay and correlation of these factors produce a large

gallery of potential forms that together describe the phyloge-
netic landscape of organisms.

The integration of mathematical (physical) and genetic
(Darwinian) descriptions of natural form ultimately rests on
an understanding of the mechanisms that transform the
information coded in DNA into the expression of shape and
pattern in time and space. The missing ingredient in this
description is chemistry! For example, our knowledge of
morphogenesis has increased rapidly in recent years because
the activators and inhibitors have been identified at the
molecular level and the processes that account for their
secretion and spatial differentiation elucidated. Indeed, it is
the patterning of chemical reactivity in localized space that
appears to be central to the development of form.

If natural form is an emergent property of molecular
processes then it should be possible for chemists to develop
synthetic strategies that loosely mimic these processes. This
review attempts to identify some ground rules for such an
endeavor. We begin with the problem of form as described by
structure, and then develop the notion of the equilibrium form
of crystals and how geometric shapes are modified in the
presence of surface-active molecules. Because the structural
basis for crystal morphology contrasts markedly with the
nonregularity but recognizable natural form of biominerals,
the general principles of shape control in biomineralization
are outlined. This leads to the question: how can an under-
standing of pattern formation in biomineral morphogenesis
be integrated within a synthetic approach to inorganic
materials with complex form? In response to this challenge,
and as a starting point for future development, a conceptual
framework for morphosynthesis is developed by using exam-
ples from recent investigations into the synthesis of inorganic
materials in self-assembled reaction media.

2. Form as Description in Structure

Chemists on the whole focus on internal periodic order, and
thus tend to neglect the richness and importance of external
morphological form, even though soft matter and the natural
world are replete in complex systems exhibiting aperiodicity,

\
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curvature, and hierarchy. However, there is a sense of wonder
to be found in structural chemistry with its crystallographic
databanks teeming with exquisite molecular contortions. But
the nature of crystallinity forces us to reduce the breadth of
form to a special subset concerned solely with the periodicity of
unit cells. And in so doing, synthetic chemistry has effectively
become trapped within the symmetry limitations of 230 space
groups. The recent discovery of quasi-crystals with nonequiva-
lent units represents a first step away from orthodox crystallog-
raphy.[ Ultimately this leads to a generalized study of order
in soft matterPl—vesicles, micelles, lipid tubules etc.—and an
attempt to systematically describe the complexity of natural
forms, such as trees, termite nests, human anatomy, etc,
expressed in aperiodic hierarchical systems. Of course, it is not
surprising that chemists remain enchanted with periodic order
since it is so readily and elegantly elucidated by X-ray
diffraction methods. And many structural challenges remain
unresolved. For example, even simple crystal structures, such
as calcium carbonate, have several polymorphic forms that
are not readily predicted by ab initio methods. Indeed, it is
debatable whether thermodynamics is the appropriate tool to
extend the range of structure description, as local energy
minima, activation energies, and reaction landscapes are
likely to be responsible for the selection between polymorphs,
particularly where differences in global energies at equili-
brium are marginal. For instance, the vast number of zeolite
structures of comparable free energies of formation can be
attributed to kinetic selectivity induced by template-directed
mechanisms during crystallization.[!

The situation becomes even more complicated with the
structural description of natural forms. Although these
structures clearly retain a recognizable and reproducible
pattern of order at the level of visual perception, they do not
fit the crystallographers’ Weltanschauung for several reasons.
First, they are ordered but nonperiodic. Second, curvature is
an integral aspect of this order. Third, the architecture is
constructed hierarchically on length scales from the nano-
meter to millimeter level. Fourth, the expressed form evolves
not only over long periods of time but in some cases over
individual lifespans (metamorphosis). These features suggest
that the formation of complex form is connected with
patterning processes which arise from dynamic interactions
and information transfer present within multicomponent
systems, rather than intrinsic structural parameters. Never-
theless, without an understanding of the structural basis of
morphology it is difficult to progress to a process-based
description of form. For this reason, we now discuss the
classical approaches used to describe the equilibrium form
and habit modification of inorganic crystals.

3. Growth and Form of Crystals

The geometric shape (habit) of a crystal is determined by
the external expression of a selected set of symmetry-related
faces. Although the unit cell symmetry governs the spatial
relations between the faces, their selection is mechanistically
determined by the relative rates of growth along different
crystallographic directions. In general, faces perpendicular to

Angew. Chem. Int. Ed. 2000, 39, 3392 -3406

the fast directions of growth have smaller surface areas and
slow growing faces therefore dominate the morphology. A
needle-shaped crystal therefore corresponds to fast growth
along one specific axis, whereas preferential growth along two
directions produces a platelike morphology. In each case, the
relative rates of growth reflect differences in the interplay
between the internal lattice structure and external environ-
ment of the crystallization system.

3.1. Equilibrium Morphology

Under equilibrium conditions, the morphology of a crystal
is determined solely by intrinsic factors. The faces comprising
the crystal habit correspond directly with the most energeti-
cally stable atomic planes in the lattice. These planes have low
Miller indices (hkl) so they usually correspond to the
symmetry of the Bravais lattice and the crystal shape is a
macroscopic expression of the unit cell (Figure 2). Low index

—
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Figure 2. Scanning electron microscopy (SEM) image illustrating the
correspondence between space symmetry and morphological form for
calcite (CaCO;) crystals grown under equilibrium conditions. The rhom-
bohedral shape consists of six {10.4} faces and is a macroscopic expression
of the R3c space symmetry of the unit cell. Scale bar= 10 pm.

faces are often relatively stable because they contain densely
packed arrays of strongly bonded atoms. However, this simple
structural approach does not always apply and a more
complete description, involving knowledge of the surface
energies (0y) for all the crystal planes is required, where
Oy 18 defined as the excess energy per unit area of the
surface lattice layer compared with the same plane in the bulk
lattice. If the values for these energies can be obtained, either
experimentally or from calculations, then the equilibrium
crystal morphology possesses the Gibbs’ condition for mim-
imum total surface energy for a given volume [Eq. (1)],"
where A, is the surface area of the (hkl) crystallographic
face.

Z Oy(nkty A iy = Minimum M
hkl

Wulff proposed in 190181 that the shape of a crystal can be
defined by vectors of length [, each of which is drawn
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normal to the corresponding (hkl) face.

Thus, according to the Gibbs’ condition zz i

for minimum surface energy, these 32

vectors have a length that is directly % B
proportional to oy. So if the surface 20 7
energies of various planes are known

then it is relatively simple to use a 15

computer program to draw out the
morphology from a set of vectors of
known lengths and angular intercepts. 10 1

On this basis, there are several meth-
ods available for predicting the equili-

O

-
0 g
i

brium form. Because a full treatment °
requires knowledge of the surface struc-

ture and a detailed description of the 0 T
bonding between atoms in the surface 0

layers and bulk lattice, the models have
until recently been semiquantitative.
Significant progress has been made by
considering the number and types of
periodic bond chains that exist in the
plane of different crystal faces.] This relates to a value called
the “attachment energy” which is the energy per molecule
released when one slice of thickness d;, is added onto the
existing crystal face. If this value is low then the out-of-plane
bonding is weak and the face is relatively stable because of the
significant number of in-plane bond chains.

More recently, an atomistic simulation approach has been
developed to predict inorganic crystal morphology.l' For this,
one needs to have a detailed understanding of the force field
that describes the bonding in the crystal structure. In practice
this means that the calculation of the lattice energy has to take
into account not only the Born—Mayer electrostatic inter-
actions between all the ions but the second-order short-range
repulsive and attractive forces described by the Buckingham
potential. Terms for bending and torsional potentials may also
be required. To test the validity of the model and the
corresponding interatomic potentials, calculations of the
lattice energy and elastic constants are made and checked
against reputable experimental values. Then the surface
energies can be calculated by theoretically cleaving the crystal
structure along a specific direction and allowing atoms on the
new (hkl) surfaces to relax until they achieve a minimum
energy configuration. The energy for the surface lattice is then
calculated by using the interatomic potentials derived for the
bulk lattice along with the structural details obtained by
energy minimization. The surface excess energy is then given
by the difference between the values calculated for the surface
and bulk lattice structures.

3.2. Habit Modification

In practice, most inorganic crystals grow under nonequili-
brium conditions and habits are strongly influenced by
changes in supersaturation and ionic strength (Figure 3).['!
This raises the important question whether the rate of growth
of a face is directly related to its intrinsic surface energy under
nonequilibrium conditions, or arises as a consequence of
mechanistic processes and interactions with the external
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Figure 3. Plot of the morphological forms for BaSO, crystals grown under different conditions of
supersaturation (S) and ionic strength (7). The crystals are drawn with their unit cell axes oriented in the
same direction (the [001] axis is projected out of the page).'!]

environment. It seems reasonable that the rate of growth of
a face that is relatively stable (low surface energy) will be
mechanistically slow. Moreover, because different crystal
faces have different surface energies, the relative rates of
growth should be proportional to the energy differences
provided that the growth mechanism is the same on each face.
Under these conditions, faces with high surface energies grow
fast and become eliminated in the final morphology.

The relative order of crystal surface energies, as well as the
mechanistic processes of growth, can be dramatically changed
by the preferential adsorption of soluble additives to specific
faces. Systematic modifications in morphology can occur. For
example, the rhomohedral habit of calcite (CaCOs;) crystals
shown above in Figure 2 changes to a tabular form in the
presence of Li* ions (Figure 4), which adsorb specifically on to

Figure 4. SEM image of a polycrystalline aggregate of calcite grown from
supersaturated calcium bicarbonate solution in the presence of Li* ions.
The tabular outgrowths originate from the preferential interaction of the
additive with the {001} faces that lie perpendicular to the crystallographic ¢
axis. Scale bar =10 pm.

Angew. Chem. Int. Ed. 2000, 39, 3392 -3406
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the {001} planes and inhibit growth of these faces.'?l It is
generally true (but not always) that the crystal face perpen-
dicular to the direction of growth that is inhibited by the
additive increases in surface area. This means that it is often
easy to read out from the changes in the relative areas of the
faces in the modified morphology which crystallographic
planes specifically interact with the soluble additive.

If the rate of crystal growth can be equated with the surface
energies of particular crystal faces then it should be possible
to accommodate the thermodynamic principles described
above within a kinetic approach to crystal morphology. We
would then be able to calculate the relative changes in surface
energies of particular faces resulting from their interactions
with additive molecules and predict the resulting habit
modifications. For example, the surface energies for various
calcite crystal faces with 50 to 100 % coverage of Mg?*, Li*, or
HPO,?>~ ions have been calculated and the resulting morphol-
ogies predicted are in agreement with calcite crystallization
experiments.'”! The results predict the rhombohedral equili-
brium form and show how it is modified by preferential
lowering of certain faces ({11.0} for Mg?* and HPO,>, {001}
surface for Li*) to produce crystals with prismatic or tabular
habits (Figure 5).

Figure 5. Predicted morphologies based on atomistic simulation of calcite
surfaces in the presence of various additives. a) {10.4} rhombohedral (no
additives), b) {11.0} prismatic, stabilized by Mg>*, ¢) {001} tabular, stabi-
lized with Li*, d) prismatic-rhomb {11.0}/{10.4}, stabilized with HPO,>~.

How successful this approach will be as a general method
for predicting habit modification awaits further research.
Besides the intrinsic problems of determining accurate
interatomic potentials that can realistically describe the force
fields of the modified inorganic surfaces, there are major
reservations about the absence of mechanistic features—
kinks, steps, screw dislocations etc—that underpin the kinetic
theories of crystal growth. It seems clear from atomic force

Angew. Chem. Int. Ed. 2000, 39, 3392 -3406

microscopy (AFM) studies that morphological changes can
accompany the preferential interaction of additives with step
and kink sites present on low-energy surfaces that changes the
growth kinetics along certain directions.¥ Even though these
mechanistic effects result in changes in the localized surface
energies, they are too transient to be described by an atomistic
simulation model which considers only equilibrium states on
modified surfaces.

One central problem of the kinetic description of morphol-
ogy is that the kink/step sites are treated as abstract geometric
entities in theories of inorganic crystal growth. In reality, these
sites have a molecular structure and shape derived from a
localized perturbation in the relaxed surface lattice. If we
could model the structure and dynamics of these sites then we
might be able to simulate how they interact electronically and
stereochemically with particular additive molecules. It is
conceivable that these crystal surface interactions exhibit
levels of molecular recognition analogous to biochemical
processes such as antibody —antigen, and enzyme —substrate
binding.

3.3. Molecular Recognition

Although no high-resolution structural details are currently
available, there is circumstantial evidence that strongly
suggests that molecular recognition in the form of charge,
stereochemical, and structural matching of anion binding with
packing motifs in crystal surfaces is an important factor in
controlling the habit modification of inorganic crystals. The
specificity of the interactions between additive and crystal
surface growth sites are concentration dependent and can be
dramatically changed through small modifications in the
molecular structure of the soluble molecule.

Low molecular weight additives that have molecular
structures with variable conformational states interact with
inorganic crystal surfaces principally through electrostatic and
stereochemical processes. For example, a-w-dicarboxylic
acids [(CH,),(CO,H),] are effective at stabilizing faces
essentially parallel to the {11.0} surface of calcite provided
that both carboxylate groups are ionized and n <3 (Fig-
ure 6).['4 These faces contain both Ca?** and CO4>~ ions with
the latter oriented such that the plane of the triangular anion
is perpendicular to the surface. Thus incorporation of
carbonate anions into the {11.0} face during growth occurs
through bidentate binding of two of the three oxygen atoms to
Ca?* ions in the surface. This stereochemical arrangement can
also be adopted by binding of the dicarboxylate to the crystal
surface (Figure 7). Moreover, both carboxylates in the
additive molecule can bind simultaneously to two different
calcium ions if the spacing between the CO,~ groups is close
to 0.4 nm. Both malonate (n=1) and the unsaturated diacid,
maleate (cis-—O,CCH=CHCO,") fit this criterion but the
increased rigidity of the latter reduces the binding affinity.
The trans isomer, fumarate, has no morphological effect
because cooperative binding can not take place.

It is important to note that the potency and morphological
specificity of these dicarboxylate additives are lost at high
concentrations where nonspecific binding becomes para-
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Figure 6. SEM micrograph of a spindle-shaped calcite crystal grown from
supersaturated calcium bicarbonate solution in the presence of malonate at
[Ca*]:[malonate] = 3.16. Crystal faces approximately parallel to the ¢ axis
are severely inhibited by the additive. Scale bar=35 um.

Figure 7. Perspective drawing of the calcite {11.0} face showing a possible
binding site for malonate anion.

mount. On the other hand, they can be increased by addi-
tional charge functionalization in the molecule. For example,
both a-aminosuccinate (aspartate) and y-carboxyglutamate
show more effective stabilization of the prismatic calcite {11.0}
faces than succinate or glutamate.!'*l

There are also a growing number of examples where
macromolecular additives can have specific effects on crystal
habit. For example, polysaccharides such as sodium alginate
and various carragheenans, when added to supersaturated
solutions of sodium chloride, inhibit surface nucleation by
adsorption onto edge sites allowing dislocation growth to
dominate over edge nucleation.['” The resulting crystals have
a well-defined cubic habit compared with the control crystals
prepared in the absence of the inhibitors. Clearly, when one
begins to consider the stereochemical possibilities of macro-
molecular interactions with inorganic crystal faces, then the
recognition processes can become extremely complex and
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subtle. Studies have shown that acidic macromolecules
extracted from the Mg-calcite biominerals of adult sea urchins
interact specifically with calcite prismatic faces lying almost
parallel to the {11.0} surface.l'! These molecules have high
levels of aspartic and glutamic acid residues that can stereo-
chemically mimic the coordination environment of ions in the
{11.0} face by bidentate binding to the surface growth sites.

Understanding the molecular-specific interactions between
surface-active molecules and selected crystal faces offers the
potential to design additives for specific morphological
changes. This has been achieved for example through the
molecular synthesis of certain diphosphonate additives that
interact specifically with BaSO, crystals grown from aqueous
solution.['”]

4. Growth and Form of Biominerals

The majority of biominerals, such as bones, shells, and
teeth, have complex morphologies that bear little resem-
blance to the same minerals formed in chemical or geological
systems (Figure 1). Indeed, the shape of biominerals chal-
lenges the structural view of morphology presented above
because there appears to be no direct relationship between
the unit cell and the macroscopic form. Thus, ideas about the
systematic habit modification of equilibrium shapes offer little
help in explaining the complex spiral forms of calcium
carbonate seashells or lacelike porous silica skeletons of
diatoms. However, an understanding of biomineral morpho-
genesis might provide new concepts and insights for the
chemical synthesis of complex form.

As a general principle, we can consider biomineralized
structures to originate from the vectorial regulation of crystal
growth and patterning in or between organic assemblies such
as vesicles and polymeric frameworks.'s! The elaborate
inorganic shapes arise from replication of the associated
organic matrix through processes that are analogous to a cast
produced in a mould. Metaphorically, the process of biomi-
neralization acts as a “chemical medusa” that transforms soft
organized matter into hard stonelike structures. In some
systems, inorganic deposition and vesicle shaping proceed in
concert, with the mineralization front remaining some dis-
tance behind the developing organic structure. Under these
circumstances, synergistic interactions between the mineral
and vesicle induce changes in the patterning process through
coupling of the inorganic and organic processes. In particular,
as the mineral begins to dominate the replicated organic
morphology and the shape rigidifies, there is no longer any
requirement for the vesicle to be held in place by associated
biological structures, such as microtubules, and the patterning
process becomes modified.

The general features of pattern formation in biominerali-
zation!"”! are illustrated in Figure 8 in which the dynamic
shaping of vesicles takes place by anchoring the lipid
membrane through the use of microtubule-based directing
agents to an underlying scaffold like the cell wall. Intracellular
space is criss-crossed with microskeletal networks and asso-
ciated stress fields, so the equilibrium spherical shape of a

Angew. Chem. Int. Ed. 2000, 39, 3392 -3406



Biomineralization and Biomimetic Synthesis

REVIEWS

Biosynthesis \

Scaffold

Figure 8. Illustration of the general features of programmed assembly in
biomineralization. Cell walls, intracellular organelles and cellular assemb-
lages can act as scaffolds for the assembly of microtubules (MT) which in
turn are used as directing agents for the patterning of vesicles (V) involved
in biomineralization (B).

vesicle membrane can be readily distorted by mechanical and
structural forces operating locally and at a distance. Empiri-
cally, it appears that the shaping of a vesicle can be directed by
two perturbing force fields acting either tangentially along the
surface of the cell wall or an internal organelle (for example
the endoplasmic reticulum and nuclear envelope), or radially
along structural filaments such as those based on the protein,
tubulin. Very complex morphologies are produced if the
radial and tangential growth of vesicles and their associated
biominerals are coupled in a programmed sequence. For
example, many radiolarian microskeletons exhibit several
concentric shells of reticulated silica that are structurally
connected by radiating arrays of small silica spicules."!
Assemblies of close-packed vesicles are used as patterning
templates for the construction of the porous silica shells of
radiolarians and diatoms (Figure 9). The complexity of the
shell (frustule) can be rationalized on the basis of geometric
packing of large “areolar” vesicles (AV) that are secreted and
attached to the membrane wall (plasmalemma, PL) of the cell
prior to mineralization (Figure 10). The vesicles are arranged
into a thin polygonal foam with organized interstitial spaces
that become mineralized in the form of a continuous silica
framework. The vesicles remain unmineralized and are there-
fore used to pattern the void spaces in the silica skeleton.
Thus, the diversity of patterns observed in diatom shells can
be explained by geometrical deviations in the close packing of
the areolar vesicles against the curved cell surface. However,
this is not controlled primarily by surface tension but is the
consequence of programmed cellular organization within the
interstitial spaces that results in the secretion and assembly of

N

Figure 9. High-magnification SEM image of a radiolarian shell showing
the void space patterning and continuous silica wall structure formed by
mineralization in an organized “vesicle foam”. Scale bar =10 um.

tubular vesicles and associated microtubules in the gaps
between the large areolar vesicles (Figure 10).?1 Silica
deposition is confined tangentially to the tubular system such
that an open geometric mesh of mesopores is established. The
areolar vesicles subsequently detach and withdraw from the
plasmalemma, and the resulting space is infiltrated with
smaller vesicles that produce a thin patterned shell of silica
across the top of the void spaces.

The sculpting of biomineral form represents a compromise
between the force fields of inorganic crystallization and
biological organization. In some systems, the intrinsic crys-
tallographic anisotropy of a mineral such as calcite (CaCO;) is
exploited in the biomineralization of elongated spicules by
aligning the direction of fast crystal growth (c axis) with the
morphological long axis defined by the underlying stress
filaments of the vesicle system. In others, the genetic
patterning of vesicle morphogenesis offsets the intrinsic
crystallographic symmetry to produce complex shapes (e.g.
coccoliths) that bear no resemblance to the underlying crystal
structure. In both cases, the high fidelity of mineral replication
arises from patterning processes that are ultimately program-
med by genetic information. However, on close inspection it
becomes clear that even between individual organisms of the
same species, the complex biomineral forms are similar but
not identical. That is, they are reproducibly recognizable but
not perfect copies. This morphological similarity (equiva-

Figure 10. Illustration of the key stages in the formation of the siliceous diatom exoskeleton. a) Silica deposition vesicles (SDV) are preorganized with
microtubules around the boundary spaces of large areolar vesicles (AR) attached to the plasmalemma (PL). b) The SDVs are mineralized with amorphous
silica to give a patterned porous wall. ¢) The mineralized wall is thickened by extension of each SDV in association with the endoplasmic reticulum (ER). In
some diatoms, detachment and retraction of the areolar vesicles from the plasmalemma results in infiltration with new SDVs and further mineralization of
the pore spaces. Adapted from reference [21].
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lence) reflects the tension between predetermined genetic
mechanisms involved with the formation of the organic
matrix, and the indeterminacy of fluctuations in the surround-
ing chemical and physical environment during the lifetime of
the organism. Biomineral assembly is therefore determined
by the complex interplay between the chemistry and geom-
etry of the biological environment, both of which vary with
time.

5. Morphosynthesis of Biomimetic Form

The vectorial regulation of the shaping and patterning of
vesicles associated with the morphogenesis of biominerals
such as coccoliths and diatom shells is inspiring new synthetic
approaches to inorganic materials with complex form. The
aim of morphosynthesis is to prepare inorganic materials with
biomimetic form by direct chemical routes. 2?1 In this section
we highlight how the coupling of inorganic mineralization and
instability thresholds in the surrounding reaction environment
is a central feature of morphosynthesis. For example, complex
inorganic morphologies can be produced by fluctuations in
chemical processes that cause local perturbations in the
stability of fluid-solid interfaces during mineralization.
Similarly, the confinement of inorganic deposition within
organized reaction environments (reaction fields) formed
from compartmentalized fluids, such as microemulsions and
biliquid foams, can result in complex forms, particularly when
the reaction fields become unstable by in situ mineralization.
And in the special case of mineral —surfactant mesostructures,
structural modulations during growth can lead to curved
forms through the interplay of bending, twisting, and com-
paction forces.

We now discuss some of the main chemical principles of
morphosynthesis. A summary of the various approaches and
typical materials produced is given in Table 1.

5.1. Fluid -Solid Instabilities

The fluid —solid interface of a growing crystal is susceptible
to extrinsic factors that induce local instabilities and produce
complex shapes and patterns. For example, unusual inorganic
morphologies can be prepared from crystallization reactions
in viscous solutions or gels in which nonlinear processes
arising from chaotic mixing, vortex formation, diffusion and

Table 1. Current strategies in morphosynthesis.

chemical gradients, and instabilities in hydrodynamic flow
give rise to spatial and temporal patterns in mineral deposi-
tion at the fluid —solid interface. Banded inorganic structures
(Liesegang’s rings) are observed in silica and agar gels, and
calcium phosphate precipitation in collagen gels gives rise to
branched fractal structures.’l In most cases, the periodicity
and patterning of precipitation arises from diffusion-limited
and mass transport processes in the fluid, and can be
mathematically modeled.?*!

More complex inorganic forms are produced if the chemical
reactivity of a viscous phase such as a silica gel is increased.
For example, helical ribbons and spiral foils of calcium
carbonate are obtained when solutions containing Ca** or
HCO; ions are allowed to counter-diffuse through a silica gel
raised to pH values above 8.1 These shapes are the result of
the interplay between localized growth and inhibition at the
fluid-solid interface which arises from the indeterminate
formation and rupture of a semi-impermeable calcium silicate
membrane around the developing crystals—a phenomenon
commonly observed in “crystal gardens”. A similar mecha-
nism is responsible for the formation of distorted spirals of
calcium carbonate (vaterite) in aqueous solutions of poly-
aspartate.?! Similar experiments with polyacrylate induce the
formation of elaborate cone-shaped assemblies of BaSO,
filamentous crystals that are hierarchically organized into
complex architectures (Figure 11).01]

The ability of soluble polymers to induce complex shapes in
inorganic materials may be widespread and deserves further
investigation. Usually, the main problem concerns finding the
appropriate window of activity, which often corresponds to a
very limited set of reaction conditions among many permu-
tations (ionic concentrations, molar ratios, polymer molecular
weights etc). However, when appropriate conditions are
found, wonderful structures can arise from this purely
empirical approach.

5.2. Reaction Field Replication

The simplest synthetic representation of a typical mem-
brane vesicle used in biomineral morphogenesis is a super-
saturated microemulsion water droplet stabilized in oil by the
segregation of surfactant molecules, such as sodium dodecyl-
sulfate, at the oil —water interface. These droplets can be used
to prepare hollow mineralized shells by specific nucleation
and growth of the inorganic phase at the surfactant head-

Strategy Product Systems Materials
fluid - solid patterning banded aggregates, helicoids SiO,/OH ™ gel CaCO;,
filaments, cones polyacrylate BaSO,
banded shells hydroxyethyl cellulose CaCO;
spirals, helicoids polyaspartate CaCO;,
reaction field replication hollow microshells emulsion droplets CaCO;,
cellular thin films, porous microshells microemulsion foams + latex beads CaCO;, Fe oxides, MnOOH
adaptive construction microskeletal frameworks bicontinuous microemulsions Ca,(OH),(PO,), SiO,

mesoskeletons, nested filaments

twisted ribbons/cones helicoids
discoids, gyroids, helicoids

structural modulation

block copolymer micelles Ca phosphate
BaSO,, BaCrO,

mesostructured SiO,

reverse micelles/ microemulsions
surfactant —silicate liquid crystals
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Figure 11. Hierarchical structure of BaSO, cones formed in the presence
of a 0.5 mm aqueous solution of polyacrylate (M, = 5100). The hollow cone
consists of myriad smaller BaSO, cones that assembly from the close
packing of nanofilaments. Scale bar=1 pum.

groups. Moreover, if the droplets are stable during inorganic
precipitation, the shell diameter can be controlled through
adjustments in the amount of water in the microemulsion. For
example, microemulsions containing micrometre-sized water
droplets prepared from a supersaturated calcium bicarbonate
solution have been used to prepare calcium carbonate
(vaterite) hollow microsponges (Figure 12).27] The droplets
only become supersaturated when CO, is degassed from the
solution. This occurs by nucleation of microbubbles of CO, at
the oil—water interface of each droplet so that the vaterite
crystals in the shell structure are “patterned” by the entrap-
ped gas bubbles. Thus, each droplet becomes preserved in the
form of a micrometer-size vaterite hollow spheroid with an
unusual surface texture consisting of pores and indentations,
0.3 to 1 pm in size.

This strategy can be extended to the synthesis of inorganic
materials exhibiting three-dimensional (3D) micrometer-
scale frameworks if we reverse the phase structure to produce
a biliquid foam consisting of high concentrations of oil
droplets stabilized by a thin soapy aqueous film and a
continuous phase of a supersaturated solution. The organized
structure can be used as a biomimetic representation of the
patterning of the silica shell of diatoms by the space-filling
aerolar vesicles that we discussed previously. For example,
stabilized foams of freon (fluorotrichloromethane) droplets
dispersed in water have been used to prepare honeycomb
silica morphologies by in situ gelation of a silica sol within the
boundary and interstitial spaces of the organized fluid."!

Another strategy is to produce transitory foams by spread-
ing a thin film of a supersaturated microemulsion onto a metal
substrate and partially removing the oil phase by washing with
hot hexane. This destabilizes the microemulsion film and
causes microphase separation of the remaining oil and
supersaturated aqueous solution into a self-organized foam-
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Figure 12. SEM images showing spongelike vaterite spheroids prepared
from water-in-oil supersaturated microemulsions (octane:sodium
dodecylsulfate:CaHCO; =71:4:25 wt % ). a) Individual vaterite spheroid
showing complex surface patterning, b) broken spheroid showing hollow
internal space. Scale bar =10 um, for both micrographs

like array of submicrometer-size oil droplets surrounded by
supersaturated aqueous fluid. Growth of inorganic crystals
then occurs in the interstitial spaces and boundary edges
between the oil droplets to produce a mineralized imprint of
the cellular structure. This approach has been used to prepare
disordered frameworks of calcium carbonate (aragonite) and
transition metal oxides (FeOOH, MnOOH) (Figure 13).2
Typically, the cellular films have continuous, branched min-
eral walls 20 to 100 nm in width, and enclosed cells of average
size, 45 to 300 nm, depending on the size of the oil droplets,
which in turn are controlled by the reaction conditions.
Because the foam is a transitory structure, mineralization and
oil droplet self-assembly must occur almost simultaneous if
the interstitial spaces are to be filled with a continuous
inorganic framework of calcium carbonate or metal oxide.
This is achieved, respectively, by outgassing of CO, from or O,
diffusion into the microemulsion. Both these processes are
accelerated as the air—water interfacial area increases during
foam formation, and give rise to rapid increases in super-
saturation in the interstitial spaces by shifting the carbonate —
bicarbonate and Fe/Fe redox/hydrolysis equilibria, respec-
tively.
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Figure 13. SEM image of a cellular film of CaCOj; (aragonite) synthesized

by reaction field replication in a transitory oil droplet biliquid foam. Scale
bar=1 um.

Sculpting these cellular films into closed microshells
produces structures that can be loosely described as biomi-
metic coccoliths (Figure 14).2% This is achieved by spreading
the microemulsion film over micrometer-sized polystyrene
beads and washing in hot hexane. Hexane is a suitable solvent

Figure 14. SEM image of intact hollow shells of mesoporous aragonite.
Inset shows a high-magnification SEM image of an intact shell with well-
defined cellular substructure. Scale bar =1 pum.

because it does not dissolve the polymer template but induces
demixing and mineralization of the transient cellular struc-
ture. The beads are then dissolved in chloroform or destroyed
by heating to give porous hollow shells of cellular calcium
carbonate or Fe oxide.

5.3. Adaptive Construction
The basic principle of reaction field materials replication

rests on the assumption that there is a direct correspondence
between the original shape and size of the fluid-filled

3402

environments and that of the final mineral phase. Clearly, in
many cases this is not true because the development of the
inorganic structure perturbs the local environment in which it
grows. As the reaction field adjusts to the presence of the
incipient mineral then this in turn influences the new growth
directions and a feedback loop is established. Thus, the
inorganic morphology becomes dependent on the interplay of
these processs, their synergism, and how they change with
time. Form is therefore an emergent property established by a
process of adaptive construction.

An interesting aspect of these interactive systems is that the
mineral morphology often superficially resembles the reac-
tion field but is different when compared in terms of scale. For
example, bicontinuous microemulsions assembled from mix-
tures of tetradecane, water and the cationic surfactant
didodecyldimethylammonium bromide (DDAB) are struc-
tured as compartmentalized liquids in which the oil and water
components are separated into highly branched and inter-
connected conduits, approximately 2 nm wide. By using a
supersaturated calcium phosphate solution in place of water,
and freezing the oil channels at temperatures above 0°C, one
might expect to replicate the reaction field as a nano-textured
calcium phosphate phase. Instead, a remarkable microskeletal
architecture, with micrometer-size pores in the interconnect-
ed framework, is deposited.’” The scale is over two orders of
magnitude greater in length than the channellike nanoscopic
reaction environments. Similar micron-scale structures are
obtained for silica polymerization in oil-frozen bicontinuous
microemulsions.P] In this case, the reaction proceeds by
partitioning the alkoxide precursor, tetraethoxysilane
(TEOS), in the oil channels and allowing the TEOS molecules
to slowly hydrolyze at the oil—water interface. The silicate
species then migrate into the water channels where they
undergo condensation reactions to produce amorphous silica.

Analogous processes of adaptive construction are observed
when the precipitation of calcium phosphate is carried out in
soft colloidal aggregates formed from block copolymers
consisting of a long poly(ethylene oxide) block and a short
poly(methacrylic acid) domain that is partially alkylated with
a long-chain amine group.’? The polymer molecules are
sufficiently hydrophobic that they self-assemble into 130 nm-
size aggregates of entangled micelles to produce a colloid that
is stable across a pH range of 3 to 9. Although the block-
copolymer aggregates are polydisperse and disordered on the
mesoscale, they are effective reaction fields for the seques-
tration of aqueous Ca”*. At polymer to Ca** mole ratio of 4:1,
nearly all the Ca?* ions are associated with the acrylate and
ethylene oxide groups so that the addition of phosphate ions
at pH values between 3.5 and 5 increases the local super-
saturation and results in the nucleation of calcium phosphate
within the dispersed aggregates rather than in bulk solution.
However, instead of the formation of small clusters of calcium
phosphate embedded within the disordered polymer chains, a
delicate mesoskeleton of interconnected inorganic needles
evolves from the calcium-loaded aggregates. At pH=3.5, the
initial structures are 200 nm in size, with a starlike morphol-
ogy consisting of a small number of 17 nm-thick inorganic
filaments that are longer than the average diameter of the
aggregate (130 nm) (Figure 15a). With time, the number of
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Figure 15. TEM images of calcium phosphate block copolymer nested
colloids. a) Starlike form at early stage at pH 3.5, b) later stage showing
complex central core, ¢) neuron-like tangles produced at pH 5. Scale bar =
0.5 pm.

filaments in each structure increases to produce a complex
nested form (Figure 15b). After 100h, the architecture
becomes destabilized and the filaments reduce in length as
the central core densifies to produce a mesostructured
mineral-polymer colloid of similar diameter to the reaction
field of the unmineralized aggregates. In contrast, the nested
forms produced at pH 5 are stable and do not transform into
the densified aggregate. Instead, the nanofilaments are
thinner (3nm) and longer (500 nm) than those initially
formed at lower pH, and highly entangled to give neuron-
like structures with a dense 120 nm-wide core (Figure 15c¢).
These complex forms represent higher-order coupling of
the inorganic growth processes with changes in the organ-
ization and stability of the polymer aggregates. The concom-
itant changes in morphology represent adaptations to mod-
ifications in the structural, interfacial, and energetic proper-
ties of the coupled system. The supersaturation in the Ca**-
loaded polymer aggregate is not particularly high at pH 3
because most of the phosphate anions are protonated. This
means that interfacial factors, present solely within the
reaction field of the polymer aggregate, promote the nucle-
ation of calcium phosphate within these environments rather
than in bulk solution. (At pH7, no complex forms are
observed because the rate of precipitation is fast due to the
higher supersaturation and deposition in the bulk solution
occurs). Once the inorganic clusters begin to grow within the
colloidal aggregates competing force fields are set up as the
particles push aside the entangled polymer chains. An
instability threshold is reached when the polymer—mineral
interactions become strong enough to disrupt the organic
mesostructure and produce a cooperative growth process.
The exceedingly high anisotropy of the nanofilaments
suggests that the polymer chains are strongly associated with
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all the inorganic surfaces except the tip, which is not blocked
from further growth because these are the only sites exposed
to phosphate anions diffusing from the bulk phase into the
Ca?*-loaded aggregates. In the early stages of growth only a
few nucleation sites occur in the aggregates and these are
propagated through and outside of the disordered polymer
matrix to produce the delicate nanoskeletal forms. As the
filaments extend beyond the aggregate, polymer molecules
must be drawn out along the sides of the inorganic needles.
This depletes the core of the aggregate, which reconstructs
and becomes progressively unstable as the number of
filaments increase. However, the metastability is maintained
at pH 5 because the polymer-coated inorganic filaments, even
though they are only 3 nm wide, are stable with respect to
dissolution. In contrast, calcium phosphate is relatively
soluble at pH 3 so the filaments start to dissolve as the
supersaturation reduces with time. This allows the polymer
aggregates to be reestablished along with a secondary calcium
phosphate phase.

5.4. Structural Modulation

Morphological transitions similar to those described in the
previous section are particularly prominent for ordered
hybrid mesophases in which the inorganic and organic
components are regularly arranged over distances of 3 to
5nm. This arrangement is particularly susceptible to struc-
tural modulation because inefficient space-filling and mis-
matching in interfacial structure and charge readily lead to
metastability and in situ changes in form. A similar process
occurs for the calcium phosphate block copolymer nested
colloids described above except that there is no intrinsic long-
range ordering in the intermediate structures. When there is
periodic ordering, local deviations in structure (density,
defects) and surface energy (charge, hydrophobicity) can
produce morphological curvature through processes of bend-
ing, folding, twisting, and elastic deformation. For example,
such processes account for the growth and form of micro-
meter-long twisted bundles of BaSO, and BaCrO, nanofila-
ments in water-in-oil microemulsions prepared from the
anionic surfactant, sodium bis(2-ethylhexyl)sulfosuccinate
(commonly called, AOT) (Figure 16a).*% The reaction occurs
at room temperature in unstirred isooctane containing a
mixture of Ba(AOT), reverse micelles and NaAOT micro-
emulsions with encapsulated sulfate (or chromate) anions.
The reverse micelles are about 2 nm in diameter and consist of
a spherical cluster of about 10 Ba** ions strongly associated
with the sulfonic acid headgroups of the surfactant, along with
water of hydration. In contrast, the microemulsions are larger
(4.5 nm across) because they contain bulk water (aqueous
Na,SO, or Na,CrO,) at a water to surfactant molar ratio, w =
10. When mixed together, the two reaction fields interact so
that the constituents are slowly exchanged and BaSO, or
BaCrO, nanoparticles nucleate and grow within the delineat-
ed space.

Discrete nanoparticles, 11 nm in size, are only formed in
this system if the anion concentration is two to five times that
of the Ba?* ions. Under these conditions, the surface charge
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Figure 16. TEM images of BaSO, complex fibers showing; a) closely
packed bundle of nanofilaments and coiled terminus, b) helical filament
with 40 nm pitch. Scale bars =200 nm.

on the BaSO, or BaCrO, crystals is negative (a surface excess
of anions) and there is therefore minimal interaction with the
anionic headgroups of the AOT molecules. On the other
hand, if there is a stoichiometric excess of Ba?t ions the
nanoparticles are positively charged and the AOT molecules
are strongly adsorbed onto the inorganic surfaces and growth
is terminated by the time the clusters reach 5 nm in size.
Furthermore, the pinning of the AOT molecules onto the
surface induces aggregation of the clusters by inter-particle
interdigitation of the immobilized surfactant chains. The
clusters aggregate into a linear array that fuses together to
give a single 5 nm-wide crystallographically aligned inorganic
filament. The structural reconstruction originates from the
strong coupling between the increase in inorganic lattice
energy and reduction in membrane curvature that specifically
accompanies linear association. Moreover, the structure
propagates along one direction because surfactant molecules
at the tips are readily displaced compared with those
assembled along the filament edges.

With time, other filaments are formed parallel to the
original thread to produce a small bundle of coaligned
inorganic nanofilaments held together by surfactant bilayers.
The locking in of new filaments by surfactant interdigitation
generates a bending force in the nonattached segment of the
longer primary thread. This results in the coiling of the bundle
into a characteristic spiral-shaped structure several hundred
nanometers in size that becomes self-terminating at one end
because further addition of the primary nanoparticles is
prevented by spatial closure. The final angle of rotation is
dependent on the number of secondary nucleation events that
occur on the internal edge of the primary filament. Since the
number of coaligned filaments increases as the structures
grow away from the terminus, the bending energy decreases
and the bundle becomes straight. However, two further
structural modulations can occur as the bundles extend in
length. First, dissipation of strain energy arising from lateral
packing pressure causes some bundles to splay outwards into
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cone-shaped growth ends. Second, if the strain energy is low
and the bundle is relatively thin, then differences in rigidity
along the bundle can induce twisting of the filaments. This can
arise from the lateral fusion and compaction of filaments by
displacement of the AOT bilayers, and takes place initially in
the older coiled end of the bundle. Because the twisting is not
associated with any stress field or elastic deformation, it can
propagate throughout the length of the bundle as the
filaments coalesce to produce a single-crystal helicoid (Fig-
ure 16b).

Similar explanations account for the remarkable morphol-
ogies observed for surfactant-silica hexagonal mesophases
formed in quiescent acidic medium.P’! These materials consist
of closely packed silica-coated rodlike micelles that can easily
bend through 180° if the surface charge is not too high to
produce topological defects that generate curved gyroids and
discoids. Moreover, the low surface charge favors a growth
model in which the curved micelles are added side-on to the
existing structure. In contrast, a straight fiberlike morphology
is produced under very acidic conditions because the highly
protonated surfaces maintain a rigid-rod conformation that
sustains an end-on growth mechanism.

The liquid crystalline nature of these mesophases makes
them susceptible to elastic deformations that become mani-
fest in regular radial patterns at the surface of the discoid
form. Moreover, the polymerization of silica between the
micelle rods is a slow process so that the initially formed
regions, such as the center of the discoids, are more densely
compacted than those at the edges. This differential contrac-
tion parallel and perpendicular to the rods leads to folding of
strips of the structure into an open-ended microscopic helical
tube. When the twisting is combined with differences in
polymerization (contraction) along the tube, wonderful
archimedean screwlike shapes are produced.?!

6. Higher-Order Assembly

Many biominerals exhibit complex forms that arise from
the organized assembly of preformed mineral building blocks.
These structures are associated with a variety of construc-
tional processes involving the cellular processing of shaped
and patterned biominerals into higher-order assemblies with
micro- or macroscopic architecture. For example, magnetite
crystals in magnetotactic bacteria are sequentially synthesized
along a linear chain of vesicles so that the cells contain a
permanent magnetic dipole for navigation in the geomagnetic
field.’N In certain protozoa, curved silica rods are transported
sideways through the cell membrane and out into the
extraellular space, where they act as building blocks for the
construction of an open-ended basketlike framework (lori-
ca).Bl

These biomineralization processes are inspiring new ideas
in crystal tectonics, which can be defined as the chemical
construction of higher-order structures from solid-state build-
ing blocks, such as inorganic nanoparticles. To achieve this,
there has to be sufficient informational content in the
preformed inorganic surfaces to control long-range ordering
through interactive self-assembly. A relatively simple level of
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communication is achieved by the interdigitation of surfactant
chains attached to nanoparticle surfaces. The hydrophobic
driving force for assembly gives rise to a bilayer between
adjacent particles and this becomes directional if the organic
molecules are located on specific crystal faces. For example,
we described above how it was possible to chemically
synthesize complex filamentous structures by a process that
involved surfactant-induced linear coalescence of BaSO, or
BaCrO, nanoparticles. Clearly, by preventing the fusion of the
nanoparticles whilst maintaining a degree of micellar aggre-
gation, it should be possible to synthesize a linear array of
discrete spatially separated inorganic crystals. This has been
achieved by increasing the stability of the individual nano-
particles without compromising the aggregation process.
These criteria are met when the surface charge of the crystals
is close to neutral, that is when the [Ba®>*]:[SO,"] (or
[Ba?*]:[CrO,*7]) molar ratio is equal to 1.0. Under these
conditions, remarkable linear chains of individual BaSO, or
BaCrO, nanoparticles are formed in a single step from the
microemulsion reaction media (Figure 17).*4 The colloidal
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Figure 17. TEM image showing ordered chains of prismatic BaSO, nano-
particles prepared in AOT microemulsions at [Ba?']:[SO2| molar
ratio=1 and w =10. Scale bar =50 nm.

chains are 50 to 500 nm in length and assembled directly in
solution. Each chain consists of discrete rectangular prismatic
crystals that are uniform in size (16 x 6.8 x 6 nm at w =10)
and preferentially aligned with the long axis of each particle
perpendicular to the chain direction. Significantly, a regular
spacing of 2 nm, corresponding to an interdigitated bilayer of
surfactant molecules, separates each crystal in the chain so
that they look like a biomimetic counterpart of the linear
chains of discrete membrane-bounded magnetite chains
synthesized in magnetotactic bacteria.l’!
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The linear arrays spontaneously form in the microemulsion
fluid so nanoparticle synthesis and self-assembly are inti-
mately coupled. The ordered assembly is determined by the
uniformity in particle size in combination with crystal faces of
regular shape and size. Together these facilitate crystal face-
specific interactions between the hydrophobic tails of AOT
molecules adsorbed onto the flat side faces of the BaSO, or
BaCrO, prismatic crystallites. This process occurs specifically
along one direction because there are two sets of side faces
that differ in surface area. Aggregation is therefore directed
along the axis perpendicular to the larger faces because this
maximises the hydrophobic—hydrophobic interactions be-
tween the crystals and lowers the free energy of the
surfactant —nanoparticle biphase.

7. Summary and Outlook

Natural form is a spatio-temporal representation of chem-
ical processes that are programmed by genetic information.
The study of such processes, for example in biomineralization,
should lead to similar emergent properties in chemical
systems. As a first step towards the chemistry of form, this
article has traced a route from the equilibrium form of crystals
to the synthesis of complex shapes by reactions in organized
fluids. In general, crystal morphology is determined by the
relative rates of growth of different crystal faces, with the slow
growing surfaces dominating the final form. The equilibrium
shape therefore consists of the set of symmetry-related faces
that give the minimum total surface energy, and can be
predicted from knowledge of the surface structures and
bonding interactions. Low and high molecular weight addi-
tives can stabilize nonequilibrium morphologies by changing
the relative growth rates of different crystal faces through
molecular-specific interactions with certain surfaces that
modify the surface energy or growth mechanism, or both.

The vectorial regulation of the shaping and patterning of
vesicles associated with the morphogenesis of biominerals
such as coccoliths and diatom shells is inspiring new synthetic
approaches to inorganic materials with complex form. The
aim of morphosynthesis is to prepare inorganic materials with
biomimetic form by direct chemical routes and central to this
process is the coupling of inorganic precipitation and insta-
bility thresholds in the surrounding reaction environment. A
number of systems have been discussed in this review. For
example, the fluid—solid interface of a growing crystal is
susceptible to extrinsic factors that induce local instabilities
and produce complex shapes and patterns. And porous
inorganic shells and membranes can be synthesized by
materials replication of stable or transitory reaction fields
established in microemulsion droplets and biliquid foams.
Significantly, mineral-induced instabilities in channellike
microemulsions and block-copolymer aggregates give rise to
the emergence of complex three-dimensional inorganic mor-
phologies through time-dependent correlations and adapta-
tions. Curved morphologies are also produced in ordered
inorganic — organic mesophases by structural modulations that
give rise to bending, twisting, folding, and elastic deformation.
Finally, nanoparticle synthesis and self-assembly can be
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coupled by the interfacial activity of reverse micelles and
microemulsions to produce higher-order forms such as linear
chains.

In biology, the general features of form are clearly
connected to function—bone shape to movement, for exam-
ple. But the elaboration of fine structure may be redundant.
For example, whilst it is important to pattern voids in the
exoskeleton of a diatom for chemical communication with the
external environment, the exact shape of the pores may be
functionally irrelevant. Thus a wide range of species-specific
pore shapes appear to have evolved from subtle changes in
processing rather than functional advantage. This fluidity of
form in function raises important issues for a chemical
approach to morphology with technological exploitation as
an immediate goal. It is well known that the shape and texture
of materials determine properties such as the long-term
stability of products, flow and transport behavior, catalytic
activity, separation efficiency, and adhesion. Synthesizing
inorganic materials with complex patterns will therefore be
relevant to the design of new types of catalyst supports,
membranes for the separation of large polymers, colloids and
cells, biomedical implants with macroporosity, drug carriers,
and vectors for delivery and release of viruses and DNA in
transfection procedures. At the current time, however, we
have few ideas about the level of precision required to match
form to function in synthetic applications.

I am indebted to many scientists for their contributions to the
work described in this review. In particular, I wish to express
my thanks to; Professor Steve Parker and Dr. James Titloye
(University of Bath, UK) who pioneered the atomistic simu-
lation of calcite surfaces and habit modification; Dr. Jon
Didymus for his insightful studies on the growth and form of
calcite in the presence of dicarboxylic acids; Dr. Dominic
Walsh for his pioneering contributions in the study of calcium
carbonate and calcium phosphate crystallization in micro-
emulsions; Dr. Jeremy Hopwood for his discovery of BaSO,
filaments and helicoids from microemulsion-based reactions;
and Mei Li for her remarkable breakthrough in the higher-
order synthesis and self-assembly of BaSO, and BaCrO,
nanoparticles. I am also greatly indebted to Professor Markus
Antonietti and Dr. Christine Goeltner and Dr. Helmut Colfen
(Max-Planck-Institut  fiir Kolloid- und Grenzflichenfor-
schung, Golm, Germany) for their frontier research on calcium
phosphate-block copolymer micelles, and the many insights,
technical skills, and creative ideas that they have shared
throughout a long-standing and most enjoyable collaboration.
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“Condensative Chain Polymerization”—A Way Towards ‘“‘Living”
Polycondensation?

Brigitte Voit*

A significant portion of the commercial polymers is
prepared by polycondensation techniques. In particular the
synthesis of polyesters and polyamides is based on melt
condensation which has been a well established technical
process since the 1930s.'! However, even today the problem of
how to reach the high conversions which are required for high
molar mass polycondensates is not fully solved. In contrast to
chain-growth processes, a significant increase in molar mass
can be achieved only at conversions above 90 % in the step-
growth process of the polycondensation reaction. The theo-
retical degree of polycondensation at 90 % conversion is only
10, at 99 % it reaches 100. Growth does not occur specifically
at the chain end but instead occurs as a result of reactions
between monomers, dimers, and already formed oligomers. In
general equilibrium reactions are involved in polycondensa-
tion. Thus, the products of polycondensation reactions usually
have a molar mass distribution M,/M, of 2. Molar mass and
polydispersity is controlled by statistics and the degree of
conversion; the end groups of the polymer can be controlled
to some extent by the choice of monomers and the reaction
stoichiometry. Chain-growth polymerization processes allow
the formation of high molar mass products even at low
monomer conversion, which means that high molar mass
polymer chains and a significant amount of monomer can be
present at the same time. The molar mass is controlled by the
monomert/initiator ratio, and functional end groups can be
introduced through the initiator or by a terminating agent.

There are numerous methods for controlled polymeriza-
tion—ionic and radical—available which allow the formation
of polymers with a molar mass distribution M,/M, of less than
1.1. Attempts are being made in academic circles to synthesize
polycondensates in a controlled manner, that is, with control
over the structure and molar mass. Examples of this work are
the perfectly branched dendrimer species? which have been
studied intensively over the last 10 years, and also the
synthesis of well-defined oligomers. However, the transfer
of these repetitive synthetic approaches into an industrial
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process is problematic because of the high costs and scale-up
problems.

In recent years, however, a high level of control over molar
mass, polydispersity, end groups, and architecture has also
become a high priority for commercial polymers. Thus, it
should be possible to generate new polymer property profiles
from known monomers and established techniques. This trend
can be seen in the field of chain-growth polymerization with
the rapid development of the metallocene polymerization of
olefinsPl and controlled radical polymerization.™

Yokozawa and SuzukiP! of the Kanagawa University have
presented a new technique which should allow a level of
control over molar mass and polydispersity in polycondensa-
tion reactions that up to now was only possible in controlled
chain-growth processes. When analyzed in detail the new
technique actually represents a conversion of the polycon-
densation reaction into a chain-growth reaction; this is done
by promoting growth only at the “reactive” end of the
polymer chains through the use of suitable monomers,
initiators, and special reaction conditions. The authors call
this process “condensative chain polymerization” in accord
with the more specified classification of polymerization
reactions by the TUPAC commission in 1994.1 This term
was given to chain-growth reactions which involve the typical
initiating and growth steps but also the elimination of low
molar mass species.

The first investigations were reported by Lenz[” in the
1960s. Later, Robello et al.l®! used the “self condensation” of
4-halobenzenesulfinate for the preparation of poly(p-phenyl-
ene sulfone); for this reaction they discussed a chain-growth
mechanism which had some of the features of a living process.
The important features of the reaction were the formation of
high molar mass products even at low monomer conversion
and the absence of oligomers in the final product, something
which can not be avoided in a classical step-growth process.
However, the synthesis of polyesters with acyclic monomers
and full control over molar mass, polydispersity, and end
groups could not be achieved.

In model studies, Yokozawa and Shimural® demonstrated
that some monomers suitable for polyester synthesis, for
example 4-(trimethylsilyloxy)benzoyl chloride or the combi-
nation of 4-bromophenol and carbon monoxide, have the
potential to let the condensation reacton run by a chain-
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growth mechanism. Here, in a monomer A-B, the reactivity of
the functionality B towards A is increased by the reaction of
an “initiator” with the functionality A, for example an
electron donating substituent is converted in an electron
withdrawing group. However, this method must still be
converted into a working polymerization process.

It is essential for good control that the reaction occurs
exclusively at the end of the growing chain, this means the
monomers must not react with each other. To meet this
condition Yokozawa and Suzuki took advantage of a hetero-
geneous reaction, with a phase transfer catalyst as outlined in
Scheme 1. In principle, the use of phase-transfer catalysis in
polycondensation processes is not new,['% but up to now it has
not been used to control the products in this way.

solid phase
CgH4,0 "o
el K+O\\ O,N
+ — ! 1
K" ~00C B \999/Br_
CgH1,0
. O0C
KBr j ’d . Br O,N
7 \
ok
\
e _O’ 7 /

monomer reservoir

Scheme 1. Mechanism of the controlled polycondensation according to Yokozawa and Suzuki.)

Yokozawa and Suzuki first dispersed the solid monomer,
potassium-4-bromomethyl-2-n-octyloxybenzoate, in a nonsol-
vent (acetone). The addition of [18]crown-6 allows a small
amount of the monomer to be solubilized. In solution, the
monomer can react with the initiator, 4-nitrobenzylbromide,
to form a para-nitrobenzyl ester. The best results were
obtained when initiator and crown ether were used in
equimolar amounts, for example, 10 mol% of each, with
respect to the monomer. After initiation, the chain growth
starts, potassium bromide precipitates, and a small amount of
[18]crown-6 is liberated. This leads again to the solubilization
of a small amount of monomer which can add to the ends of
the oligomers in the reaction solution. By this mechanism, the
amount of free monomer in solution is always very small and
therefore the self condensation of monomer molecules can be
suppressed.

The important criteria in this reaction are the solubility of
monomer, initiator, and growing polymer chain. If the
solubility of the monomer in the reaction medium is too high,
then a parallel step-growth reaction can take place. If the
amount of crown ether is too low, too little monomer enters
the reaction mixture and so homogeneous growth starting
from all initiator molecules can not take place. The growing
polymers chains naturally have to be soluble in the reaction
media even at higher molar mass. Therefore, transfer of this
polymerization process to other monomer systems is not
simple and only a selected number of monomers will fulfill all
the necessary criteria.

3408 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

The system described, in which an alkoxy-substituted
poly(benzyl ester) is formed, demonstrates that the detailed
analysis of the reaction development and of the properties of
the reagents is required for the success of the reaction.
Polymerization in acetone at 25°C with 7 mol % of initiator
and [18]crown-6 leads to a linear increase of molar mass with
conversion, the polydispersity M,/M, for all the samples is
below 1.3, and the ratio of end groups (after the reaction of
the benzyl bromide end groups with potassium 4-methoxy-
phenolate) to initiator groups is very close to 1 even at low
conversion. Therefore, one can assume a chain-growth
mechanism with almost exclusive growth at the chain end.

A further experiment was carried out to investigate
whether the molar mass can be controlled by the monomer/

initiator ratio. For this, the
amount of initiator was varied

llquid phase from 100 to 7mol%, with
CgH470 respect to the monomer, and

the polymerization reaction

0-¢ Br was driven to complete con-

© n+1 version. A linear relationship
between molar mass and the

monomer/initiator ratio was

found. In addition, the molar

CeH170, masses of the products agreed

o-c well with values calculated on

o) Br  the basis of the monomer/

initiator ratio, which indicates
a high initiator efficiency. The
M,/M, was again below 1.3.
The reaction exhibits the fea-
tures comparable to those of a controlled polymerization of
vinyl or cyclic monomers. To be able to transfer these results
into a commercially viable process it is necessary to reduce the
initiator concentration further so that products can be
prepared that have molar masses above 5000 gmol~! and
thus have interesting materials properties.

Yokozawa and Suzuki demonstrated convincingly that
control of molar mass, polydispersity, and end groups can be
achieved in polycondensates if the step-growth process is
converted into a controlled chain-growth reaction. Logically,
the kinetics follow those of a chain-growth mechanism when
termination and side reactions are suppressed. Since a
heterogeneous, phase transfer catalyzed process is involved,
which has already been introduced successfully in industrial
polycondensation processes, a transfer to commercial use
seems possible. If this method can be applied successfully to
other monomers one can imagine that the presented concept
might have the same importance for polymer synthesis as the
recent developments in controlled radical polymerization.
Certainly, the area of classical polycondensation will not be
revolutionized tomorrow, but one can expect many new ideas
to be initiated by this work from Yokozawa and Suzuki.

polymerization phase
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Isopenicillin N Synthase: An Enzyme at Work

Wolfdieter A. Schenk*

The discovery of penicillin in 19291 has revolutionized
medicine.”! Many of the potentially lethal bacterial infections
lost their specter as life threatening diseases— a situation
which could change again soon.P! The penicillins (Scheme 1)

H

N S
FT<

O

/—OH
O

Rt

cephalosporin C

penicillin N

Scheme 1. Structures of a typical penicillin and a typical cephalosporin.
Ac=acetyl.

were the first antibiotics, and for a long time the term
“penicillin” was used by the general public as a synonym for
“antibiotic”.

Further milestones were set with the determination of the
structure of penicillin™ and the first total synthesis of a
naturally occurring penicillin.’} The laboratory synthesis of
penicillin and its derivatives turned out to be quite a challenge
because of its bicyclic structure, which makes the S-lactam
ring particularly labile.[’) It is not surprising then that the
question, “how does nature do it?” attracted the attention of
the scientific community.

Most of the early information came from fairly indirect
evidence.l The immediate precursor, the linear tripeptide L-
a-aminoadipoyl-L-cysteinyl-D-valine (LLD-ACV), is first as-
sembled from its component amino acids by the action of
ACYV synthase, which also mediates the necessary epimeriza-
tion of valine. The key step, the stoichiometrically simple
oxidative cyclization [Eq. (1)], is brought about by a single,
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non-heme iron-containing enzyme dubbed isopenicillin N
synthase (IPNS). Further enzymes are then responsible for
the epimerization of isopenicillin N to penicillin N, the
derivatization to other penicillins, and the ring expansion
that eventually leads to the various cephalosporins.

Despite considerable effort enzyme-free intermediates of
this process have never been found. This indicates that both
rings are formed within the same enzyme —substrate complex.
Studies with modified substrates served to define the proper-
ties of the active site. A surprising range of variations of both
the aminoadipoyl and the valinyl termini of ACV are
tolerated, which helped the gathering of mechanistic infor-
mation. Thus, if D-valine was replaced by other amino acids
containing allyl or cyclopropylmethyl groups as “radical
clocks”, the appearance of the typical rearrangement products
indicated that an (perhaps conformationally restrained)
isopropyl radical intermediate is presumably involved in the
formation of the thiazolidine ring.®! The r-aminoadipoyl
terminus may be replaced by a range of nonpolar substituents
of similar size that are not necessarily terminated by a
carboxylic group. This is good evidence that the correspond-
ing part of the binding region of IPNS is nonpolar but contains
a hydrogen-bonding site at the end of the pocket.l The
central cysteine unit, however, is essentially inviolate. This is
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understandable in view of the constraints imposed by the
formation of the strained $-lactam ring.

Further insight into the details of the mechanism came from
a series of ingeniously planned deuteration experiments. For
example, a large kinetic isotope effect was found when IPNS
was fed a mixture of ACV doubly labeled in the 3-position of
cysteine, and unlabeled ACV. On the other hand, IPNS does
not discriminate between unlabeled ACV and ACV labeled in
the 3-position of valine. This was taken as compelling
evidence that the formation of the f-lactam ring is rate-
limiting and precedes the closure of the thiazolidine ring.[!
Furthermore, through the use of ACV containing stereo-
specifically deuterated cysteine it was demonstrated that the
hydrogen abstraction and ring-closure sequence occurs with
retention of configuration, perhaps via an enzyme-bound
thioaldehyde."!

Transition metal complexes of thioaldehydes are well
known since 1977.1% A synthesis of metal-bound thioalde-
hydes by hydrogen abstraction from thiolate complexes was
reported in 1992['1 [Eq. (2)] and recently extended to a range
of aliphatic thioaldehydes, and includes an example of a side-
on coordinated thioaldehyde derived from cysteine [Eq. (3)].l
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These reactions, which even show a comparably high
kinetic isotope effect,!'l may be taken as organometallic
analogues of the hydride abstraction step of the penicillin
biosynthesis. Furthermore, the addition of nucleophiles to
metal-bound thioaldehydes is well documented,™ lending
further support to the proposed mechanism.

A major breakthrough in this field came again from the
group of J. E. Baldwin with the successful determination of
the structure of IPNS.'Yl The crystals were grown under

3410 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

anaerobic conditions so that the enzyme lacked the oxygen
necessary for the reaction. By using this trick it was even
possible to study the intact enzyme-—substrate complex.
Furthermore, after treatment with nitric oxide the corre-
sponding nitrosyl complex was obtained which can serve as an
unreactive structural model of the O,-addition intermediate.
In both cases the carboxylate groups at the ends of ACV are
anchored through hydrogen bridges to the surrounding
protein. This forces the substrate into an extended conforma-
tion which facilitates the closure of the f-lactam ring.

Based on this wealth of information a detailed mechanism
of the action of IPNS could be formulated (Scheme 2). After
binding the substrate ACV through the deprotonated thiol

(o] NH-AA (o} NH-AA
©00Cu, '>_§\ C00CH, N>\Ti
) H (o) 1 .
H s 2 HO s
[ Hisy0s O, M Hispg
H Fel H _Fel
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N
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Scheme 2. Mechanism of the biosynthesis of isopenicillin N. AA =
aminoadipoyl.

group of the cysteine, the iron center takes up an oxygen
molecule and changes oxidation state. Intramolecular transfer
of a hydrogen atom from C-3 of the cysteine unit takes the
iron back to the + 11state and produces a thioaldehyde as well
as a hydroperoxy ligand. The latter serves to deprotonate the
amide function, which then closes the f-lactam ring by
nucleophilic attack at the thioaldehyde carbon atom. With
this the hydrogen atom at C-3 of valine comes in closer
proximity to the highly electrophilic iron(iv) oxo ligand. A
second hydrogen transfer follows, presumably producing an
isopropyl radical which attacks the thiolate sulfur atom and
thus closes the thiazolidine ring.

This already conclusive work has now been topped, again
by the group around J. E. Baldwin, with a series of experi-
ments which make IPNS now one of the best understood
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enzymes.™ A crystal of the IPNS-ACV complex has been
incubated with oxygen at 4 MPa for 320 min and the structure
of the complex determined. It turned out that the substrate
ACV had been transformed to isopenicillin N (IPN) which
remained bound to the active site (some residual electron
density indicated that under these conditions ca. 30 % of the
substrate remain unchanged). In a separate set of experiments
IPNS was complexed with a modified substrate (ACmC) in
which valine had been replaced by (S)-methylcysteine. The
structure of the active site of IPNS-ACmC is very similar to
that of IPNS-ACYV, except that the (S)-methyl group now
occupies the sixth iron coordination site. Treatment of this
crystal with oxygen (2 MPa, 10 min) gave a monocyclic -
lactam product complexed to the active site through the
cysteinyl sulfur atom and a methylsulfenyl group, which may
have originated from an interception reaction at the proposed
Fe! oxo intermediate (Scheme 3).

0, NH-AA 0, NH-AA
}j\ o S00Cu, N&
1
Soocm< _H $ s Kﬁ HO s
Me/s,,,,"“Fl I Hiszg — > o...,.._FI 0 wHisz
Hzo/ \ASsz Me/ Hzo/ r\ASPzw
His,zg Hisz7o
~H,0 l
0, NH-AA o) NH-AA
©00Cum, ©00Cum,,__y
L3 — i
§=Oum,, I“",,..--Hiszm O~ |I\{_,,,..Hisz14
/ /Fe\ /S >F \
me’ H20 | AsP216 me H20 Asp21g
Hisz7o His,zg

Scheme 3. IPNS-mediated oxidative cyclization of ACmC.

This product is a good model of the monocyclic -lactam
intermediate of the IPN synthesis, whose transient existence
had been inferred previously (see above). An overlay of the
four structures is shown in Figure 1. Note in particular the

extension of the Fe—S bond of the final product which
anticipates the release of IPN from the active site.

With the oxidized ACmC taken as a model of the S-lactam
intermediate, this series of structures provides a kind of
animated cartoon of the details of the function of an enzyme.
The rapid development of crystallographic instrumentation
and methods may soon make investigations such as this a
routine part of the elucidation of enzymatic reactions.
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Figure 1. Stereoview of overlaid structures of the active site of IPNS complexed with ACV (white),
ACmC (blue), oxidized ACmC (pink), and IPN (yellow). Reprinted with permission from Nature (Nature
1999, 401, 721 -724), Copyright 1999, Macmillan Magazines Ltd.
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MoOs

The route to a novel supramolecular
compound in a cascade reaction:
Molybdenum-iron-oxide based com-
posites, each consisting of a magnet-
ic capsule with 150 unpaired elec-
trons and an encapsulated noncova-
lently bonded electron reservoir
Keggin-ion nucleus, can get cross-
linked according to a well-defined
simple inorganic condensation reac-
tion.
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[Fe(H;0)6]**

Interestingly, the Keggin ion which
acts as template for the formation of
the capsule can either be generated
in the reaction mixture or can—in the
absence of phosphate—be added
to it.

Find out more on the following pages.
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A New Type of Supramolecular Compound:
Molybdenum-Oxide-Based Composites
Consisting of Magnetic Nanocapsules with
Encapsulated Keggin-Ion Electron Reservoirs
Cross-Linked to a Two-Dimensional
Network™**

Achim Miiller,* Samar K. Das, Paul Kogerler,
Hartmut Bogge, Marc Schmidtmann,

Alfred X. Trautwein, Volker Schiinemann,
Erich Krickemeyer, and Wilhelm Preetz

Dedicated to Professor Gérard Férey
on the occasion of his 60th birthday

The fabrication of ordered arrays of well-defined nano-
particles or clusters is of fundamental and technological
interest. As this is a difficult task, different techniques have
been employed.l! An elegant approach would be to link well-
defined building blocks in a chemically straightforward
procedure yielding a monodisperse or a completely homoge-
neous material. We have succeeded now even to cross-link
assembled nanosized metal-oxide-based composites—novel
supramolecular entities—under one-pot conditions. The su-
pramolecular metal-oxide-based entity, we are dealing with,
consists of an oxidized icosahedral capsule as host (internal
cavity diameter ~16 A) corresponding to a paramagnet
of the type {Mo¥/Fell} and the reduced Keggin cluster
[H,PMo,04]* (x=1 or 2; diameter of the Keggin anion
~14 A) as nucleus (guest). Interestingly, the linking is based
on a well known inorganic condensation process and the guest
(nucleus) acts as a template for the generation of the host
(capsule). This was our prior assumption, as according to a
modeling investigation it turned out that the Keggin anion just
fits exactly into the capsule.

In an acidified aqueous solution (pH 2) containing only
polymolybdate, iron(i1) chloride, and acetic acid as well as a
relatively small amount of phosphate in the presence of air, a
stepwise assembly process takes place leading to a new type of
material, that is the neutral layer compound 1. Compound 1

[H,PMo,,04, C HMo0YFelf (CH;COO0),;50,54(H,0)s5] - ca. 60 H,O
1=1a-ca. 60H,O
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was characterized by elemental analyses, thermogravimetry
(to determine the crystal water content), single-crystal X-ray
structure analysis® (including the calculation of bond valence
sumsP! in order to distinguish between (terminal) O and OH,
ligands), and spectroscopic methods (IR, resonance-Raman,
UV/Vis, NIR, Y Fe Mossbauer) as well as magnetic measure-
ments (Table 1).

As 1 can also be assembled by adding the normal Keggin
anion [PMo,,0,]*~ directly to the aqueous reaction mixture
containing no phosphate according to our first approach, the
other reaction (see Experimental Section, method 1) corre-
sponds to a molecular cascade with the formation of the
Keggin ion as the initial step. Correspondingly, the reaction
takes a different route (with no formation of 1!) in the
presence of larger amounts of phosphate, while adding the
Keggin unit seems to accelerate the capsule formation as a
template. It is important to start from Fe!' (which gets
gradually oxidized) rather than from Fe!'l, as the latter starting
material immediately results in a not well-defined precipitate.

The building block of each layer of 1 is the spherical
icosahedral giant oxidized cluster cage of the {(Mo"!)-
MoY'},,Fell type, comparable to that reported™ earlier, but
which now has a reduced metal-oxide-based cluster—the
tetrahedral reduced Keggin [H,PMo,,0,,]*~ ion?—as nucleus
(Figure 1). Each of the cluster—cluster composites is linked

| |
1 1
Il A

Figure 1. Demonstration of the structure of the building block of 1 with the
capsule (host) and encapsulated Keggin-type cluster nucleus (guest
idealized): the metal {Moy,Fe;} capsule in wire frame representation—
with 30 Fe!l centers (highlighted as yellow spheres) linking the 12
{(Mo¥")Mo?"} pentagons—and the Keggin nucleus in polyhedral represen-
tation.

to four others through Fe-O-Fe bonds to form a layer
structure (Figure 2). The spherical capsule comprises 12
pentagonal fragments of the type {(Mo)Mos0,,} (built up by
a central bipyramidal MoO, group linked by edge-sharing to
five MoO, octahedra) which are connected by 30
{Fe™(H,0),}** linkers. The (disordered) acetate ligands,
which make the assembly neutral in result, are located inside
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Table 1. Characteristics of the two-dimensional layer structure formed by cross linking novel supramolecular-type (composite) building blocks:
{Mo,, C Mo,,Fe;} (spherical icosahedral capsule and an encapsulated nucleus of tetrahedral symmetry).

Building block (capsule and nucleus) Interaction
capsule (host) Keggin nucleus (guest) characteristics
imposed Platonic/ icosidodecahedron (Fes) cuboctahedron (Mo,) topological host - guest
Archimedean solids icosahedron ({(Mo)Mos};,) rhombicuboctahedron (O,,) complementarity
symmetry icosahedral metal framework (Z;) tetrahedral (7)
geometrical data diameter: ca. 2.5 nm min. O(shell) -+

O(nucleus) =ca. 2.6 A

building units 90 octahedra (FeO,(H,0),, Mo"'0Oy) 1 tetrahedron (PYO,)
12 pentagonal bipyramids (Mo"'O,) 12 octahedra (Mo""VOy)

electronic transitions [cm~'] O —MoV! charge transfer: ~ 27000 intervalence charge transfer (MoY —Mo"!):  nucleus —shell charge
~11600/ ~ 95001 transfer: ~ 18100

vibrations [cm ]! v(MoO,) (IR): 960 v(Oy,)-breathing(resonance Raman): 830
v,, (PO,) (IR): 1068

redox stateld oxidized (72 Mo"! and 30 Fe') reduced (electron reservoir)

magnetism strong paramagnet corresponding to 26 antiferro-

magnetically coupled Fe!! (§=5/2) centers (at RT,
YmoT=114 emu K mol-1)Ll

nuclei properties [mms™']  >’Fe Mgssbauer isomer shift/quadrupole splitting
(180 K): 6 =0.48/AE,=0.70 (characteristic for
FeOy)

[a] Solid, transmission of a film obtained from the pure substance by pressure (10 kbar) between saphir pistils (the electronic spectra of reduced Keggin ions
strongly depend on their environment, for example the type of solvent). [b] KBr pellet (the band at 1068 cm~! supports the presence of a Keggin ion?).
[c] 2. =1064 nm. [d] Potentiometric titration using Ce(SO,),. [e] Whereas the susceptibility of discrete {Mo,,Fe;} units which exist in the wet crystals
(measured directly after filtration) at room temperature corresponds to 30 nearly uncorrelated Fe!'' centers, due to the linking of the building blocks through
four Fe"-O-Fe™ bonds (see also ref. [4] for a related problem) the magnetic moment corresponds effectively to only 26 uncorrelated Fe centers at room
temperature.

of the two separate, noncovalently bonded parts of each
supramolecular entity (the capsule and its nucleus), but show
also its interesting topological, spectroscopic, electronic, and
magnetic properties. The reduced Keggin cluster can be
identified nicely by means of the resonance-Raman effect
(Figure 3d) showing only the vibrational bands of this unit.
The nanocapsules of the type {(MoY)MoY'},,Fellf, which form
a system of magnetic dots (each individual discrete dot
represents as yet the strongest known molecular paramagnet
due to the presence of 30 Fe!'' centers with 150 (!) unpaired
electrons, that is, S = 150/2 at room temperature), encapsulate
the reduced nuclei (quantum dots) as guests which can be
regarded as potential electron-storage elements. Notably, the
free Keggin cluster can be reduced in several steps in
association with concomitant protonation thus keeping its
charge constant.P!

The noncovalent host—guest interactions are worthy of
consideration as the reduced electron reservoir-type Keggin
ion fits exactly into the capsule cavity (the shortest Oy -
O, bond lengths, typical for hydrogen bonding, are of the
order of 2.6 A). This type of composite/supramolecular entity
with a reduced nucleus in an oxidized shell is unprecedented.

Figure 2. Schematic structural depiction of a layer segment in crystals of 1

with the capsules (including O atoms in contrast to Figure 1) in wire frame 5 [
(O: red; Fe: yellow; Mo: blue) and the Keggin ions (idealized) in The band observed at ~ 550 nm (~18.1 x 10* cm™"; Figure 3b)

polyhedral representation. which contributes to the color can tentatively be assigned to a
novel charge transfer transition of the type reduced nucle-
us —oxidized shell %)

the sphere and coordinate as bidentate ligands to the metal The knowledge of the chemistry of nanocapsules which are
centers, preferably bridging Fe and Mo sites. variable in size and linkable*! allows us the synthesis of

Selected physical properties of 1 are summarized in Table 1 new types of materials. It is even possible to open the capsules,
and displayed in Figure 3. They not only prove the existence exchange their contents, and close them again!”l which allows
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Figure 3. Physical/spectroscopic data of 1 that characterize the capsule and
encapsulated nucleus: a) magnetic susceptibility as function of temper-
ature, b) electronic absorption with 4, for the resonance Raman spectrum,
c) YFe Mossbauer, and d) resonance-Raman spectra (for details see
Table 1).

the fabrication of different types of cross-linked composites.
We refer to a new class of novel composite (a cluster
encapsulated in a cluster) type materials, in which the
electronic/magnetic structure of the composite (quantum/
magnetic dot) can, in principle, be tuned by changing the
relevant properties of the constituents, for instance by
changing the electron population of the nucleus (Keggin
anion).

3416 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Experimental Section

1: Method 1: NaH,PO,-2H,0 (0.21 g, 1.35 mmol) was added to a solution
obtained by treating a mixture of H,O (75mL), FeCl,-4H,0 (1.0 g,
5.03 mmol), and Na,MoO,-2H,0 (5.0 g, 20.66 mmol) with CH;COOH
(100 %, 10 mL). After acidification with about 3 mL of 32 % hydrochloric
acid (pH of the reaction mixture ~2.0), the solution was stirred for 15 min
at room temperature and filtered. The filtrate was kept for seven days at
20°C in an open 250 mL beaker for crystallization. The greenish crystals
(thin plates) were filtered, washed with water, and dried at room
temperature. Yield: 0.45 g (14.8 % based on Fe) (correct analysis).

Method 2: H;[P(Mo3;0,),] (2.5 g, 1.37 mmol) was added to a solution
obtained by treating a mixture of H,O (75mL), FeCl,-4H,0 (1.0¢g,
5.03 mmol), and Na,MoO,-2H,0 (2.0g, 8.27 mmol) with CH;COOH
(100 %, 10 mL). After acidification with about 0.5 mL 32 % HClI acid (pH
of the reaction mixture ~2.0), the solution was stirred for 45 min at room
temperature and filtered. The filtrate was kept in an open 250 mL beaker
for crystallization for five days. The crystals were filtered, washed with
water, and dried at room temperature. Yield: 0.5 g (correct analysis).
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Linear Coupling of Three CO Ligands of
Chromium Hexacarbonyl Leading to
Functionalized Butenolides via Fischer
Carbene Complexes

Henri Rudler,* Andrée Parlier, Victor Certal, and
Jacqueline Vaissermann

Fischer carbene complexes have been widely used for the
synthesis of a broad spectrum of organic compounds.["-? By
far the best known applications are the formation of cyclo-
propanes and phenols by reaction with olefins and alkynes,
respectively. Whereas in the former, besides the olefin, one
CO ligand of [Cr(CO)] is incorporated as a carbene group, in
the latter, besides the alkyne, two CO ligands are included in
the final product, the first one again as a carbene group. Here
we describe the first general synthesis of functionalized poly-
cyclic butenolides by incorporation of three CO groups of
[Cr(CO)g4], besides an alkyne. This reaction involves succes-
sive insertion reactions of a carbene complex of chromium, an
alkyl chromate, an acylium chromate, and a ketene complex
of chromium.

In previous papers, we have described a general dihydro-
pyridine-induced reduction of alkoxycarbene complexes of
chromium and tungsten to pyridinium metalates 3 [Eq. (1)].5-
When R3*=H, isolable pyridinium ylide complexes 4 were
formed in high yield; for R?>=Me, unstable N-methylpyridi-

OR?2 R3 _ OR? - R20H _ H,
(Co)M= R (CO)sM—H @ (CO)5M+N Q> (6]
R! RY N+ R?

L R3=H, Me G 4
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Dr. J. Vaissermann
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Matériaux Moléculaires, UA 7071,
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nium metalates 3 could be characterized by NMR spectros-
copy. Interestingly, the latter complexes underwent a CO
insertion reaction, akin to that observed for other (carbonyl)-
metalates,[*'? to give oxycarbene complexes 5, a resonance
form of the acylium metalates 6. These complexes gave
hydroxycyclopropanes 7 and/or ketones 8 with alkenes,
whereas reaction with alkynes gave a.f3-unsaturated ketones

9 [Eq. (2)].

R R
OH *
0 R /Rt RL
- 2
L(CO),M 2 = OR
(CO) {éoa o H
6 RlH 7 8
3 J—
1) R———R
(R3=Me) 2§H+
@]
L(CO),M 2
(COM=_oR RR
5 RlH —
(@]
Rl
OR?
H
9

However the most gratifying transformation occurred in
the case of alkynylalkoxycarbene complexes of chromium.
When complex 10a was treated with a twofold excess of N-
methyldihydropyridine at —10°C and the reaction mixture
warmed to room temperature overnight, the bicyclic buteno-
lide 11a was obtained in 70 % yield as a 1/1.3 mixture of cis/
trans isomers which differ in the relative configuration of the
hydrogen atoms at the ring junction and on the carbon atom
bearing the ethoxyl group [Eq. (3)]. Their structures were
established by NMR spectroscopy.

OR?

(CO)sCr
:Ei(CHZ)n
R

10a R'=Me, R?=0Et, R3=Ph, n=2
10b R1=H, R?=OEt, R3=Et, n=1
10c R=H, R2=0Bn, R3=Ph, n=2

R3

11a70% (1:1.3)
11b 58% (1:1)
11c 32% (1:4)

H O
12 (11%)

Changing the nature of the substituents on the triple bond
and the number of methylene groups in the alkynyl chain did
not affect the course of the reaction: complex 10b gave 11b in
58 % yield as a 1/1 mixture of isomers together with 11 % of
12. The alkoxyl group was modified by a known procedure,
which in the case of benzyl alcohol led to 10 ¢.I'> ' Reaction of
10 ¢ with N-methyldihydropyridine gave the butenolide 11¢,
again as a mixture of isomers (1:4), in 32 % yield.
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Similarly, the introduction of alkynyloxy groups led to the
carbene complexes 13a—e. In all the cases examined so far,
clean conversion to the expected butenolides 14a—e, as single
isomers, was observed. Lengthening of the alkynyl chain led
to the expected product 14d containing a seven-membered
ring, albeit in a much lower yield (12%) [Eq. (4)].

o

Y

(CO)SCF+H
X

R—=""\ /

15

X=0, Y=alkyl, aryl
X=CH,, CHMe, Y=OEt, OBn

(©)

~a o .
2
R I\I/Ie R H
(CoysCr=x WH )
O—(CHY)=—R? (CHpn NR
Lo H
13a R'=Ph, R?=Ph, n=2 14a 46% 18
13b R1=Me, R2=Ph, n=2 14b 47%
13c Rl=cyclopropyl, R2=Ph, n=2 14c 64%
1 2- - 14d 12% . .

18d R =Ph, R*=Ph, n=3 14e 47% atom in the ketene complex 18. The exact mechanism of these

13e R=cyclopropyl, R?=H, n=2

The structure of compound 14a was confirmed by X-ray
crystallography, and a Cameron projection appears in Fig-
ure 1. It clearly shows the trans stereochemistry of the

Figure 1. Molecular projection of the butenolide 14a showing the carbon
and the oxygen atoms of the incorporated carbonyl groups. Color code: C
green, O red, H gray.

carbon —oxygen single bond of the lactone with respect to the
phenyl group, and more importantly, the presence of the
coupled three former CO groups.

Although the exact structures of the intermediates are
unknown as yet, a mechanism can be suggested on the basis of
previous observations. The reduction of the starting carbene
complexes with N-methyldihydropyridine leads first to the
chromate 15 [Eq. (5)]. A straightforward transformation into
an oxycarbene complex 16 by migration of the (alkoxy)alkyl
group to an adjacent CO ligand then occurs with concomitant
coordination of the triple bond. A classical transformation of
16 leads to 17, a new carbene complex, then to ketene complex
18. The close proximity of a nucleophile to the central carbon
atom of the ketene, a situation which was already encountered
in the insertion of alkynes into alkoxy- and aminocarbene
complexes of chromium, promotes the formation of an
oxygen —carbon bond, the last step of a linear oligomerization
of three CO groups of [Cr(CO),].['> 17 18]

The general stereochemical outcome of these cascade
insertions is linked to two determining steps: the transfer of
a hydride to the carbene carbon atom and the addition of a
proton to the carbon atom a to the former carbene carbon

3418 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

processes is still a matter of speculation. Three cases must be
considered: first, when the alkynyl chain is linked to the
oxygen atom as in 15 (X=0, Y=alkyl or aryl), then the
reaction led specifically to a single isomer in which Y is trans
with respect to the carbon —oxygen single bond of the lactone.
This might be indicative of a metal-assisted stereospecific
protonation:['9 for steric reasons, the cycloaddition between
the triple bond and the carbene moiety in 16 is likely to lead to
17 and then to 18, in which the alkoxide is trans to Y and to the
metal center. Protonation at the metal atom would then lead
to 19, which might deliver hydride cis to Y and give 14. For less
bulky substituents, as in 15 (Y = OEt, X = CH,), the selectiv-
ity of the protonation step is obviously less marked, and both
the cis and trans isomers are formed. The behavior of
complexes of the type 15 (Y= OEt, OBn, X =CHMe) was
peculiar, since only two isomers, in which the carbon —oxygen
single bond of the lactone and the methyl groups adopt a cis
configuration, were detected. Three contiguous asymmetric
carbon centers are present in 11a, two of which are formed
during the insertion reactions. In these cases, the lack of
complete diastereosectivity may be due to a lack of stereo-
selectivity in the hydride-transfer step.

Although we had already observed during the thermolysis
of aminocarbene complexes of the type 20, besides the
expected product 21, a product of structure 22, in which three
CO groups have been incorporated, its structure, and thus the
mode of its formation is fundamentally different, since the CO
groups are not linearly coupled in the tricyclic nitrogen-
containing compound.l'” ¥ [Eq. (6)]

Ph Ph
N < <
(CO)sCr (¢] + O
N N (0]
=——Ph
20 21 22

Taken together, the transformations described here lead to
butenolides in which three former CO ligands of [Cr(CO)]
are linked together by carbon-carbon or carbon-oxygen
bonds.
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Experimental Section

Reaction of N-methyldihydropyridine with carbene complexes (general
procedure): A solution of N-methyldihydropyridine (3 equiv) in CH,Cl,
(0.5 mL per mmol of amine) was added dropwise to a solution of carbene
complex (1 equiv) in CH,Cl, (25 mL per mmol of carbene) at — 10 °C under
argon . After 15 min, the ice bath was removed and the mixture was stirred
at room temperature for 24 h. The solution slowly turned dark red. The
solvent was evaporated under vacuum, and the residue purified by
chromatography on silica gel with petroleum ether (PE)/Et,O as cluent.

The general procedure was followed with carbene complex 10a (2.03 g,
5 mmol). Elution with PE/Et,O (70/30) gave a 4:3 mixture of two isomers
(0.953 g, 70 % ). 11a (trans): '"H NMR (200 MHz, CDCl;): 6 =7.49-7.24 (m,
5H; ArH), 4.74 (d,°J (H,H) =8.4 Hz, 1H; H™*), 4.06 (m, 1H; OCH,), 3.60
(m, 1H; OCH,), 2.81 (dd, *J(H,H) =10.2, 8.4 Hz, 1H; H’), 2.32 (m, 1H;
H*%, 1.90 (m, 1H; HY), 1.56 (m, 1H; H°), 1.75 (m, 1H; H°), 1.24 (t, 3/
(H,H) =7 Hz, 3H; CH3;), 1.08 (d, *J (H,H) = 6.3 Hz, 1H; H®), 0.84 (m, 1 H;
H®); BC NMR (100 MHz, CDClL;): 6 =172.6 (CO), 161.2 (C?), 129.5, 128.8,
128.5, 128.3, 128.1 (Ar), 124.4 (C*), 87.8 (C™), 85.9 (C7), 67.9 (OCH,), 35.9
(C%, 323 (C*), 25.7 (C%), 174 (C®), 15.5 (CH;). 11a (cis): 'H NMR
(200 MHz, CDCl,): 6 =7.49-7.24 (m, 5H; ArH), 4.82 (d, *J(H,H) =3.4 Hz,
1H; H™), 3.82 (brs, 1H; H’), 3.72 (m, 1H; OCH,), 3.57 (m, 1H; OCH,),
3.01 (m, 1H; H?),2.30 (m, 1H; H*), 1.80 (m, 1 H; H®), 1.58 (m, 2H; H), 1.08
(d, 3/ (HH)=6.3 Hz, 3H; H®), 1.05 (t, 3H; 3/(H,H) =9 Hz, 3H; CHj;);
BCNMR (100 MHz, CDCL): 6 =173.3 (CO), 161.0 (C?), 130.5,129.2,128.9,
128.8, 128.6 (Ar), 125.7 (C*), 83.0 (C™), 80.9 (C7), 69.8 (OCH,), 34.5 (C°),
26.7 (C*), 26.1 (C%), 17.8 (C®), 15.9 (CH;); HR-MS (positive EI) calcd. for
C;H,,05: 273.1491; found: 273.1495.

The general procedure was followed with carbene complex 13a (2 g,
4.69 mmol). Elution with PE/Et,0 (80/20) gave 14a as a white solid (0.631g,
46%), m.p. 59°C. 'H NMR (200 MHz, CDCl;): 6 =7.58-7.35 (m, 10H;
ArH), 4.75 (d, */(H,H) =8.8 Hz, 1H; H™), 4.38 (dd, *J(H,H) =11.4 Hz,
1H; H°), 4.15 (d, 1H; 3/(H,H) =8.8 Hz, 1H; H’), 3.52 (td, 1H; *J(H,H) =
114, 3Hz, 1H; H°), 3.15 (dd, 1H; 3/(HH) =2.5, 14 Hz, H*), 2.91 (ddd,
3J(H,H) =14, 11.8, 6 Hz, 1H; H*); *C NMR (50 MHz, CDCl,;): 6 =171.9
(CO), 159.4 (C%), 138.0 (C*), 129.3, 128.9, 128.8, 128.6, 126.3, 124.8 (Ar),
85.0 (C7), 81.1 (C™), 67.8 (C%), 29.3 (C*); elemental analysis calcd for
CoH;c0;: C 78.08, H 5.49; found: C 77.93, H 5.49. HR-MS (positive EI)
calced for CoH,05: 293.1178; found: 293.1174.

Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-137062.
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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Spectroscopy of the Formation of Microporous
Transition Metal Ion Containing
Aluminophosphates under Hydrothermal
Conditions**

Bert M. Weckhuysen,* David Baetens, and
Robert A. Schoonheydt

One of the greatest challenges of experimentalists working
in the field of molecular sieve science is the understanding of
the principles that determine how porous crystalline materials
are formed starting from a precursor gel under hydrothermal
conditions.'l This is far from easy because hydrothermal
crystallizations take place in a closed vessel, where many
interactions, equilibria, and chemical processes continuously
change with crystallization time.”l The lack of knowledge
about these phenomena means that a rational a priori design
of novel molecular sieves is still impossible and, consequently
to date, the synthesis of such materials requires a systematic
and intelligent screening of the n-dimensional reaction.
Recently, the concepts of combinatorial chemistry®®l and
experimental design¥ have been successfully explored in
order to speed up this screening process. Clearly, a more
detailed understanding of the processess occurring during the
synthesis of these materials is required, which can lead to a
more rational approach towards zeolite syntheses.
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A very attractive but almost unexplored way of probing the
hydrothermal crystallization process is to do in situ studies in
real time and under realistic laboratory conditions; that is, at
high temperatures and pressures. To the best of our knowl-
edge, only IR,Fl NMR ¥ X-ray diffraction,[”) extended X-ray
absorption fine structure (EXAFS), ¥l and small-angle/wide-
angle X-ray scattering (SAXS-WAXS)M have been used up to
now for performing such in situ studies. Herein, we present a
novel methodology based on diffuse reflectance spectroscopy
(DRS) in the UV/Vis region and electron spin resonance
(ESR) for probing the changes in coordination of transition
metal ions during the hydrothermal crystallization of molec-
ular sieves. The method is generally applicable to metal ions
that are paramagnetic and possess d—d transitions. Its
application not only requires the use of specially designed
autoclaves, which allow one to perform such spectroscopic
measurements, but also the development of procedures for
performing hydrothermal synthesis of molecular sieves in
these spectroscopic cells.

Figure 1 (see also the illustration in the table of contents)
shows the specially developed in situ DRS cell, which consists
of a small container with an internal volume of 12.66 cm?

Quartz
tube .
Quartz cell ] Heating
A elemeD
: HeatingE E ]
hv block = = 7 S ;
—F uprasi
h— > Synthesis window
e gel | A
— -
IS o ]
i ““Thermocouple -

Figure 1. In situ DRS cell for monitoring the coordination environment of
transition metal ions during the synthesis of molecular sieves at high
temperatures and pressures. See text for details.

consisting of walls of high-purity quartz (thickness: 0.5 cm).
The synthesis cell could be filled with the precursor gel
through a 10 cm long quartz tube, which was equipped with an
expansion volume for safety reasons. The quartz tube was
sealed after filling the cell, and the cell was placed in a heating
mantle, which was controlled with a Eurotherm thermoreg-
ulator. The flat front window of the synthesis cell allowed in
situ spectra to be recorded with the diffuse reflectance
attachment of the diffuse reflectance spectrometer. Important
operational conditions for obtaining high-quality microporous
materials in this in situ cell are the initial heating rate and the
filling factor. High-purity quartz tubes with an internal
volume of 0.47 cm? were used for performing ESR measure-
ments on the synthesis gels. These quartz tubes were filled
with the precursor gel and after sealing were placed either
directly in the ESR cavity or in a separate furnace. The
synthesis process was quenched by bringing the ESR tube
immediately to liquid nitrogen or helium temperatures. This
allowed reliable ESR measurements to be conducted. Slowly
reheating the sample in the ESR tube to the actual synthesis

3420 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

temperature did not significantly affect the synthesis process
of the molecular sieves.

Herein, we present as an example the hydrothermal
crystallization of CoAPO-5 molecular sieves in the DRS
and ESR cells at 175 °C under autogeneous pressure and static
conditions. Crystallizations of other molecular sieves, such as
VAPO-5, CrAPO-5, and NiAPO-5, were equally successful.
All these materials are known to be promising catalysts for
various oxidation reactions and therefore the isomorphous
substitution of transition metal ions in microporous alumi-
nophosphates is an important topic in the literature.!%)

The in situ DRS spectra of the CoAPO-5 gel as a function
of the synthesis time are given in Figure 2. The DRS spectrum
of the initial pink CoAPO-5 gel is characterized by absorption

0.4 —————————————<  °
400 450 500 550 600 650 700 750 800

Alnm —»

Figure 2. In situ DRS spectra of the CoAPO-5 gel as a function of the
synthesis time. The insert shows some DRS spectra as a function of the
heating temperature in the initial stages of the hydrothermal synthesis;
a) room temperature, b) 60°C, ¢) 100°C, and d) 175°C.

bands at 521 and 470 nm. The gel was heated up to 175°C and
an isosbestic point became clearly visible in the DRS spectra
(see spectra a—d in Figure 2), indicating the presence of two
distinct Co** species. The absorption band at 521 nm is due to
the *T,,(F) —*T,(P) transition (v; band) of high-spin
[Co(H,O)e)*" "l present in the synthesis gel, while the
shoulder at 470 nm can be assigned to the ‘T ,(F) —*A,,(P)
transition (v; band) of a tetragonally coordinated high-spin
Co?* species, most probably of the type [CoO,(H,0),] (with
O, an oxygen atom-bound to phosphorus).['”l Heating the
synthesis gel to 175°C also results in a gradual change of the
color from pink to light blue, and a triplet with absorption
bands at 542, 584, and 625 nm is observed in the DRS
spectrum. This triplet, which is assigned to the *A,(F) —*T,(P)
transition (v; band) of high-spin pseudo-tetrahedral Co?* [l 13]
strongly increases in intensity with increasing synthesis time
and becomes the most intense after 26 h. The sample was
intense blue and about 1.5 g of highly crystalline single-phase
CoAPO-5 material could be recovered from the cell. Im-
portantly, no crystalline phase was formed during the first
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hours of the synthesis process, whereas synthesis times higher
than 26 h led to the formation of less crystalline and even
other crystalline phases (e.g., CoAPO-C).

The ESR spectrum of the initial CoAPO-5 gel quenched in
liquid nitrogen and cooled down to —263 °C indicated the
presence of one broad axial signal with g, = g,,=2.643, g,, =
2.020, and D =25 cm™!, which is typical for the presence of
pseudo-octahedral Co*".' The ESR spectra gradually
changed with synthesis time and after 24 h one single axial
Co** signal with g, =g,, =2.643, g,,=2.020 and D =3.5cm™!
was observed. These ESR parameters, obtained by spectrum
simulation, are typical for the presence of pseudo-tetrahedral
Co?+;1M about 0.05 g of highly crystalline single-phase CoA-
PO-5 could be recovered from the ESR cell.

Thus, both DRS and ESR spectroscopies, together with
X-ray diffraction, indicate that the formation of CoAPO-5
molecular sieves is accompanied by the presence of a pseudo-
octahedral [CoO,(H,0),] intermediate in the initial synthesis
stages and a gradual transformation of this intermediate
species into a pseudo-tetrahedral framework Co?* species. A
possible reaction mechanism for the formation of CoAPO-5
molecular sieves can be proposed on the basis of these
spectroscopic data, and this is illustrated in Scheme 1.
[Co(H,O)¢)**, which is present in the initial gel at pH 2, is a
kinetic labile species (k;(Co(O,)) =10°s~! for the exchange of
water ligands) and will readily undergo nucleophilic attack by
H,PO, .l The reaction between [Co(H,0)¢*" and H,PO,"
results in the formation of the [CoO,(H,0),] intermediate.

This species can be envisaged as Co?* linked to four
phosphorus atoms through oxygen bridges, after a nucleo-
philic attack of four H,PO,~ species onto one [Co(H,0)]**
complex.l'¥l The entities formed after these initial reactions
can be further condensed to an aluminophosphate gel, in
which both Co?* and AI’* are present as octahedral species
with two extra-lattice water ligands. Heating of the gel results
in the expulsion of these water ligands from the first
coordination sphere of AI** and Co**. Co*" is thus gradually
transformed from a species with pseudo-octahedral coordi-
nation into a tetrahedral framework species. Because of the
small differences in crystal field stabilization energy (CFSE)
between the octahedral (71.5 kJmol™') and tetrahedral coor-
dination (62.5 kImol™') of Co?** (d7),l"”! this transformation
process must be favorable and is indeed experimentally
observed. The positively charged (CH;CH,);NH" template
molecules will then compensate the negative charge, which
results from the isomorphous substitution of AI** for Co?" in
the CoAPO-5 molecular sieves.

In summary, we have developed and explored the possibil-
ities of combined DRS —-ESR spectroscopies for monitoring
the changes in the coordination environment of transition
metal ions during the hydrothermal crystallization of molec-
ular sieves at high temperatures and pressures. The spectro-
scopic data obtained allow a better understanding of the
hydrothermal crystallization process of CoAPO-5 molecular
sieves in terms of the coordination chemistry of Co** in the
synthesis gel.
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Scheme 1. Proposed mechanism for the processes taking place in the synthesis gel during the hydrothermal synthesis of CoAPO-5 molecular sieves.
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Experimental Section

CoAPO-5 was prepared according to a standard recipe procedurel"
starting from the following gel composition: 0.75R[Cog,AlyeP;]O,-
20H,0 with R, the template molecule triethylamine (Janssen Chimica,
99 % ), and with Co(CH;CO,), - 4H,0 (Acros, p.a.). Pseudo-boehmite from
Vista (Capatal Alumina 70 % Al,O5) was used as the Al source, and H;PO,
(Janssen Chimica, 85 % in H,O) as the P source. Diffuse reflectance spectra
in the UV/Vis—NIR region were measured by using a Varian Cary 5
spectrometer equipped with a diffuse reflectance attachment with integra-
tion sphere. The spectra were recorded against a halon white reflectance
standard in the range 2500 —200 nm. ESR measurements were recorded on
a Bruker ESP300E spectrometer with an Oxford Instruments liquid helium
cryostat at —263°C. Simulations of the ESR spectra were performed by
simulation programs developed by Mabbs and Collison.'! Powder X-ray
diffraction patterns of the obtained solids were recorded on a Siemens
D5000 diffractometer by using Cuy, radiation.
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First Catalytic Aldol-Transfer Reaction via
Aluminum Enolates: A New Way To Generate
Aldol Adducts of Aldehydes from Aldol
Adducts of Ketones**

Ilkka Simpura and Vesa Nevalainen*

The addition of nucleophiles to carbonyl compounds has
been under investigation for decades.'! Examples include the
addition of enolates to aldehydes and the Meerwein — Ponn-
dorf-Verley (MPV) reduction of ketones? (hydride as the
nucleophile, Figure 1, (a)). Amongst recent achievements in
this area are: alkynyl transfer reactions reported by Maruoka
and co-workersP! (Figure 1 (b)), allyl-transfer reactions re-
ported by Nokami et al.®! (Figure 1, (¢)), which as the reaction
is proposed to occur by a stepwise ionic mechanism! is only
formally analogous to the MPV reaction, and cyanide-transfer
reactions reported by Inoue and co-workersP! (Figure 1, (d)).
The major advantage of these nucleophile-transfer reactions
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Figure 1. Formal flow of electrons in the six-membered cyclic transition
states (a—d) of the MPV-type nucleophile-transfer reactions described in
the literature. The related hypothetical mechanism of the aluminum-
catalyzed aldol-transfer reaction is illustrated by e. Despite of formal
analogy of a—e, the reactions depicted by ¢ (ref. [4]) and e (Scheme 2) are
proposed to take place by a stepwise ionic mechanism.

is the utilization of cheap and simple propargyl alcohols (e.g.
2-methyl-3-propyn-2-ol)P! or allyl alcohols (e.g. 2-methyl-3-
propen-2-ol)l as starting materials for the construction of
more complicated alcohols under mild reaction conditions.

Herein we report the first catalytic aldol-transfer reaction
(Figure 1, (e)) for various aldehydes in which diacetone
alcohol (9a)was used as an aldol source (see Scheme 1). Other
methods for the synthesis of aldols have been reported by the
groups of Lerner!® (enzymatic and biomimetic), Yamamotol”
(using hindered aluminum bisphenoxides), and Morken®
(using the reduction of a,f-unsaturates esters).

The present work was inspired by the pioneering studies of
Maruoka et al.’l who reported that the bis(dialkylaluminum)
reagent 1 accelerated the addition of nucleophiles to carbonyl
compounds. Thus, for the aldol-transfer reaction we consid-
ered using the aluminum chelates 2 and 3, their bisaluminum
analogues 4-6, and simple alkoxides 7 and 8.1

Me

/ \ OAIMe,

\ / OAIMe, O
2

3
: o
Al,Mey “AlMe, O\A|ZE:2<:|2

4a R, RZ=H;
4b R!=OMe, R?=nBu

O,\AI—Me
(0]

Oo. .0, Me” "0 "TO Me
AN Q
_ iPr Me
i Pr Me
Me
7 8

A typical procedure is shown in Scheme 1: the aldol-
transfer reaction of the alcohol 9a with benzaldehyde
catalyzed by 5, gave the aldol adduct 10a in 62 % yield (after
flash chromatography). The generality of this aldol-transfer
method was confirmed by the synthesis of aldol adducts 10a—
j (Table 1). A possible mechanism to rationalize the aldol-
transfer reaction is illustrated in Scheme 2.

Angew. Chem. Int. Ed. 2000, 39, No. 19

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

OH e}

& I 9aR =CHs
PR LN 9b R =Ph
R'R ﬁz CHz 9cR=H

|OI I\
Sy 5 (5 mol%) \ ~C ~c
©/ 43 h, RT
CH,Cl,
R 10a 62% yield (with 9a)
\ —
/C—O
R

Scheme 1. The catalytic aldol-transfer reaction of benzaldehyde utilizing
p-hydroxy ketones (9a-c) as starting material.

Table 1. The catalytic aldol-transfer reaction of aldehydes

OH O Ry R!
M W RZMCH3+Y
H (o]
10

catalyst
CHZCIZ

Entry R? Catalyst Aldol Run mol % of trans- Yield
source time [h] catalyst aldol [%]
1 CsH; 5 9a 43 5 10a 62
2 C¢Hs 5 9a 22 5 10a 43
3 C¢H;s 4a 9a 22 5 10a 39
4 CsH; 4a 9a 22 10 10a 53
5 CsH; 4a 9b 21 5 10a 49
6 C¢Hs 7 9a 22 10 10a 28
7 CsHs 8 9a 22 10 10a 43
8 C¢Hs 4b 9a 22 5 10a 36
9 4-O,N-CiH, 4a 9a 22 10 10b 58
10 4-CI-C¢H, 4a 9a 22 10 10c 56
11 4-H;CO-C¢H, 4a 9a 22 10 10d 47
12 hept-3-yl 5 9a 26 5 10e 73
13 (CH,);C 5 9a 40 5 10f 72
14 1-phenylethyl 4a 9a 22 10 10g 63
15 H,C(CH,), 5 9a 40 5 10h 26
16 H;C(CH,),*  4a 9a 48 5 10h 47
17 prop-2-yl 5 9a 22 5 10i 24
18 C¢Hs-CH=CH 5 9a 22 5 105 11
[a] Two equivalents of 9a were used.
R
HsC
Tﬁ?ﬁ retroaldol
O O
W "xz AL Al/x
"o o X "om e
A B
aldol R Y~ M ketone -
exchange R OH T‘/ aldehyde
H le} exchange
Y OH o] R R
T Y
HsC
Y
ch H HsC %
‘ aldol
o. X,
AT A-XE o ,AI’X
0" o
D C

Scheme 2. The proposed mechanism of the aldol-transfer reaction de-
scribed in Scheme 1. X!, X2, and X3 =alkyl, alkoxy, and aryloxy, respec-
tively. R =alkyl. Y =aryl.
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The results indicate that the aldol-transfer reaction of 9a
with benzaldehyde can be induced by any of the compounds
4811 (entries 1 -8, Table 1; data for compound 6 is not listed
in the Table because it gave only trace amounts of 10a). With
compound 3 as the catalyst the yield of 10a was only 7%. If 3 is
allowed to react!'”] with one more equivalent of Me,Al then com-
plex 5 is generated. With 5 as the catalyst the yield of 10a in-
creased substantially (43 %, entry 2). The related reaction with
4a gave a slightly lower yield of 10a (39 %, entry 3). The yield
of 10a, however, increased to 53% (entry 4) when 10 mol %
of 4a was used (instead 5 mol % ) indicating the importance of
the amount of the catalyst added. The reaction of benzaldehyde
with 9a catalyzed by 8[' gave 10a in 43% yield (entry 7).
Surprisingly, the yield of 10a decreased to a trace amount
when 8% was used as a reagent and not as the catalyst. The
reaction with 7 as the catalyst gave 10a in only 28 % yield
(entry 6). These results indicate that the aryloxy groups of 4a
improve the yield of 10a obtained only by about 10% over
that obtained from comparable reactions with 8 which
contains f-alkyloxy groups. The performance of 7 containing
simple alkoxy groups is clearly inferior to that of 4a and 8.

Enhancing the electron richness of the aromatic ligand in
the catalyst did not provide any advantages: Aldol 10a was
obtained in 36% yield (entry 8, Table 1) with catalyst 4b,
whereas with 4a the yield was 39 % (entry 3). Altering the
electron richness of the aluminum center of the catalyst was
not beneficial. When Et,AlCl was used to prepare the catalyst
(in situ formation of 6['”1), product 10a was detected only in
trace amounts.

A comparison of the reactivity of the precursor aldols 9a—c¢
(Scheme 1) reveals factors that support the retro-aldol —aldol
mechanism (Scheme 2) of the aldol-transfer reaction
(Scheme 1). The aluminum chelate A (Scheme 2) undergoes
a retro-aldol reaction to give B, the stability of which is
dependent on the electron-donating effects of the R groups.
Because the intermediate B (R =Ph) generated from 9b
should be more stable than B (R = CHj;) generated from 9a,
the retro-aldol step (A —B) should be easier for 9b than for
9a. Indeed, aldol 10a was produced from 9b in a higher yield
than from 9a (entries 5 and 3, respectively, Table 1). On the
other hand, as the stability of B should decrease with the
decreasing electron-donating effects of the R group, the aldol-
transfer reaction of 9 ¢ should give much lower yields than that
of 9a. This trend was confirmed experimentally; the aldol-
transfer reactions of 9¢ (both with butanal and o-phthalic
aldehyde, catalyzed by 4a (5 mol %)) failed.

Although the aldol-transfer reactions utilizing 9a and 9b
(Scheme 1) as starting materials gave aldols in modest yields,
the related reactions of -hydroxy esters (benzaldehyde with
ethyl 3-hydroxy-butanoate or ethyl 3-methyl-3-hydroxybuta-
noate catalyzed by 4a (10 mol %)) and S-hydroxyaldehydes
(benzaldehyde with 2-ethyl-3-ethoxycarbonyl-3-hydroxy bu-
tanal catalyzed by 4a (10 mol %)) failed. Further limitations
of the aldol-transfer reaction were found with ketones as
reactants instead of aldehydes. Because the aldol-transfer
reaction of 9a, b produces a sacrificial ketone (that is R,C=0,
Scheme 1) the ketone that reacts in place of the aldehyde
should have properties that differ from those of the sacrificial
one. However, an aldol-transfer reaction of 9a with aceto-
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phenone catalyzed by 5 (5 mol %) gave the product aldol in
only 6 % yield.

Aldol-transfer reactions of 9a with benzaldehyde catalyzed
by 4a or 5 give yields in the range of 50 +14 % (entries 1-5
and 8, Table 1). Slightly better yields are obtained with
electron-poor benzaldehydes than with benzaldehyde(cf.
entries 4 with 9 and 10). This suggests that electron-donating
substituents on the aldehyde moiety decrease the yield and
electron -withdrawing substituents on the aldehyde moiety
increase the yield. For instance with respect to that obtained
for benzaldehyde the aldol-transfer reaction of 4-methoxy
benzaldehyde with 9a gave aldol 10d in 47 % yield (entry 11)
which is lower than the yields of reactions of related more
electron -poor aldehydes (cf. entries 4, 9, and 10).

The best yields (Table 1) were achieved with a-substituted
alkanals. When compared with the yield of 10a derived from
benzaldehyde, yields of 10e, 10f, and 10g derived from
2-ethylhexanal (compare entries 2 and 12), 2,2-dimethylpro-
panal (cf. entries 1 and 13) and 2-phenylpropanal (cf. entries 4
and 14), respectively, were clearly higher. These results
indicate that the aldol-transfer reaction favors sterically
crowded or electron-poor aldehydes. This conclusion is
supported by results obtained with n-butanal and 2-methyl-
propanal. In the former the case aldol 10h was obtained in
26 % yield and in the latter case 10i in 24 % yield (entries 15
and 17, respectively, Table 1). This is substantially less than the
yield obtained for the aldol 10e from 2-ethylhexanal (73 %,
entry 12). However, when two equivalents of 9a were used
(instead of one equivalent) with n-butanal the yield of 10h
was 47% (entry 16). A comparison of the yields (entries 15
and 16, Table 1) indicates that excess of 9a could enhance the
yield of 10 a (although the catalytic performance of 4a and 5 is
very similar only a rough comparision is possible).

The aldol-transfer reaction is favored by a bulky aldehyde
moiety, this was confirmed by the reaction of 9a with the
sterically undemanding aldehyde 3-phenylpropenal. This
reaction was catalyzed by 5 (5 mol %, entry 18) and gave the
aldol 10j in only 11 % yield. Although the low yield obtained
with n-butanal and 2-methylpropanal (entries 16 and 17) can
be explained by the lower stability of aldehyde complex C
(relative to ketone complex B, Scheme 2) it does not explain
the poor yield of 11 % obtained from 3-phenylpropenal. This
result could be attributable to the higher stabilization of D
(R = CH=CH-Ph; Scheme 2) by conjugation. If D is signifi-
cantly more stable than A the aldol-transfer reaction cannot
be catalytic (that is the regeneration step D — A hardly occurs).

In conclusion, we have shown that it is possible to utilize
simple and cheap aldol adducts of ketones (such as 9a) as
starting materials for the construction of aldol adducts of
aldehydes. Further studies on the synthetic utility, choice of
metals (related [Ti(OiPr),]- (3 equivalents) promoted reac-
tions of rapamycin and one related compound with two
aldehydes have been recently reported ['J) and the mecha-
nism of this aldol-transfer reaction are in progress.

Experimental Section

Typical procedure for the MPV transfer of the CH;-CO-CHj; unit of
diacetone alcohol to aldehydes: A suspension of bi-2-naphthol (23.2 mg,
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80 pmol) in dry CH,Cl, (1 mL) was degassed, and a 2M solution of Me;Al
(80 uL, 0.16 mmol in toluene/heptane, Aldrich) was added at room
temperature under argon and the mixture was then stirred for 60 min.
Immediately after evolution of gas had stopped the solution obtained
(containing 5) was cooled to 0°C, equal amounts of benzaldehyde
(0.16 mL, 1.6 mmol) and diacetone alcohol (0.20 mL, 1.6 mmol) were
added simultaneously to the solution. After evolution of gas ceased the
clear light yellow solution obtained was allowed to warm up to room
temperature. The mixture was stirred for 43 h then poured into a 0.5M HCI
solution (5 mL) and extracted with diethyl ether. The combined extracts
were dried over MgSO,. Evaporation of solvents and purification of the
residual oil by flash chromatography (silica gel, hexane/ethyl acetate, 1/5)
gave 3-oxo-1-phenyl-butan-1-ol (10a, 164 mg, 1.0 mmol) as a colorless oil
(62% yield). '"H NMR (200 MHz, CDCl;, 20°C, CHCI; ref.0 =7.27): 6 =
74-72 (m, 5H, Ph), 5.1 (m /=33 Hz, J'=3.7Hz, J"=8.1 Hz, 1H; CH),
3.3 (d, J=3.3 Hz, 1H; OH), 2.83 (dd, J=8.1 Hz, J'=17.6 Hz, 1H; CH,),
2.79 (dd, J=3.7Hz, /=176 Hz, 1H; CH,), 2.1 (s, 3H; CHs).
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Applications of a Nonlinear Organic Reaction
of Carbamates To Proliferate Aliphatic Amines

Koji Arimitsu, Mana Miyamoto, and
Kunihiro Ichimura*

We recently proposed the concept of acid proliferations in
which acid-sensitive compounds (referred to as acid ampli-
fiers) generate strong acids in a nonlinear manner.'! The
compounds developed so far undergo fragmentations to form
sulfonic acids which are acidic enough to lead to autocatalytic
decomposition. The addition of the acid amplifiers to chemi-
cally amplified photoresists (composed of photoacid gener-
ators and acid-sensitive polymers?l) enhances the photo-
sensitivity and improves resist performance.’l This happens
because the number of photogenerated acid molecules
increases markedly as a result of the acid proliferation of
the doped acid amplifiers. On the other hand, despite the
widespread use of base catalysis in organic chemistry,
analogous chemically amplified resist systems relying on the
photochemical liberation of a basic species!*! has received far
less attention. This may be because of relatively low quantum
yields for photobase photogeneration, which leads to low
photosensitivity. If base molecules could be produced, for
example, by the base-catalyzed transformation of a precursor,
to increase the amount of basic species in a geometric
progression, the rates of subsequent base-catalyzed reactions
should be enhanced considerably, in a manner similar to that
of systems involving acid proliferation. This idea led us to the
molecular design and synthesis of base precursors which can
be termed “base amplifiers”; this name is appropriate because
the compounds generate more base molecules than they react
with. Base proliferation processes can be coupled with
versatile base-catalyzed reactions to develop various types
of nonlinear chemical transformation. We were particularly
interested in combinating a base amplifier with a photobase
generator because a tiny amount of a photogenerated base
may enhance rates of subsequent base-catalyzed reactions
owing to the autocatalytic decomposition of the base ampli-
fier. This process leads to the improvement of photosensitivity
of base-sensitive photopolymer systems. Herein we describe
novel base-sensitive compounds as base amplifiers that
improve the efficiency of the photoinduced insolubilization
of poly(glycidyl methacrylate) (PGMA) as a base-sensitive
polymer.P!

Our efforts have focused on the development of base
amplifiers which should fulfill the following requirements:
first, a base amplifier should undergo a base-catalyzed
decomposition to liberate a base, thus leading to autocatalytic
decomposition; second, a base amplifier should be thermally
stable in the absence of a base under reaction conditions that
advance both the autocatalytic decomposition and the sub-
sequent base-catalyzed reaction; third, the liberated base
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Tokyo Institute of Technology
4259 Nagatsuta, Midori-ku, Yokohama 226-8503 (Japan)
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should be strong enough to catalyze subsequent chemical
reactions and thus cause a nonlinear chemical transformation.
Consequently, we designed 1-(9-fluorenylmethoxycarbonyl)-
cyclohexylamine (1a) and 1-(9-fluorenylmethoxycarbonyl)pi-
peridine (1b) as base amplifiers, taking note that the
9-fluorenylmethoxycarbonyl group is a useful protective
groups for amino groups in peptide synthesis.'l" Although
the carbamate compound 1a was reported(® as a demonstra-
tion of the utility of the 9-fluorenylmethoxycarbonyl group in
peptide synthesis, information on the decomposition kinetics
of 1a with reference to the potential to proliferate amines has
not been described. The carbamate compounds 1a and 1b
were isolated as thermally stable crystals from the reaction of
9-fluorenylmethyl chloroformate with cyclohexylamine and
piperidine, respectively. The base-catalyzed decomposition of
1aand 1b probably represents an E1cB-elimination to release
the corresponding amines, cyclohexylamine and piperidine,
respectively, which are sufficiently basic to lead to the
decomposition of parent molecules (Scheme 1).[]

RI—N-R?
H
Q. O0
|
. O.__N. . CH, + CO, + RI—N-R?
O TR Q 2 H
0

1 a: —NRR?= fH—Q 2
b: -NR'R?=—N )

Scheme 1. Autocatalytic fragmentation of 1.

The thermal behavior of 1a in 1,4-[Dg]dioxane at 100 °C was
monitored by 'H NMR spectroscopy. Figure 1 shows both the
consumption of 1a and the formation of dibenzofulvene (2) in

100 100
o o
80+ “ - 80
oO—
60 + + 60
X/ % Y/ %
40+ - 40
204 - 20
04 -0

0 200 400 600 800 1000 1200

t/min ———

Figure 1. The consumption (X) of 1a (70 mmoldm—3)(0) and the forma-
tion (Y) of dibenzofulvene (2) (o) as a function of heating time () in the
presence of cyclohexylamine (11 mmoldm™3), as well as the conversion of
1a in the absence of cyclohexylamine (o) in 1,4-[Dg]dioxane at 100°C.
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the presence and absence of a catalytic amount of cyclohexyl-
amine. The carbamate 1a disappeared immediately, with a
sigmoidal time conversion curve, in the presence of cyclo-
hexylamine to form 2. This reaction is quantitative (complete
decomposition of 1a) which indicates that the fragmentation
of 1a is autocatalytic leading to the proliferation of amines
(Scheme 1). On the other hand, the carbamate la was
thermally stable in the absence of cyclohexylamine under
the conditions that advance the autocatalytic decomposition
reaction. The carbamate 1b also showed the autocatalytic
behavior in 1,4-[Dg]dioxane at 100°C in a similar manner to
1a except that the decomposition rate of 1b is faster than that
of 1a. The difference in decomposition rates results from the
basicity of the amines proliferated from the base amplifiers,
1a and 1b; the pK, values of the conjugated acids of
cyclohexylamine and piperidine are 10.64) and 11.22,0"]
respectively.

PGMA becomes insoluble in the presence of a photobase
generator upon UV irradiation and after post-exposure
baking, owing to the crosslinking reaction of epoxy groups
with a photogenerated amine, which functions as a negative-
tone photoresist.[’] Therefore, to examine the enhancement
effect of 1a and 1b on the photoinsolubilization of the

hh

o~ © o
PGMA
Qe 0o 1)
hil m
NO, o o NO,
3

OIS
O O\H/N\/\/\/\N O/é)
o H
4

polymer, a thin film of PGMA, doped with either the
carbamate compound 1a or 1b, and 1,3-bis[ (2-nitrobenzyl)-
oxycarbonyl-4-piperidyl]propane (3)[*! as a photobase gen-
erator was exposed to UV light, followed by heating.
However, no enhancement of the photoinsolubilization was
observed in the presence of 1a or 1b, probably because of the
volatility of cyclohexylamine and piperidine generated from
the base amplifiers during the post-exposure baking. These
facts led us to generate 1,6-diaminohexane (5) that has a
higher molecular weight which should reduce its volatility;
compound 5 was generated from bis[(9-fluorenylmethoxy)-
carbonyl]hexane-1,6-diamine (4). In addition, the liberated 5§
was expected to be an efficient crosslinker of epoxy polymers
because of the double reactivity of each terminal primary
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amino group towards epoxy residues. A spin-cast film of
PGMA doped with 3 and 4 was exposed to UV light, then
heated at 110°C for 15 min. This was followed by solvent
development to obtain photosensitivity curves. As shown in
Figure 2 the exposure time required for the insolubilization is
considerably reduced in the presence of 4. The sensitivity,

0.1 1 10 100 1000

tls

Figure 2. Photosensitivity curves of PGMA films containing 10 wt % of the
photobase generator 3 in the absence of (o) and in the presence of 2 wt %
(o), 4wt% (0), and 9wt% of 4 (2), respectively. L and ¢ denote
normalized film thickness and irradiation time, respectively.

which is defined here as the irradiation time required for the
reduction of normalized film thickness by half, is much
improved by factors of 4, 20, and 50 by the addition of 2, 4, and
9wt% of 4, respectively. These results indicate that the
photosensitivity enhancement arises from the proliferation
reaction of 4 that generates the diamine S in a nonlinear
manner, which by crosslinking contributes to the insolubiliza-
tion of the polymer. In this way, the marked sensitivity
enhancement of a polymer curing system, sensitized with a
photobase generator, was achieved by the addition of the base
amplifier 4. Base proliferation may lead to marked improve-
ments in other UV curing systems. Finally, it is anticipated
that other types of base-sensitive polymers, irrespective of
whether they are of negative-working or positive-working
photoresists, would display photosensitivity enhancement on
the addition of base amplifiers; thus base amplifiers could be
applicable to microlithographic patterning, though optimiza-
tion is needed.

In conclusion, we propose the concept of base proliferation
reactions to improve performances of photopolymer systems
based on base-catalyzed transformations. The base prolifer-
ation was demonstrated by a base-catalyzed decomposition of
carbamate compounds 1a and 1b in solution, which resulted
in a nonlinear fragmentation to produce aliphatic amine
molecules. The carbamate compound 4, termed a base
amplifier, generated the diamine 5, which improved the
photosensitivity of a negative-working photoresist based on
PGMA sensitized with a photobase generator.
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Experimental Section

1b: Piperidine(1.31 g 15.4 mmol) in diethyl ether (20 mL) was added slowly
to an ice-cooled solution of 9-fluorenylmethyl chloroformate (2.00 g,
7.72 mmol) in diethyl ether (50 mL), and the mixture was stirred under
cooling for 20 min and at room temperatue for 1.5 h. The solution was
washed successively with water, 5% hydrochloric acid solution, and
saturated sodium chloride solution, dried over anhydrous magnesium
sulfate, and evaporated to dryness. The solid residue was recrystallized
from ethanol to give colorless crystals (0.98 g; 41 %), m.p. 102-105°C.
'"H NMR (90 MHz, CDClL): 6=1.55 (brs, 6H; CH,), 3.3-3.6 (m, 4H;
CH,), 41-4.5 (m, 3H; CH, CH,), 7.1-7.7 (m, 8H; Ar-H); IR (KBr): #=
2936, 1686, 1437, 1259, 1232, 1151, 1106, 762, 739 cm~!; elemental analysis
caled for C,0H,NO, (% ): C 78.14, H 6.89, N 4.56; found: C 77.90, H 6.72, N
441.

4: A solution of 9-fluorenylmethanol (7.84 g, 40.0 mmol) in dry benzene
(60 mL) containing a catalytic amount of di-n-butyltin dilaurate (0.1 g) was
brought to reflux and treated dropwise with a solution of hexamethylene
diisocyanate (3.36 g, 20.0 mmol) in dry benzene (20 mL) under nitrogen.
Once the addition was complete, the solution was heated at reflux for 2 h
and then cooled to room temperature. The resulting solid precipitate was
filtered off and dried in vacuo to give the crude product as a creamy solid.
The product was recrystallized from cyclohexanone and washed with
acetone to give colorless crystals (10.0 g; 89.3%), m.p. 175°C (decomp).
'H NMR (90 MHz, CDCl;): 6=1.0-1.7 (m, 8H; CH,), 2.9-3.4 (m, 4H;
CH,NH), 40-4.9 (m, 8H; CH, CH,, NH), 7.1-79 (m, 16H; Ar-H); IR
(KBr): 7=3336, 2943, 1685, 1529, 1450, 1259, 1139, 1004, 758, 737 cm™;
elemental analysis calcd for C;sH34N,0, (%): C 77.12, H 6.47,N 5.00; found:
C 7720, H 6.44, N 4.94.

Base proliferation in solution: The carbamate 1a (70 mmoldm=3), cyclo-
hexylamine (11 mmoldm~2), and mesitylene as an internal standard were
dissolved in 1,4-[Dg]dioxane containing a small amount of tetramethylsi-
lane. The solution was placed in a sealed NMR tube and heated at 100°C in
an oven. The base-catalyzed decomposition of the carbamate compound
was monitored by intermittent NMR measurements. The consumption of
the carbamate compound was followed by monitoring the decrease of
proton signals of the methine and methylene groups, while the formation of
dibenzofulvene 2 was followed by monitoring the proton signal of the vinyl
group; mesitylene was used as an internal standard.

Sensitivity determination: Photoresist solutions were prepared by dissolv-
ing PGMA (0.08 g/1 mL), the photobase generator 3 (10 wt % relative to
the polymer), and the base amplifier 4 (2, 4, or 9 wt% relative to the
polymer) in 1,1,1,3,3,3-hexafluoro-2-propanol. The solutions were spin-
coated on silicon wafers and heated at 110°C for 60 s to give thin films of
1.1 um thickness. The thin films were exposed to UV light by using a Hg-Xe
lamp without a glass filter, then heated at 110°C on a hot stage for 15 min.
The films were developed with 2-methoxyethyl acetate and the rinse with
ethanol. The thickness of residual films was measured to evaluate
photosensitivity.
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Probing the Conformation of Flexible Catalysts
in Solution**

Jaume Balsells, Juan M. Betancort, and
Patrick J. Walsh*

Understanding the origins of enantioselectivity in catalytic
asymmetric reactions is of special interest because of the
magnitude of the impact of enantioselective synthesis on the
pharmaceutical industry.l'! However, before delineating the
subtle interactions between catalyst and substrate that are
responsible for the degree of enantiofacial differentiation,
more fundamental questions concerning the operation of the
catalyst must be addressed.’) Knowledge of the parameters
which govern the reactivity of the catalyst including the order
in the catalyst and reagents, the location of the catalytically
active binding site, and the shape of the chiral pocket are
essential to relate enantioselectivity data to catalyst—sub-
strate interactions. In catalysts with rigid, well-defined
structures possessing limited conformational freedom, such
studies are less complicated. However, in many highly
enantioselective processes, the chiral environment of the
catalyst is dynamic and the enantioselectivities are dependent
on the complex interplay of conformational mobility and
catalyst—substrate interactions.’)’ Herein we examine one
such system, the asymmetric addition of alkyl groups to
aldehydes with bis(sulfonamide) ligands [Eq. (1) ]. We present
evidence that indicates that the bis(sulfonamido) ligand
adopts a C,-symmetric conformation in the active form of
the catalyst.

The asymmetric addition reaction [Eq. (1)] was developed
by Ohno, Kobayashi, and co-workers.> 4 Its broad utility and
excellent enantioselectivities with a wide range of aldehydes
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ONHSOZAr
“NHSO,Ar" OH
— = (1)

toluene, -45°C  Ph
2 mol % ligand

j’\ + ZnEt, + Ti(O/Pr),
Ph
(1.2 equiv) (1.2 equiv)
1, Ar = Ar' = 4-CgHs-Me
2, Ar = Ar' = 2,4,6-CgHao-Meg
3, Ar= 4-C5H4-Me, Ar' = 2,4,6-CGH2-Me3
4, Ar = Ar' = 4-CgH4-OMe

90-95 %

and organozinc reagents were demonstrated by Knochel and
co-workers.>1% The mechanism of this efficient process was
proposed to involve the in situ formation of bis(sulfonami-
do)titanium complexes.* + 11 2 We subsequently reported the
synthesis and structures of these species and determined that
they perform analogously to the catalyst generated in situ
[Eq. (1)].['? In the solid-state structures of bis(sulfonamido)-
titanium complexes complexes (Figure 1), we found that one
oxygen atom from each sulfonyl group was coordinated to the
titanium center. Coordination of the sulfonyl oxygen atoms to
the titanium center could serve to define a more rigid

A B Cc
S A O O
/T e Y
Ar - Ar S Ar < Mes

Figure 1. Drawing of the titanium complexes with ligands 1-4 (left); the
molecular structure with ligand 2 (right) and representations of the
titanium complexes with ligands 1-4 in the C,-symmetric anti conforma-
tion (A) and the syn conformation (B); the pseudo C,-symmetric
conformaton with ligand 3 (C).

asymmetric environment and may be important in the trans-
fer of asymmetry in the transition state of the asymmetric
addition reaction. To explore this possibility, it is necessary to
determine the conformation of the bis(sulfonamido) ligand in
the active catalyst. Two independent approaches based on
structure —enantioselectivity studies were devised to accom-
plish this goal.

Two limiting conformations of the bis(sulfonamido) ligand
bound to titanium can be envisioned. The first is the C,-
symmetric conformation seen in the crystal structures, where
the aryl groups are positioned anti to each other (Figure 1, A).
In the second limiting conformation, the aryl groups are syn to
each other (Figure1,B, to simplify the discussion, the
conformations are abbreviated with line structures). The C,-
symmetric conformation (A) has two equivalent binding sites
on the titanium center, which are represented by the ovals in
Figure 1. In the catalyst formed from ditolyl ligand 1 [Eq. (1)],
we would expect these binding sites to be more accessible
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than those of the dimesityl ligand 2 since the mesityl groups
are larger. In the syn conformation of the ligand (Figure 1, B),
the two binding sites are inequivalent with the binding site
opposite the aryl rings being more available.

We have examined the enantioselectivity and reactivity of
catalysts derived from ligands 1 and 2 [Eq. (1)]. The ditolyl
ligand 1 has a high turnover frequency (TOF) and exhibits
excellent enantioselectivity. By using the conditions outlined
[Eq. (1)], the reaction with 1 was complete in 15 min and
produced the alcohol in 97 % enantiomeric excess (ee). Under
identical conditions, the reaction catalyzed with the dimesityl
ligand 2 was 84% complete after 8 h and generated the
alcohol in 3% ee. The disparity in enantioselectivity and
efficiency between these two similar ligands is remarkable.

In an effort to differentiate between conformations A and
B, we prepared an unsymmetrical ligand which contains tolyl
and mesityl groups [3, Eq. (1)]. If the ligand adopts a pseudo
C,-symmetric conformation (Figure 1C) the two binding sites
on this complex will be inequivalent and operate independ-
ently. Therefore, in the tolyl — mesityl ligand 3, the binding site
next to the tolyl group is expected to behave like the ditolyl
ligand. Likewise, it is anticipated that the binding site near the
mesityl group would react like the dimesityl catalyst 2. Thus,
the reaction at the site near the mesityl group should give low
enantioselectivity and be slow, while the reaction at the site
proximal to the tolyl group should give high enantioselectivity
and be fast. If the catalyst adopts a pseudo C,-symmetric
conformation (C) the reactivity of the tolyl —mesityl ligand is
expected to be dominated by the site near the tolyl group and
the enantioselectivity should be similar to ditolyl ligand 1. If
the conformation of the bound ligand is syn (B) in the active
catalyst, it is anticipated that the enantioselectivity of the
catalyst derived from 3 would lie between the ditolyl and
dimesityl ligands. In the asymmetric addition reaction
[Eq. (1)] the tolyl —mesityl ligand 3 gave 1-phenyl-1-propanol
in 91 % ee. The high enantioselectivity of the catalyst formed
from 3 suggests that the catalysts derived from 1 and 3 are
similar. It is also likely that the two binding sites operate
independently and the aromatic groups are oriented in a C,-
symmetric fashion in the transition state.

The second set of experiments involved the synthesis and
evaluation of conformationally constrained cyclic bis(sulfon-
amide) ligands (Scheme 1). By linking the aryl groups
together with a short tether, the conformation of the bound

(o))

NH, C|—SOO ‘\
“NH (CH2)n
2 m—sOo-)

Oz

5-16%\\ H gz_@_o
N~ I
1) Grubbs C :”N (Grtahn
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O,
5 n=6 8, n=12
o Orovs 338 8r

9 n=18
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Scheme 1.
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ligand is restricted to B (see Figure 1). If the ligand in the
nontethered catalyst were to assume conformation B in the
transition state, ligands with short tethers would show similar
reactivity and enantioselectivity profiles to ligands with longer
chains and to open-chain ligands. If the C,-symmetric
conformation is preferred by the nontethered ligands, ligands
with short tethers would exhibit markedly different behavior
to those with longer chains.

We have synthesized a series of macrocyclic ligands with
carbon-based tethers consisting of 6, 9, 10, 12, 18, and 22
methylene units by two synthetic approaches (Scheme 1). The
preparation of the ligands 5 (n =6), 6 (n=9),7 (n=10), and 8
(n=12) was accomplished by high-dilution techniques. The
longer chain analogues 9 (n=18) and 10 (n=22) were
prepared by ring-closing metathesis with the Grubbs cata-
lyst,['3 which proved to be superior (22-35% vyield) to the
high-dilution approach.

The reactivity and enantioselectivity of the tethered ligands
was compared to the non-tethered ligands (Table 1). The use
of the 4-methoxybenzene derivative 4 [Eq. (1)] gave fast
reactions and high enantioselectivity (98 % ee), which indi-
cates that electronic effects caused by electron-donating OR
groups are small.

Table 1. Enantioselectivities and percent conversions with ligands 1 and
4-10 (2 mol %) with the R,R configuration in Equation (1)..

Ligand 1 4 5 6 7 8 9 10
n=6 n=9 n=10 n=12 n=18 n=22

conv.[%]r=1h 100 100 21.6 321 398 613 737 974

conv. [%]t=3h 573 666 708 800 100 100
ee 97 98 —10 25 19 38 76 89
(config) ® & ® © © & ©®  ©

The results of the asymmetric addition clearly indicate that
when the tether is short, the resultant catalysts exhibit low
enantioselectivity and significantly lower TOFs than their
nontethered counterparts (Table 1). In the most extreme case,
where the catalyst is strictly constrained to the syn conforma-
tion (5, n = 6), the sense of enantioselectivity was reversed and
the R enantiomer of the alcohol narrowly predominated. As
the length of the tether is extended, the catalyst reactivity
approaches that of the acyclic ligands in both enantioselec-
tivity and TOF. A slightly anomalous, but reproducible
behavior in the enantioselectivities of 6 and 7 was noted.

The data in Table 1, together with the enantioselectivity of
the unsymmetrical ligand 3, suggest that bis(sulfonamido)
ligands that are highly enantioselective are bound to the
catalyst in a C,-symmetric conformation in the transition state
of the asymmetric addition reaction. It is then likely that the
ligand is maintained in this conformation by the coordination
of one of the diastereotopic oxygen atoms of each sulfonyl
group to the titanium center. The resulting seven-coordinate
titanium is bonded to the bis(sulfonamido) ligand, two
alkoxide groups, and the substrate aldehyde. Although
titanium species with coordination numbers above six are
less common, we have recently isolated and characterized
four eight-coordinate complexes of titanium bearing bis(sul-
fonamido) ligands.'l Tt is also conceivable that the catalyst
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derived from ligand 2, with its bulky mesityl groups, cannot
achieve a C,-symmetric conformation in the enantioselectiv-
ity-determining step. Thus, a possible explanation for the low
enantioselectivity of 2 might be that it adopts a syn
conformation (Figure 1B).

The use of asymmetric Lewis acid catalysts bearing
sulfonamido-based ligands is becoming more prevalent. In
several of these systems, it is likely that the coordination of the
sulfonyl oxygen atoms to the metal center plays an important
role in defining the chiral environment of the catalyst,['>'"] as
it does with the titanium bis(sulfonamide) system. The
experiments outlined here will be useful in understanding
transfer of asymmetry in these, and other, systems (full
experimental details can be found in the Supporting Informa-
tion).
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A Three-Step Synthesis of Halomon

Takayuki Sotokawa, Takeshi Noda, Sun Pi, and
Masahiro Hirama*

Halomon (1), which was isolated from the red algae
Portieria hornemanniil! is a member of a novel class of
antitumor agents with selective cytotoxicity against various
tumor cell lines (see Scheme 1).? Detailed studies on the
biological activity of 1 have been hampered due to its limited
accessibility. Halomon (1) is a small molecule that can be
easily synthesized; however, the presence of five halogen
atoms on the acyclic carbon chain has created a number of
difficulties for regio- and stereocontrolled synthesis.> 4 We
report herein a very short and straightforward synthesis of 1.

A close inspection of the structural features of 1 indicates a
Markovnikov-type arrangement of Cl- and Br' on the
myrcene skeleton.[! We expected that 1 could be synthesized
by three successive Markovnikov-type bromochlorinations of
myrcene (3) followed by elimination of hydrogen bromide
from the intermediate 2 (Scheme 1). Tetraalkylammonium
dichlorobromate (R,NBrCl,) should be the reagent of choice
for this halogenation.’! Myrcene (3) was first treated with
excess BuyNBrCl, to obtain 2, but this resulted in formation of
a complex mixture. A stepwise bromochlorination reaction
was then investigated. When 3 was treated with one equiv-
alent of Bu,NBrCl, in CH,Cl, at 0°C, the trisubstituted double
bond of 3 instead of the conjugate diene was bromochlori-
nated to yield 4 (Table1) in an excellent example of
Markovnikov selectivity (>43:1) (Scheme 2).1> 7 This exclu-
sive formation of 4 is remarkable because 2-methyl-2-butene
was reported to give a 2.4:1 mixture of regioisomers under
similar reaction conditions.”" It is likely that in the present
case the attack of chloride ion on the less substituted C6
center of a bromonium-like intermediate could be hindered
by the long and branched alkenyl substituent at C6. There-
fore, the electronically favored attack of chloride ion on the
more substituted C7 would become overwhelming. The
regioselectivity of reactions of alkenes with Bu,NBrCl, was
found to be sensitive to the steric effect of the alkyl
substituents.’*! The high selectivity for 3 was not affected by
temperature (—78°C or 0°C) nor by alkyl substituents on

Br Br : Br
cl Cl,| 1 —HBr 3ren © N B
6 "'3 ) B — \>\ ) g
r
Br Cl Clg, G4 N 7

Brt CI” ¢

myrcene 3

Scheme 1. Retrosynthetic scheme for the synthesis of halomon (1) from myrcene (3).
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Table 1. 500 MHz 'H NMR data of intermediates (4-6, and 8) in CDCl,.[

COMMUNICATIONS

Carbon 4 5ibl anti-6 syn-6 8¢l
1 529 (brd,J=17.3 Hz, 1H) 371 (dd, J=10.0, 6.0 Hz, 1H) 535 (d,J=105Hz 1H) 536 (d,J=11.0Hz 1H) 526 (brs, 1H)
5.08-5.12 (m, 1 H) 4.61 (dd, J=10.0, 6.0 Hz, 1H) 5.49 (d,J=173Hz, 1H) 5.49 (d,J=165Hz, 1H) 545 (brs, 1H)
2 6.38 (dd, J=17.3,105Hz, 1H)  3.66 (t,/=6.0 Hz, 1H) 5.98 (dd, /=173, 5.98 (dd, 7 =175,
10.5 Hz, 1H) 11.0 Hz, 1H)
4,5 1.89-1.98 (m, 1H) 1.94-2.25 (m, 1H) 1.86-2.10 (m, 2 H) 1.86-2.10 (m, 2H) 1.90-2.02 (m, 1H)

233 (qd, J=8.5, 7.5 Hz, 1H)
2.49 (qdd, 7=9.0,7.5, 1.5 Hz, 1 H)
2.67 (ddd, J=13.5,9.3, 4.6 Hz, 1 H)

2.28-2.36 (m, 1H)
2.46-2.54 (m, 1H)
2.56-2.63 (m, 1H)

6 4.07 (dd, T=11.0, 1.5 Hz, 1H) 4.11 (dd, T=11.5, 1.5 Hz, 1H)
8,10  1.67 (s, 3H) 1.70 (s, 3H)

1.78 (s, 3H) 1.81 (s, 3H)
9 5.08-5.12 (m, 2H) 5.19 (brs, 1H)

5.30 (brs, 1H)

2.44-2.56 (m, 2H)

4.05 (dd, J=11.0,
1.0 Hz, 1H)
1.69 (s, 3H)
1.80 (s, 3H)

2.44-2.56 (m, 2 H)

4.01 (dd, J =113,
1.8 Hz, 1 H)
1.69 (s, 3H)
1.80 (s, 3H)

2.34-2.62 (m, 2H)
2.62-2.84 (m, 1H)

4.04 (dd, J=11.0,
1.2 Hz, 1H)
1.66 (s, 3H)
1.78 (s, 3H)

3.68 (d,J=105Hz, 1H) 3.68 (d,J=10.5Hz, 1H) 5.53 (brs, 1H)
372(d,J=105Hz, 1H) 3.72(d,J=10.5Hz 1H) 5.66 (brs, 1H)

[a] Chemical shifts referenced to tetramethylsilane. [b] Signals of anti and syn diastereomers are not separated. [c] Measured by 200 MHz 'H NMR

spectroscopy.

10 9
w Bu4NBrCl; (1.0 equiv) C>‘Y\/u\/
7\6 7 CH,Clp, 0°C, 1 h
3

84%

BuyNBrCl, (2.4 equiv)

\ CH,Cl,, RT, 15 min

BuyNBrCl; (1.1 equiv)
CH,Cl, RT, 10 min

produced (Scheme 2). Both 5 and 6 are 1:1
diastereomeric mixtures based on NMR spec-
tral data (Table 1). The NMR spectrum of the
anti diastereomer in 6 was identical with that
of the natural product.l- I We then attempted
a bis-bromochlorination of 3 using 2.4 equiv-

C| Cla,]
~ Cl (or Br)

Br CI

anti- and syn-5 27%

(1:1 mixture) (1:1 mixture)

BuyNBrCl; (2.5 equiv)
CHyClp, RT, 4 h
50%
DBU (1.0 equiv) °
DMF, RT, 40 min 2
86%

tBuOK, NaOMe

anti- and syn-6  44% 7 8%

| alents of Bu,NBrCl, at room temperature.
The mixture of 5 (21 %), 6 (42%), and 7 (9 %)
was obtained in a one-pot reaction from 3.
The terminal vinyl compound 6 was bromo-
chlorinated regioselectively with Bu,NBrCl,
in CH,Cl, at room temperature to yield 2 in
50% yield (Scheme 2).! The planned regio-
selective elimination of hydrogen bromide
from 2, however, was not successful under any
conditions investigated.
We next focused our attention on the exo-

Br (or Cl)

or DBU
methylene compound 5, which was expected
Br to undergo the dehydrobromination more
Cw BUNBIC, (5.3 equiv) 1+ CW v g readily at the C1-C2 position because of the
1 5 CHoClp, -85 °C, 5d B a presence of an allylic hydrogen atom at C2.
' 8 255 9 % 20% Treatment of 5 with 1,8-diazabicyclo[5.4.0]un-

(42% based on
recovery of 8)

Br (ol
Cl
x
Br Cl
10

Scheme 2. Synthesis of halomon ((+)-1) and its congener 9 from myrcene (3).

ammonium salt reagents such as Me,/NBrCl, and (oc-
tyl),NBrCl,.

Bromochlorination of the conjugate diene 4 using 1.1 equiv-
alents of Bu,NBrCl, proceeded smoothly at room temper-
ature and yielded the 1,2-adducts § and 6 in 27 and 44 %
yields, respectively, which were separable by HPLC.!l In
addition, a small amount (8%) of the 1,4-adduct 78 was
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(13% based on
recovery of 8)

r Cly with

Cl (or Br)
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dec-7-ene (DBU) at room temperature yield-
ed 8 (Table 1) in good yield, while elimination
BuOK  produced a  mixture
(Scheme 2).1'% Since the diene 8 is not stable,
like 2-chloromyrcene,['!] it was subjected to a
final bromochlorination immediately after
flash chromatography. Excess Bu,NBrCl,
was necessary to completely consume 8,
because 8 was less reactive than 4, as expect-
ed. A mixture of 1 and 9 was produced in 20% combined
yield, when two equivalents of Bu,NBrCl, were used at room
temperature for 10 min. However, 1,4-adduct 108! was simul-
taneously formed (24 %), and the total material balance was
low probably because of the instability of 8 under the reaction
conditions. After a considerable number of trials, we estab-
lished optimal conditions to suppress the formation of 10. The
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reaction with 5.3 equivalents of Bu,NBrCl, at —55°C under
an argon atmosphere gave halomon (1: 25%; 42 % based on
recovery of 8) and the diastereomer (9: 8% ) together with
recovered 8 (40%). The racemic halomon ((+)-1) was
separated by reversed-phase HPLC (Cosmosil SPYE;
CH,CN/water 60/40); its 'H and *C NMR spectral® are
identical with those of natural halomon.[' Furthermore, pure
natural enantiomer (+)-1 was isolated by HPLC using
DAICEL CHIRALPAK AD-RH (CH;CN/water 54/46) as
colorless needles (from EtOH): m.p. 56.0-572°C; [a]} =
+42.6 (c=1.0, CH,CL); ref? m.p. 49-50°C; [a]p +206
(c=1.08, CH,Cl,). The structure of synthetic (+)-1 was
unambiguously confirmed by X-ray crystallographic analysis.
Optically pure synthetic (—)-1, which was also isolated,
exhibited [a]y =—40.2 (¢=0.75, CH,Cl,). Therefore, the
reported large value of [a]p for natural halomon!?! appears to
arise from some impurity.

Thus, we have achieved the total synthesis of halomon (1) in
only three steps from myrcene. This synthesis indicates the
possible biosynthesis pathway of 1. Further research direct-
ed towards a stereocontrolled and enantioselective total
synthesis of halomon and its congeners is currently under
way in our laboratory.

Experimental Section

5,6,7: BuyNBrCl, (0.94 g, 2.4 mmol) was added to a solution of 3 (0.17 mL,
1.0 mmol) in CH,Cl, (10mL) and the mixture was stirred at room
temperature for 15 min. The reaction mixture was diluted with diethyl
ether (10 mL), washed with water and brine, dried over Na,SO,, and
concentrated in vacuo. The residue was subjected to chromatography on
silica gel (hexane) to yield an approximate 1:2 mixture of 5 and 6 (0.23 g,
0.63 mmol, 63 %) together with 7 (34 mg, 0.090 mmol, 8% ).

8: DBU (75 pL, 0.50 mmol) was added to a solution of a 0.6:1 mixture of 5
and 6 (0.59 g, 1.6 mmol) in DMF (15 mL), and the mixture was stirred at
room temperature for 1.2h. The reaction mixture was poured into a
vigorously stirred mixture of ice —water (30 mL) and hexane (30 mL). The
aqueous layer was extracted with diethyl ether. The combined organic
layers were washed with water and brine, dried over Na,SO,, and
concentrated in vacuo. Flash column chromatography (SiO,, hexane) of
the products gave 8 (0.11 g, 0.39 mmol, 78 % from 5) and the recovered 6
(0.36 g, 97 % recovery).

1: BuNBrCl, (14 g, 36 mmol) was added to a solution of 8 (1.95¢g,
6.8 mmol) in CH,Cl, (60 mL) under an argon atmosphere at —55°C, and
the solution was allowed to stir at —55°C for five days. 2-Methyl-2-butene
(7.8 mL, 74 mmol) was added to the reaction mixture at —55°C until the
yellow color faded. The reaction mixture was diluted with hexane (60 mL),
washed with water and brine, dried over Na,SO,, and the solvent was
removed in vacuo. The product was purified by flash column chromatog-
raphy (SiO,, hexane) to yield a 3:1 mixture of 1 and 9 (0.93 g, 2.3 mmol,
33%) and the recovered 8 (0.79 g, 2.8 mmol, 40%). Compound 1 was
separated from 9 by HPLC (Cosmosil SPYE; CH;CN/water 60/40); 9
eluted as a shoulder on the front-side of the peak of 1. HPLC of (4)-1 using
DAICEL CHIRALPAK AD-RH (CH;CN/water 54/46) gave the enan-
tiomers; (—)-1 was eluted prior to natural (+)-1.
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Synthesis of a Triazatriangulenium Salt
Bo W. Laursen* and Frederik C. Krebs

Stabilized carbenium ions such as the triarylmethyl, xanth-
yl, and acridinium cations are organic compounds of great
scientific and commercial importance. Many of them are used
as textile and laser dyes, as well as in various fluorescent
probes and cellular stains for biological and diagnostic
purposes.'3 Consequently, their thermodynamic and photo-
physical properties have been extensively studied, and great
effort has been put into clarifying the relationship between
structure and stability* > as well as into synthesizing new
carbenium ions with very high stability.> 7 Aromatic nucleo-
philic substitution (SyAr) with amines on para-methoxy- or
para-chloro-substituted carbenium ions has proven a power-
ful tool in the preparation of a variety of new triaryl
carbenium ions.*'% Until now no substitution of ortho groups
in these ions has been described. Herein we report the
synthesis of a novel and extremely stable trimethyl triaza-

[*] M. Sc. B. W. Laursen
The Macromolecular Chemistry Group
Condensed Matter Physics and Chemistry Department
Risg National Laboratory
4000 Roskilde (Denmark)
Fax: (+45)4677-4791
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2800 Lyngby (Denmark)
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triangulenium salt formed from the known carbenium salt 1
(see Scheme 1) through three consecutive ortho SyAr reac-
tions in a one-pot procedure.

The tetrafluoroborate salt of carbenium ion 1 was obtained
in excellent yield (97 %) from the corresponding carbinol,['!
by treatment with HBF,. This carbenium ion has the
necessary structural features to serve as a precursor to a
variety of novel heterocyclic carbenium ions. Hence, the six
ortho methoxy groups may serve as leaving groups in one, two,
or three double SyAr reactions with primary amines which
would lead to the formation of nitrogen bridges (Scheme 1).

3a,b 4a, b

Scheme 1. SyAr reaction of 1-BF, with excess of primary amines; a: R=
methyl, X~ =PF;~; b: R=n-propyl, X~ = BF,".

At the same time the steric bulk of the methoxy groups
protects the central carbon atom in cation 1 from nucleophilic
addition, which otherwise would lead to the unreactive leuco
adduct. Thus, we expected 1 to be an ideal starting material
for exploring the ortho SyAr reactions of triaryl carbenium
ions. We found that the ortho methoxy groups in carbenium
ion 1 do undergo substitution upon treatment with primary
amines, as outlined in Scheme 1.

The reaction proceeds in a stepwise manner, thus we could
isolate the partially substituted compounds 2a-PF, and 3b-
BF, (in good yields) when the reaction was performed
overnight at room temperature and at 100°C for 45 min,
respectively. The hexafluorophosphate salt of the 4,8,12-
trimethyl-4,8,12-triazatriangulenium ion 4a was obtained in
59 % yield after heating a solution 1 with excess methylamine
to reflux in N-methylpyrrolidine (NMP) for 10 h; benzoic acid
was added to raise the reflux temperature of the reaction
mixture.

Several attempts were made to collect X-ray diffraction
data on the very thin needlelike orange-red crystals of 4a-PF;
unfortunately the crystals scattered the X-rays very poorly
and no true Bragg peaks were observed. However, on
Weissenberg-oscillation films'?! scattered intensity was ob-
served in bands which correspond to a direct lattice trans-
lation of 3.5 A, and could result from a stacked formation of
4a. Whereas our structural studies of the pure oxygen
analogues (trioxatriangulenium salts, TOTA) showed that
these cations never stack in the solid state, there is one
example of an amino-substituted triangulene that forms

Angew. Chem. Int. Ed. 2000, 39, No. 19
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cationic stacks.’! Thus, it is likely that 4a, because of its
pronounced charge delocalization, has the ability to form
cationic stacks in the crystalline state. We showed that the
disc-shaped cations in TOTA might rotate in the solid state at
elevated temperature.'’! In 4a the methyl substituents make
the structure more disclike than for TOTA (see Figure 1), thus
molecular rotation (dynamic or static) in the solid state may
explain the disorder in the crystals of 4a.

Figure 1. Space-filling models of the cations 4a (top) and TOTA (below).
The models were generated by AMI calculations, the structure of the
TOTA cation is in good agreement with the X-ray structure.

As a measure of the thermodynamic stability of the
triazatriangulenium system, the pKg- value of compound 4a
was determined by use of the C_ acidity function;'*l measure-
ments were made by UV/Vis spectroscopy in a DMSO/water/
tetramethylammonium hydroxide solvent system. Although
the titration displayed nonideal behavior, the pKg. value was
estimated at 23.7(40.2).[1 This result indicates that the
introduction of three nitrogen bridges into the triangulenium
skeleton raises the stability by 14 orders of magnitude relative
to the known oxygen analogue TOTA (pKg.=9.1),'Yl and
underlines the unique stabilizing power of nitrogen bridges in
heterocyclic carbenium salts. The extremely high stability of
4a places this triazatriangulenium cation among the most
stable carbenium ions.[”)

Significant changes in the electronic absorption spectra of
the cationic chromophores follows each substitution. The
absorption spectra of the three new nitrogen-bridged hetero-
cycles 2a, 3b, and 4a are shown in Figure 2. The first ring
closure converts a triaryl methane dye 11! into an acridinium
system 2 (Scheme 1) which has a broad and structured low-
intensity absorption in the visible region of the UV/Vis
spectrum. Formation of the second nitrogen bridge causes a
red shift of this band by almost 100 nm and a threefold
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Figure 2. Absorption spectra of 2a-PF, (black), 3b-BF, (blue), and 4a-PF;
(red) in acetonitrile.

increase in the extinction coefficient. These effects can be
attributed to the enlargement and twisting!'”! of the chromo-
phoric system.['s] The formation of the last nitrogen bridge
gives the triazatriangulenium system 4; the increased sym-
metry and planarity of this system results in a significant blue
shift and narrowing of the low-energy absorption band.

In conclusion, the synthetic strategy based on the SyAr
reaction of 1-BF, with primary amines provides a facile tool
for the construction of new extended heterocyclic carbenium
ions.

Experimental Section

2a-PF: Methylamine (5 mmol) in NMP (1 mL) was added to compound
1-BF, (1.0 g, 2 mmol) dissolved in NMP (20 mL). After 20 h at room
temperature the reaction mixture was poured into an aqueous KPFg
solution (100 mL, 0.2 M), acidified with HPF (60%, 1 g, 4 mmol), the
precipitate was collected by filtration and washed thoroughly with water.
Recrystallization from methanol gave 2a-PF, as dark red needles (0.82 g,
78% ). 'HNMR ([D3]MeCN): 6 =8.23 (dd,J=8.1,9.1 Hz, 2H), 7.96 (d,J =
9.1 Hz, 2H), 747 (t, J=8.4Hz, 1H), 712 (d, J=8.0Hz, 2H), 6.81 (d, /=
8.4 Hz,2H),4.64 (s,3H), 3.58 (s, 6 H), 3.57 (s, 6 H); *'C NMR ([D3]MeCN):
0=160.80, 157.52, 156.17, 142.92, 140.05, 129.83, 120.15, 119.90, 109.98,
106.87, 104.11, 57.17, 56.04, 40.82; MS (MALDI-TOF): m/z: 390 [M*]; UV/
Vis (MeCN), A,.x(nm, (Ige))=525sh (3.56), 497 (3.65), 395 (3.75), 358
(3.37), 340 (3.06), 285 (4.86); elemental analysis calcd for C,,H,,NO,PF,
(%): C 53.83, H 4.48, N 2.61; found: C 53.83, H 4.33, N 2.59.

3b-BF,: n-Propylamine (5.0 g, 85 mmol) was added to a solution of
compound 1-BF, (1.75 g, 3.4 mmol) in NMP (30 mL). The reaction mixture
was heated to reflux (100-110°C) for 45 min. The crude product
precipitated on addition of water. Recrystallization from acetonitrile/
ethanol gave 3b-BF, as dark blue crystals (1.31g, 77%). 'H NMR
([Ds]MeCN): 6 =8.20 (t, J=8.6 Hz, 1H), 7.93 (t, /=8.5 Hz, 2H), 7.57 (d,
J=8.6 Hz, 2H), 752 (d, J=8.9 Hz, 2H), 6.95 (d, /=8.0 Hz, 2H), 4.66 (m,
2H), 4.42 (m, 2H), 3.76 (s, 6H), 2.10 (m, 4H), 1.23 (t, J=74 Hz, 6H);
3C NMR ([D;]MeCN): 6 =159.51, 142.39, 141.91, 138.76, 136.82, 136.27,
119.21, 112.79, 107.40, 104.81, 102.81, 55.37, 51.12, 19.34, 10.07; MS
(MALDI-TOF): m/z: 413 [M*]; UV/Vis (MeCN), 4, (nm, (Ige)) =616,
(4.14), 582sh (4.02), 429 (3.74), 350sh (3.44), 334 (3.71), 310 (4.65);
elemental analysis calcd for C,;H,N,0,BF, (%): C 64.82, H 5.80, N 5.60;
found: C 64.83, H 5.77, N 5.55.

4a-PF,: Benzoic acid (6.2 g, 51 mmol) and methylamine (50 mmol) in NMP
(10 mL) were added to a solution of compound 1-BF, (1.0 g, 2.0 mmol) in
NMP (12 mL). The reaction flask was fitted with a dry ice condenser and
heated to reflux under argon for 10 h. Twice during the reaction extra
methylamine (2 x 5 mmol) was added. Workup as for 2-PF, followed by
recrystallization from acetonitrile and pyridine gave 4a-PF; as red needles
(0.56 g, 59%). '"H NMR ([D;]MeCN): 6 =774 (t, J=8.6 Hz, 3H), 6.75

3434 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

(d,J=8.6 Hz, 6H),3.21 (s, 9H); *C NMR ([D5]MeCN): 6 = 139.61, 138.02,
137.27, 108.32, 104.96, 34.67; MS (MALDI-TOF): m/z: 324 [M*]; UV/Vis
(MeCN), Ao (nm, (Ig€)) =519 (4.17), 498sh (4.10), 487sh (4.07), 350 (3.80),
290sh (4.32), 272 (5.05); elemental analysis caled for Cp,H sN;PF, (%): C
56.29, H 3.84, N 8.95; found: C 56.56, H 3.91, N 8.97.
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the steric repulsion between the two methoxy groups it exists in a
twisted helical conformation.

[18] J. Griffiths, Colour and Constitution of Organic Molecules, Academic
Press, London, 1976.
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Octahedral Grignard Reagents Can Be Chiral
at Magnesium**

Marcus Vestergren, Bjorn Gustafsson,
Ojvind Davidsson, and Mikael Hakansson*

The typical Grignard reagent is four-coordinate in the solid
state.l''8) That [CH;MgBr(thf);] is five-coordinatel’l can be
rationalized by the small size of the methyl group.®'% Higher
coordination numbers in RMgX and MgR, reagents normally
require R groups with substituents that can form intra-
molecular coordinate bonds.>3 We were thus surprised to
find that trans-[Mg(thienyl),(thf),] (1) is six-coordinate in the
solid state (Figure 1). The possibility of preparing octahedral

Cé c7
cs
C5
o1
c3 c2

Figure 1. Magnesium is six-coordinate in trans-[Mg(thienyl),(thf),] (1).
Selected bond lengths [A] and angles [°]: Mgl-O1 2.228(4), Mgl-O2
2.178(4), Mg1-C1 2.290(6), S1-C1 1.695(5), S1-C4 1.705(7), C1-C2 1.364(8),
C2-C3 1.469(8), C3-C4 1.329(9); O1-Mgl-C1 89.90(17), O2-Mgl-C1
90.99(17), 02-Mg1-0O1 89.53(14), C1-S1-C4 93.7(3).

Grignard reagents with stereogenic magnesium by using
bidentate neutral ligands now seemed worth investigating.
Since it is advantageous if the ligands can be identical to the
solvent, dimethoxyethane (DME) was the obvious first
ligand/solvent choice, and we prepared and structurally
characterized the octahedral enantiomers A- and A-cis-
[ (thienyl)MgBr(dme),] (2; Figure 2) as well as A4- and A-cis-
[(vinyl)MgBr(dme),] (3; Figure 3). Both complexes were
prepared and crystallized from neat DME.
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41296 Goteborg (Sweden)
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Figure 2. Molecular structure of A-2. Both enantiomers of the cis isomer
are present in crystals of 2. Selected bond lengths [A] and angles [*]: Mgl-
Brl 2.634(2), Mgl1-01 2.218(5), Mg1-02 2.107(5), Mgl1-O3 2.244(5), Mgl-
04 2.132(5), Mgl1-C9 2.171(7), C9-C10 1.376(8), C9-S2 1.728(6), C10-C11
1.419(9), C11-C12 1.334(10), C12-S2 1.734(8); O1-Mg1-Brl 86.80(14), O2-
Mgl-Brl 95.50(14), O3-Mgl-Brl 167.39(15), O4-Mgl-Brl 96.59(14), C9-
Mgl1-Brl 97.52(19), C9-Mg1-01 172.0(2), C9-Mg1-02 98.1(2), C9-Mg1-O3
93.1(2), C9-Mgl-O4 100.7(2), 02-Mgl-O4 156.09(19), 0O2-Mgl-O1
74.68(18), O4-Mgl-O1 85.48(18), O2-Mgl-O3 89.65(18), O4-Mgl-O3
74.71(17), O1-Mg1-03 83.47(18).

Cc12

C3 C4

c2

Cc3 C1

o1 gl )
02
Cc4
Mg1
ci0
Br1

1

Figure 3. The A-enantiomer of 3. The cis geometry is clearly preferred.
Selected bond lengths [A] and angles []: Brl-Mgl 2.6479(16), Mg1-O1
2.221(3), Mgl-02 2.151(3), Mgl-03 2.137(3), Mg1-04 2.271(3), Mgl-C9
2.125(11), C9-C10 1.32(2); O1-Mgl-Brl 163.49(10), O2-Mg1-Brl 93.48(9),
03-Mgl-Brl 95.82(10), O4-Mg1-Brl 86.85(9), C9-Mg1-Brl 103.8(6), C9-
Mgl-O1 89.6(6), C9-Mgl-O2 99.5(6), C9-Mgl-O3 99.8(6), C9-Mgl-O4
168.1(6), O3-Mgl-O2 155.88(13), 03-Mgl-O1 91.25(12), 0O2-Mgl-O1
74.56(11), O3-Mgl-O4 73.52(12), O2-Mgl-O4 84.86(12), O1-Mgl-O4
80.86(12), Mg1-C9-C10 132.0(12).

C5

Octahedral RMgX and MgR, reagents are attractive, since
they can be made configurationally chiral by simple solvation
if the solvent is bidentate, such as DME. They are also likely
to retain their solid-state structure in DME or THF solutions,
since extended X-ray absorption fine structure spectroscopic
(EXAFS) and large-angle X-ray scattering (LAXS) measure-
ments"'-°! have shown that octahedral monomers, at least
when the R group is vinyl, dominate in THF. Indeed, 'H NMR
data show that cis-octahedral 2 seems to retain its solid-state
structure in toluene solution!'! (Figure 4). From +50°C to
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H, Mg -OCH;3
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n n Hp -CH,- HsCO OCHs
He
*
30°C ﬂ N
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l:!,. - H, -OCHj(free)
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-35°C CH
-CH,-
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Figure 4. 'H NMR spectra of 2 in [Dg]toluene at selected temperatures
with extracts between 0 = 7.5 to 8.4 (the chemical shift region for the thienyl
protons) and between 0 = 3.0 to 3.5 (DME protons). The thienyl proton H,
(marked with an asterisk) shows chemical shift and lineshape changes due
to restricted rotation around the Mg1-C9 bond. An additional set of DME
proton signals appear at low temperatures due to freezing of the exchange
between free and coordinated DME.

—50°C, there is only one set of thienyl proton resonances,
which makes it unlikely that the octahedral frans isomer is
present in appreciable concentration. The thienyl proton
closest to the magnesium atom, H,, exhibits a broadening that
can be explained by hindered rotation of the thienyl group
around the Mg—C bond rather than inter- or intramolecular
exchange. At —20°C, the broadening effect vanishes, which
indicates that the thienyl group is locked into the solid-state
position, where S—Br interactions are minimized (Figure 2).
At —35°C, the CH, and CHj; resonances from complexed
DME appear upfield from the free DME signal and indicates
that exchange processes with uncomplexed DME now are
slow on the NMR time scale. Integrated proton intensities at
—35°Cshow that the stoichiometry thienyl:DME is 1:2, which
rules out both the presence of [Mg(thienyl),] complexes (from
the Schlenk equilibrium) and tetrahedral complexes that
would result from loss of one DME ligand.['”! The formation

3436 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

of soluble larger aggregates with this stoichiometry is also
unlikely.

The crystal structure of 1 (Figure 1) exhibits magnesium in
an octahedral geometry with thienyl groups in the trans
positions. Octahedral trans coordination has previously been
reported!'®2Y in the N,N,N',N'-tetramethyl-1,2-ethanediamine
(TMEDA) complexes of bis(phenylethynyl)magnesium and
bis(tert-butylethynyl)magnesium, which led to the assumption
that sp-hybridization is necessary for sixfold coordination.?!
The crystal structures of 2 and 3 (Figures 2 and 3) show that
they are both octahedral cis isomers and, thus, chiral. This
geometry has also been found in cis-[MgCl,(dme),].?!l The
Mg—C distances in 1 (2.29 A) are long, which could indicate a
larger polarization of the Mg—C bond as a result of the
coordination of the four Lewis basic THF ligands. The Mg—C
distances in 2 (2.17 A) and 3 (2.13 A) are normal, despite the
high coordination number, while the Mg—Br distances of 2.65
and 2.64 A are significantly longer than the typical (2.4—
2.5 A) values for four-coordinate RMgBr complexes.l! Judg-
ing from the angles O-Mg-C9 (mean in 2: 97°; in 3: 96°) and
O-Mg-Br (mean in 2: 93°; in 3: 92°), it seems as if the steric
requirements are larger for both the thienyl and the vinyl
group as compared to the bromide. It is noteworthy that the
Br-Mg-C9,;,,, angle in 3 is significantly larger (104°) than the
Br-Mg-C9eny1 angle (98°) in 2. Although there are short
intermolecular C-H-Br’ contacts in both 2 (2.64 A) and 3
(2.74 A), they can hardly be considered as classical hydrogen
bonds.

Crystals of 2 and 3 are racemic. If octahedral Grignard
reagents are to be useful in stereoselective synthesis, the 4-
and /-enantiomers have to be resolved. In some cases,
spontaneous resolution may occur directly at crystallization/??!
but conventional resolution methods can, of course, also be
utilized. We are presently trying to predetermine®! the
chirality by the use of chiral ligands. For [RMgX(LL),]
species, introduction of chirality into one or both of the
bidentate neutral ligands (LL) is the apparent choice but
using chiral anions is also viable.

In conclusion, and contrary to previous belief, six-coordi-
nate Grignard reagents can be easily prepared in high yield by
using appropriate R groups and bidentate neutral ligands.
Such octahedral Grignard reagents have been found to be
configurationally chiral and stereochemically rigid in toluene
solution. Grignard reagents, which are chiral at the magne-
sium atom, should give strong asymmetric induction and if
their chirality can be controlled or predetermined, they have a
promising potential in stereoselective syntheses.

Experimental Section

All operations were carried out under argon using Schlenk, glove box, or
low temperature® techniques.

[Mg(thienyl),(thf),] (1): Magnesium turnings (0.270 g, 11.1 mmol) and
2-bromothiophene (1.00 mL, 10.3 mmol) were stirred for 1 h at 50°C in
THF (10 mL). Dioxane (3.0 mL, 35.4 mmol) was added and the resulting
suspension was centrifuged and the clear brown solution was transferred by
syringe to another Schlenk vessel. The solution was evaporated to dryness
in order to remove residual dioxane, and THF (10 mL) was added. After
12 h at —80°C, colorless crystals of 1, which lose THF rapidly when isolated
at ambient temperature, had formed. Approximate yield: 1.0 g, 20 %. Crystal
structure data for MgS,0,C,Hss (1): crystal size 0.25 x 0.20 x 0.15 mm,
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monoclinic, space group P2,/c (no.14), a=8.508(4), b=13.892(4), c=
10.900(4) A, f=92.70(3)°, V=1286.9(8) A3, Z=2, peyea=1.236 gcm3,
260m.x =50.0°, Mok, radiation, w/20 scan mode, T=-120°C, psi-scan
corrections (abs. range 0.936-0999), « =0.258 mm~. Refinement on F? for
2256 reflections and 142 parameters gave R1=0.057 and wR2 =0.137 for
I>20(I). Residual electron density —0.29 < Ap < 0.36 e A3, Mg, S, O, and
C atoms were refined anisotropically and the H atoms with a riding model.

[ (thienyl)MgBr(dme),] (2): Magnesium turnings (0.360 g, 14.8 mmol) and
2-bromothiophene (1.00 mL, 10.3 mmol) were stirred for 1 h at 50°C in
DME (20 mL). The reaction mixture was allowed to settle (by centrifu-
gation, if necessary) and the clear brown solution was transferred by
syringe to another Schlenk vessel. After a few hours at ambient temper-
ature, large amounts of light brown crystals of 1 had formed. After
recrystallization from DME, the crystals were washed with cold DME (2 x
2mL) and dried briefly under vacuum. When treated in this way, solid 2
does not lose any DME. Yield: 1.80 g, 95%. Solubility: 0.01m in DME at
20°C (2m at 50°C); sparingly in toluene. IR (Nujol, Fluorolube): 7=
3072m, 3046m, 3013m, 2934s, 2883s, 2854s, 2833s, 2804m, 2764m,
2058w, 1964w, 1927w, 1851w, 1808w, 1738w, 1627m, 1462s, 1408m,
1378s, 1299m, 1285m, 1275m, 1249m, 1192m, 1114m, 1081 m, 1029 m,
982m, 942 m, 866 m, 836 m, 820m, 771 m, 712m cm~. Crystal structure data
for MgBrSO,C,H,; (2): crystal size 0.20 x 0.15 x 0.15 mm, monoclinic,
space group P2/c (no.14), a=7.417(4), b=17.528(3), c=13.062(15) A,
B=95.85(3)°, V=1689.3(11) A3, Z=4, poyea= 1445 gecm3, 26,,,, = 50.0°,
Moy, radiation, w/26 scan mode, 7= —120°C, psi-scan corrections (abs.
range 0.971-0995), u =2600 mm~'. Refinement on F? for 2965 reflections
and 264 parameters gave R1=0.040 and wR2=0.068 for I>20(l).
Residual electron density —0.66 < Ap < 0.46 eA3. Mg, Br, S, O, and C
atoms were refined with anisotropic thermal displacement parameters and
the H atoms with isotropic parameters.

[(vinyl)MgBr(dme),] (3): The solvent was evaporated from a commercial
solution of vinylmagnesium bromide in THF (10 mL, 10 mmol). The oily
solids were dried briefly under vacuum and redissolved in DME (10 mL).
From the resulting dark red solution, light brown crystals of 3 formed after
a few hours at ambient temperature. Yield (not optimized): 1.07 g, 34 %. IR
(Nujol, Fluorolube): ¥ = 3072 m, 3046 m, 3013 m, 2934 s, 2883 s, 2854 s, 2833 s,
2804 m, 2764m, 2061 w, 1965w, 1920w, 1620w, 1464s, 1377s, 13655, 1294 m,
1277m, 1243 m, 1212w, 1190m, 1114m, 1098 m, 1052m, 1025m, 867 m,
833m, 771w, 722m cm~'. Crystal structure data for MgBrO,C;,Hy; (3):
crystal size 0.30 x 0.20 x 0.10 mm, monoclinic, space group P2,/n (No. 14),
a=173311(18), b=15353(2), c=12.9726(19) A, B=90.986(17)°, V=
1459.9(5) A3, Z=4, peea=1.417 gem=3, 26,,..=50.0°, Mo, radiation,
/26 scan mode, T=—120°C, psi-scan corrections (abs. range 0.666—
0999), u=2856 mm~'. Refinement on F? for 2564 reflections and 255
parameters gave R1=0.033 and wR2=0.066 for I>20(I). Residual
electron density —0.37 < Ap<0.33 e A=, Mg, Br, O, and C atoms were
refined with anisotropic thermal displacement parameters and the H atoms
with isotropic parameters. The vinyl groups and bromide atoms are all
disordered on double sites, to the effect that the ligands are interchanged.
The site occupancy factor for the atoms shown in Figure 3, refined to 0.904.

All three structures were solved and refined using SHELX-97.% Fig-
ures 1-3 were represented using ORTEP3.l 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-140697, CCDC-140698, and CCDC-
140699. 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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Design and Synthesis of Intramolecular
Resonance-Energy Transfer Probes for Use in
Ratiometric Measurements in Aqueous
Solution

Yasutomo Kawanishi, Kazuya Kikuchi,
Hideo Takakusa, Shin Mizukami, Yasuteru Urano,
Tsunehiko Higuchi, and Tetsuo Nagano*

In recent years, many fluorescent probes have been
developed to study biological phenomena in living cells. By
using fluorescent probes, it is possible to follow a phenom-
enon in real time with high sensitivity. However, the
fluorescence intensity of the probes is influenced by many
factors, such as changes of environment around the probe
(pH, polarity, temperature, and so forth), changes in the probe
concentration, and changes in the excitation intensity. To
reduce the influence of such factors, ratiometric measure-
ments are utilized,['! namely, observation of changes in the
ratio of the fluorescence intensities at two wavelengths. This
technique allows more precise measurement and, with some
probes, quantitative detection is possible. Many probes have
been developed for ratiometric measurements,!] such as the
calcium indicator Fura-2P and the pH indicator SNARF-1.0!
To carry out ratiometric measurements, the probe must
exhibit a large shift in its emission or excitation spectrum
after it reacts (or binds) with the target molecule. Resonance-
energy transfer (RET) is one mechanism used to obtain a
large shift in the spectral peak.

RET is a radiationless transmission of an energy quantum
between two fluorophores in close proximity.*! If the bond
between two linked fluorophores, which have an overlap in
their spectra, is cleaved, we observe the emission of the
acceptor, due to RET, before the cleavage and the emission of
the donor after. This results in a large shift in the emission
peak, which can be used for ratiometric measurements.

Little work has been done on chemically synthesized
intramolecular RET probes except for the probe for detecting
B-lactamase activity™ reported by Tsien and co-workers. This
is because, even if two fluorophores are located in close
proximity, self-quenching occurs due to the close contact of
the two hydrophobic fluorophores in an aqueous solution.[®! If
we could observe the emission of the acceptor in chemically
synthesized RET probes, we would be able to design probes
for ratiometric measurements of many enzymes, by binding
two fluorophores at the ends of a peptide substrate (or
another cleavable linker), which could be cleaved selectively
by the enzyme.

Herein, we present a method to observe the emission of the
acceptor caused by intramolecular RET, applicable for
ratiometric measurements in aqueous solution. This method
is based upon the idea that self-quenching between the two

[¥] Prof. T. Nagano, Y. Kawanishi, Dr. K. Kikuchi, H. Takakusa, S.
Mizukami, Dr. Y. Urano, Dr. T. Higuchi
Graduate School of Pharmaceutical Sciences
The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033 (Japan)
Fax: (+81)3-5841-4855
E-mail: tlong@mol.f.u-tokyo.ac.jp
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fluorophores can be blocked and the emission of the acceptor
can be observed by restricting the flexibility of the linker
between the two fluorophores, so that they can not readily
come into close contact.

To investigate the relation between the flexibility of the
linker and the emission spectrum, we designed and synthe-
sized coumarin phosphodiester-linked fluoresceins (CPFs).
CPFs have two fluorophores, coumarin as a donor and
fluorescein as an acceptor. These two fluorophores are known
to have a large overlap in their spectra and exhibit efficient
emission in an aqueous solution. The phosphodiester moiety
was introduced to enhance the aqueous solubility of the probe
and was placed as a linker between the two fluorophores.
Ethylene was chosen as a linker extension with high flexibility
and cyclohexane as one with low flexibility. Three molecules
with different linkers were synthesized; CPF1 with two
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cl H o o}
N 0-P-0._~
OH H O
o COOH
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HO (0] (e}
O
HO 0._0 HO~),
b N
c § COOH
\H/ \/\OH NN
0 LR
control HO o o

ethylene linkers, CPF2 with two cyclohexane linkers, and
CPF3 with one ethylene and one cyclohexane linker. We used
a mixture of the amide form of coumarin and fluorescein as
the control. CPFs were synthesized as shown in Scheme 1.
The emission spectra of CPFs in an aqueous buffer excited
at 370 nm (the excitation wavelength, A.,0f the coumarin
moiety) are shown in Figure 1a. Efficient RET was observed
with all CPFs, as more than 90% of the emission of the
coumarin donor (4.,=450nm) was quenched. A strong
emission of the fluorescein acceptor (4.,=515nm) was
observed only in CPF2. The fluorescein acceptor of CPF2
emitted 54 % of the photons that excited the donor. CPF1 and
CPF3 had only weak emission and showed self-quenching.
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Scheme 1. Synthesis of CPFs. Compound 1 was synthesized as previously reported.”! Flurophores: R!=coumarin, R?=fluorescein, R*=fluorescein
dipivaloate. Synthesis: a) 1) Tetrazole, CH,Cl,, RT, Ar atmosphere; 2) 3-chloroperoxybenzoic acid (m-CPBA), —40°C. b) 10 % Pd/C, 95 % aq. EtOH, 1 atm
H,. ¢) 1) Coumarin succinimide ester, MeOH, RT; 2) carboxyfluorescein succinimide ester, 100 mm aq. NaHCOj;, RT. d) 1) Tetrazole, CH,Cl,, 30°C, Ar
atmosphere; 2) m-CPBA, —40°C. e) Diisopropylammonium tetrazolide, CH,Cl,, 30°C. f) 1) Tetrazole, CH,Cl,, 0°C, Ar atmosphere; 2) m-CPBA, —40°C.
g) MeOH, 2N aq. NaOH. h) 2% Pd/C, 95% aq. EtOH, 1 atm H,. i) Coumarin succinimide ester, dimethylformamide, triethylamine. All CPFs were purified

by reverse-phase HPLC. Bn =benzyl; Cbz = carbobenzoxy.

a) 12004 intensity of the acceptor depends largely on the extent of self-
1 quenching instead of the efficiency of RET.
1000? CPF2 showed a large shift in its emission spectrum after the
800 bond between the fluorophores was cleaved by treatment with
1 base (Figure 2). This large shift of the emission spectrum indi-
£ 8007 cates that the probe is suitable for ratiometric measurements.
400
: 60—
200 1
i 50
0 ]
400 40
b) 0.8 F 30+
0.7+ 20 _
0.6 ]
10
0.5 ]
0.4+ 0 T T T 1
A 400 450 500 550 600
0837 Alnm
0.2 Figure 2. Emission spectra of CPF2 before and after cleavage in base
0.1 (before cleavage o, after cleavage @). F= fluorescence intensity (in arbitrary
units). CPF2 was cleaved in 0.1N aq. NaOH at 50°C. After cleavage, the
0 T T solution was neutralized with 0.1 N aq. HCI and diluted with 100 mm sodium
300 350 400 450 500 550 phosphate buffer (pH 7.4). The concentration of CPF2 was 0.1 pm.
Alnm

Figure 1. a) Emission (4., =370 nm) and b) absorption spectra of CPFs
(CPF1 o, CPF2 e, CPF3 0, control m; all 1 um). These spectra were
measured in 100 mm sodium phosphate buffer (pH 7.4). F=fluorescence
intensity (in arbitrary units), A = absorbance.

The control mixture showed a strong emission of the
coumarin acceptor, which was not quenched intermolecularly.
The quantum yields of CPFs, when the fluorescein acceptor
was directly excited (4., = 492 nm, conditions as per Figure 1),
were 0.10 for CPF1, 0.83 for CPF2, and 0.27 for CPF3. These
results correlate well with the intensity of the emission of the
fluorescein acceptor in CPFs and indicate that the emission
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The absorption spectra of CPFs in aqueous buffer are
shown in Figure 1b. We observed a large red shift in the
absorption spectra of CPF1 (4,,,, =380 nm, 500 nm), a small
shift for CPF3 (4,,,, =373 nm, 497 nm), and no shift for CPF2
(Amax =372 nm, 494 nm), compared to the control (.=
373 nm, 494 nm). This shift in the absorption spectra was
supposed to be due to the close contact of two fluorophores.
CPF1, which had the weakest emission, had the largest shift
and CPF3, which had a weak emission, had a small shift.
CPF2, which had a strong emission of the acceptor, showed no
shift because the two fluorophores cannot interact with each
other.
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When the emission spectra of the CPFs in methanol (10 %
sodium phosphate buffer) excited at 370 nm were detected,
the emission of the fluorescein acceptor could be observed in
all CPFs. The hydrophobic interaction between the fluoro-
phores would be weaker in methanol than in aqueous solution
and the fluorophores may not come into close contact in
organic solvents. When the absorption spectra of CPFs in
methanol were detected, the red shift of the absorption
spectra observed in aqueous solution was not observed,
indicating that the two fluorophores did not come into close
contact. This result indicates that, in methanol, the hydro-
phobic interaction between the fluorophores is weakened and
the emission of the acceptor caused by RET can be observed.

In conclusion, we have shown that in designing a RET
probe for ratiometric measurements, it is possible to observe
the emission of the acceptor if the structure of the probe is
such as to prevent close contact of the two fluorophores.
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The Catalytic Alkylation of Aromatic Imines by
Wilkinson’s Complex: The Domino Reaction of
Hydroacylation and ortho-Alkylation™**

Chul-Ho Jun,* Jun-Bae Hong, Yeon-Hee Kim, and
Kwan-Yong Chung

Transition metal catalyzed C—H bond activation and the
subsequent coupling of the organic fragment to an olefin is a
promising area in which to find a convenient method for the
construction of a carbon skeleton.! We have studied C—H
bond activation through the hydroacylation of olefins using
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aldehydes, alcohols, and aldimines.> 3 Unexpectedly during
our experiments on transimination-assisted hydroacylation
with aldimines,®! ortho-alkylation was observed. Alkylation of
aromatic ketones at the ortho position in a ruthenium(in-
catalyzed reaction has been reported by Murai and co-
workers, this is an outstanding example of sp?>-CH/olefin
coupling and a decisive breakthrough in efficiency and
selectivity.!. However, while the reaction shows a high
efficiency for vinyl silane or vinyl siloxane, it exhibits
limitations for other olefins, for example low reactivity for
1-alkenes bearing allylic protons, probably because of facile
double bond isomerization, and no reactivity for internal
olefins and a,w-dienes.’! Herein, we report an efficient ortho-
alkylation of aromatic imines with various olefins by using
Wilkinson’s complex ([Rh(PPh;);Cl] (3)) and hydroacylation.
This ortho-alkylation is chelation-assisted and shows general-
ity as well as regioselectivity, and high efficiency.

Treatment of the aldimine 1a [Eq. (1)] with fert-butyl-
ethylene (2a) at 170 °C for 6 h with 3 (2 mol % based upon 1a)

o
n-CH2P &) [Rh(PPhs)sCH] (3),
2 mol%; tC4Hg
H 2-amino-3-picoline (4), 90 %
10 mol% tC4Ho @
la 170°C, 6 h * 5a

. o
b) H*/H,0 o%
tC4Hg 2! ©)l\/\tC4Hg 5%
=/
2a 6a

and 2-amino-3-picoline (4; 10 mol% based upon la) as a
cocatalytic system gave, after hydrolysis, compound 5a in
90 % yield along with a small amount of 6a (5% ). Compound
6a is a hydroacylated product of 1a and is formed by a
transimination reaction, while 5a is both a hydroacylated and
an ortho-alkylated product. Of the various aldimines em-
ployed 1a, prepared from benzylamine and benzaldehyde,
showed the best reactivity for this simultaneous hydroacyla-
tion and ortho-alkylation.P!

Compound 1a did not react with 2a without the cocatalyst 4
[Eq. (2)], whereas, the ketimine 1b (which is the benzyl-
imine of acetophenone) was ortho-alkylated by 2a in the

3

N > no reaction 2
without 4 0 reactio @

presence of 3 alone, to give 7a in 97 % yield [Eq. (3)]. These

results show that the rhodium(i)-catalyzed ortho-alkylation

takes place in ketimines, not in aldimines and that there is no
N/CHZPh a) 2 mol% 3, toluene

ortho-alkylation without hydroacylation.
o]
©)‘\CH3 + g _150°C,2h (:i‘\/cjs )
b) H*/H,0
tC4Hg

1b 7a

Ketimine 1b was very reactive in the ortho-alkylation
reaction with 3; thus, various olefins were tested in reactions
with this ketimine 1b and 3 as catalyst (Table 1). In contrast to
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Table 1. The Rh'-catalyzed ortho-alkylation of various ketimines and
olefins [Eq. (4)].

_CH,Ph
N 2 s a) 2 mol% 3, toluene ?
R 0 [a] 1
NNt 150°C, 2h @ii ()
R2

| ) ,  DHHO
7
Entry  Ketimine Olefin Product Yield [% ]!
R! R?
1 CH, (b) CH, (2a) 7a 97 (100)
2 CH; (1b) CFs (2b) 7b 91 (100)
3 CHy (1b) Cy (2¢) 7e 65 (68)
4 CH;, (1b) n-CH, (24 Te 94 (97)ldl
5 CH, (1b) n-CH, (2e) Te 71 (78)4
6 CH, (1b) n-CgH, (21 7f 82 (92)\¢!
7 CH; (1b) (CHy):Si (2g) 7g 92 (96)
(@]
8 CH, (1b) .~~~ (2h) Qéﬁ 7h 95 (96)
n-C3Hy
9 CHy; (1b) S~ (2i) 7d 42 (47)11
(@]
o o, oawy L oep [ ] o s
11 CH,CH, (1¢) (2g) 7j 93 (100)l¢!
12 nCH, (1d) (2g 7k 73 (80)I0

[a] Reactants: 1 (0.324 mmol), 2 (0.324 mmol), 3 (0.00649 mmol), toluene
(0.1 g) and molecular sieves. [b] GC yields are given in parentheses.
[c] 1.62 mmol of 2d was used. Reaction time was 6 h. [d] 0.972 mmol of 2
was used. Reaction time was 6 h. [e] Included 12% of the di-ortho-
alkylation product. [f] Included 16% of the di-ortho-alkylation product.

Murai’s ruthenium(in)-catalyzed ortho-alkylation,* ! with our
rhodium(i) system various 1-alkenes with or without allylic
protons were used successfully in the ortho-alkylation of
ketimines (Table 1, entries 1-6). Even a,w-dienes (8;
Scheme 1), which did not react in Murai’s system, underwent

1b + /\(CHZ)H/\
8
a)2mol% 3, | p) H*/H,O
150°C, 2 h
(@] (@]
(CH2) > (CH2) ™
_ratio of isomer n=2 87:13 7d:92 %
(internal : terminal) 4 85:15 7e:97 %
6 95:5 71:92 %

Scheme 1. The ortho-alkylation of a,w-dienes and subsequent reduction.

high-yielding ortho-alkylation reactions with our system.
However, the ortho-alkylation only occurred at one end of
the diene, not at both ends.[) Remarkably, the internal olefin
2h reacted (via isomerization to the terminal olefin 1-pen-
tene), with 1b to yield the linear alkylated product 7h in high
yield (Table 1, entry 8). Even sterically hindered dialkyl-
substituted olefin 2j underwent a moderately successful
ortho-alkylation reaction (entry 10).
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With para-substituted ketimines [Eq. (5)] electron-with-
drawing substituents gave much better reactivity than elec-
tron-donating ones; this is in contrast to the ortho-alkylation

O
_CH,Ph
N a) 1 mol% 3, toluene CH
tC4Ho  130°C, 30 min 8
CH3 +_ ——————— R
o =/ b) H*/H,0

tC4Hg

R= CF3(le) 7m: 76 %

H (1b) 7a:56 %

CH30 (1f) n: 42 %

of aromatic ketones, reported by Murai and co-workers, in
which electron-withdrawing substituents retarded the reac-
tion, whereas electron-donating ones accelerated it.[”

Our Rh!-catalyzed ortho-alkylation is believed to occur by
the mechanism shown in Scheme 2; the precoordination of
the imine nitrogen atom to the Rh! center assists in the

ka _CH,Ph ©f _CH,Ph
Rh] Rh—H
@f :

CHzPh

+[Rh]

CHzPh
-[Rh]

Scheme 2. The postulated mechanism for ortho-alkylation. [Rh]=
[Rh(PPh;),;Cl].

e

_CH,Ph CHzPh

AN

|
\/\R & Rh]’

R

activation of an aromatic C—H bond, this in turn leads to the
formation of the metallacycle 9.8 The C—H activation reaction
proceeds by the oxidative addition of the ortho-C—H bond to
the electron-rich [Rh(PPh;);Cl] unit;® olefin coordination
and hydride insertion follow to give 10. Finally, a reductive
elimination produces the ortho-alkylated ketimine 11.

In chelation-assisted hydroacylation,> 3 4 was used as a
chelation-assistance tool; in our Rh!-catalyzed reaction,
benzylamine could also be used as a chelation-assistance tool.
The reaction shown in Equation (6) consists of chelation-

10 mol% 3, 20 mol% 4 Q
R 100 mol% PhCH,NH, R
Ph-CHO + —/
2 170°C, 12 h R
5
(0]
3 3 (6)
| X
4 P PhCH,NH,
6

R = tC4Hg (2a) 5a: 94 %
CeFs (2b) 6b: 24 % 5b: 35 %
Cy (2¢c) 6C: 10 % 5c:88 %
NnC,Hg (2d) 6d: 46 % 5d: 54 %

assisted hydroacylation induced by 4 followed by imine-
assisted ortho-alkylation effected by benzylamine. In this
reaction benzaldehyde reacted with the olefins 2b-d, 3, 4,
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and benzylamine to yield a mixture of the ketones 6 and
5.00.1] In the case of tert-butylethylene (2a), only 5a was
isolated (94 % yield).

In conclusion, we identified a chelation-assisted, Rh'-
catalyzed ortho-alkylation reaction of ketimines with olefins.
This type of ortho-alkylation shows generality as well as
efficiency; the reactions of various olefins (including 1-al-
kenes, a,w-dienes, and even internal olefins) with ketimines
result in high yields of the corresponding ortho-alkylated
products. In addition, successive Rh'-catalyzed hydroacyla-
tion and ortho-alkylation of an aldehyde gave a product that
has been alkylated at two sites.

Experimental Section

Full experimental details can be found in the Supporting Information.

A typical procedure for the preparation of 5a [Eq. (6)]: A screw-capped
pressure vial (1 mL) was charged with freshly purified benzaldehyde
(0.216 mmol), 2-amino-3-picoline (4, 0.0432 mmol), benzylamine
(0.216 mmol), [Rh(PPh;);Cl] (3, 0.0216 mmol), and tert-butylethylene
(2a, 1.08 mmol), the mixture was then stirred in an oil bath at 170°C for
12 h. Purification by column chromatography (SiO,, n-hexane/ethyl
acetate =5/2) gave pure 1-[2-(3,3-dimethyl-butyl)-phenyl]-4,4-dimethyl-
pentan-1-one (5a) (0.203 mmol, 94 % yield).

Received: April 11, 2000 [Z14976]

[1] a) A. D. Ryabov, Chem. Rev. 1990, 90, 403-424;b) A. E. Shilov, G. B.
Shul’pin, Chem. Rev. 1997, 97,2879 -2932; c) G. Dyker, Angew. Chem.
1999, 711, 1808—-1822; Angew. Chem. Int. Ed. 1999, 38, 1698 -1712.

[2] a) C.-H. Jun, H. Lee, J.-B. Hong, J. Org. Chem. 1997, 62, 1200-1201;

b) C.-H. Jun, D.-Y. Lee, J.-B. Hong, Tetrahedron Lett. 1998, 38, 6673 —

6676; c) C.-H. Jun, C.-W. Huh, S.-J. Na, Angew. Chem. 1998, 110, 150—

152; Angew. Chem. Int. Ed. 1998, 37, 145-147; d) C.-H. Jun, H.-S.

Hong, C.-W. Huh, Tetrahedron Lett. 1999, 40, 8897-8900; e) C.-H.

Jun, J.-B. Hong, D.-Y. Lee, Synlett 1999, 1-12.

C.-H. Jun, J.-B. Hong, Org. Lett. 1999, 1, 887 —889.

a) S. Murai, F. Kakiuchi, S. Sekine, Y. Tanaka, A. Kamatani, M.

Sonoda, N. Chatani, Nature 1993, 366, 529-531; b) F. Kakiuchi, Y.

Tanaka, T. Sato, N. Chatani, S. Murai, Chem. Lett. 1995, 679-680;c) F.

Kakiuchi, Y. Yamamoto, N. Chatani, S. Murai, Chem. Lett. 1995, 681 —

682; d) M. Sonoda, F. Kakiuchi, A. Kamatani, N. Chatani, S. Murai,

Chem. Lett. 1996, 109-110; see also e) C. P. Lenges, M. Brookhart, J.

Am. Chem. Soc. 1999, 121, 6616 -6623.

[5] a) F. Kakiuchi, S. Sekine, T. Tanaka, A. Kamatani, M. Sonoda, N.
Chatani, S. Murai, Bull. Chem. Soc. Jpn. 1995, 68, 62-83;b) S. Murai,
N. Chatani, F. Kakiuchi, Pure Appl. Chem. 1997, 69, 589 —594

[6] In ortho-alkylated ketones, because the unreacted double bond from
the a,w-diene isomerized into an internal olefin, we reduced the
double bond to aid isolation and characterization.

[7] M. Sonoda, F. Kakiuchi, N. Chatani, S. Murai, Bull. Chem. Soc. Jpn.
1997, 70, 3117-3128.

[8] a) Y.-G. Lim, Y. H. Kim, J.-B. Kang, J. Chem. Soc. Chem. Commun.
1994, 2267-2268; b) Y.-G. Lim, J.-B. Kang, Y. H. Kim, J. Chem. Soc.
Perkin Trans 1 1996, 2201 -2206.

[9] N. A. Williams, Y. Uchimaru, M. Tanaka, J. Chem. Soc. Chem.
Commun. 1995, 1129 -1130.

[10] Recently, we have developed an efficient catalytic system for
intermolecular transimination-assisted hydroacylation with alde-
hydes: C.-H. Jun, D.-Y. Lee, H. Lee, J.-B. Hong, Angew. Chem.
2000, 712, 3214-3216; Angew. Chem. Int. Ed. 2000, 39, 3070 -3072.

[11] Without benzylamine, only hydroacylation occurred. The ketimine of
2-amino-3-picoline did not show any ortho-alkylation, probably
because of the coordination of the Rh! catalyst to the pyridine moiety.

=S

3442 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

Microreactors for Dynamic, High Throughput
Screening of Fluid/Liquid Molecular
Catalysis™*

Claude de Bellefon*, Nathalie Tanchoux,
Sylvain Caravieilhes, Pierre Grenouillet, and
Volker Hessel

Today, high-throughput synthesis methodologies, such as
combinatorial techniques, are applied to the discovery of
pharmaceuticals, catalysts, and many other new materials.[' 2]
In the near future, huge libraries of ligands, and hence of
homogeneous catalyst precursors, will be accessible. Recent
reports have demonstrated the effectiveness of this approach
for restricted libraries and in the case of catalysis in a single
liquid phase.? High-throughput screening in one liquid phase
should not represent a problem as long as the reactions are
not too fast compared with micromixing rates. The micro-
titration-based apparatus (combinatorial chemistry (CC)
factory)¢! fulfils the requirement of ensuring reproducible
tests on microquantities of samples,”) despite uncertainties
attributed to the agitation process.’! However, numerous
reactions of interest, such as hydrogenation, carbonylation,
and hydroformylation, operate in gas/liquid or gas/liquid/
liquid systems.P! Inadequate control of phase and catalyst
presentation, a result from nonoptimized agitation, may
dramatically affect the estimation of selectivity and reactivity.
Many enantio- and regioselective-catalyzed reactions, suscep-
tible to mass transport effects, are known.* > That may well
be the explanation for the deceptively low enantiomeric
excess (ee <20 %) obtained in the screening of a 63-member
library of rhodium/phosphane catalysts for asymmetric hydro-
genation.?l Thus, a major challenge is to develop special
reactors!!® for rapid catalyst screening, that would ensure
good mass and heat transport in a small volume.[®!

Herein we describe a new concept to achieve high-
throughput screening (HTS) of polyphasic fluid reactions.
Two test reactions, a liquid/liquid isomerization and a gas/
liquid asymmetric hydrogenation, have been chosen to
validate our approach to HTS experiments.

As a liquid/liquid test reaction, the isomerization of allylic
alcohols, a process currently of industrial interest in the field
of geraniol chemistryl’l was targeted [Eq. (1)].
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R‘/\/kR Cat., 40-80 °C R'/\)LR .

water/n-heptane

Biphasic catalytic systems involving organic and aqueous
(catalytic) phases, are well known and used in industry.®!
However, whereas numerous reports describe the monophasic
isomerization of allylic alcohol,’] examples of efficient cata-
lysis in biphasic media are scarce.'”] In order to extend the scope
of this isomerization to a liquid/liquid system, a restricted
library composed of eight catalytic systems was constructed
from four transition metal precursors (Rh, Ru, Pd, Ni),* 1!
and four sulfonated phosphane or diphosphane ligands.

A liquid/liquid HTS test reactor was then designed. Such an
apparatus must be able to mix the two liquids with a low to
very low inventory of catalytic material while still offering
reasonably long residence times.'] The principle used is a
combination of pulse injections of the catalyst and the
substrate, a micromixer with negligible volume, and a tubular
reactor (Figure 1).

Substrates S
" Liquid carrier 1

C‘BA-»L_’
[ [T

Liquid carrier 2

Catalysts

Figure 1. Schematic of the principle used for high-throughput sequential
screening of i catalysts and N substrates. The substrate S is thus treated to
form the product P.

During operation, the two carrier liquid phases, namely 7-
heptane and water, flow continuously through the apparatus.
For a test, both the substrate and the catalyst are injected
simultaneously. The pulses mix perfectly in the micromixer
with a residence time less than 1072s. The liquids thereby
emulsify and behave as a reacting segment, which then travels
along the tubular reactor. Collection at the outlet of the
reactor and analysis affords the conversion and selectivity data.

Application of this principle has been possible by using a
static micromixer'”) mounted in a dynamic microactivity test
(Figure 2). The n-heptane/water emulsion was stable for more
than 10 minutes without noticeable separation.

The catalyst library was then screened (Table 1). Palladium
complexes were inactive when associated with monophos-
phane ligands and displayed a low activity with diphosphane
(entries 7 and 8). The use of nickel resulted in a 1,3-trans-
position of the hydroxy group (entry9). Ruthenium and
rhodium gave comparable conversions. However, the ruthe-
nium catalyst yields some hydrogenated side product due to
hydride transfer from the alcohol (entry 6). Different pre-
cursors of rhodium(l) were active (entries1 and 2) and
comparable conversions were measured with mono- and
diphosphane ligands (entries 1-5). These results led to the
selection of Rh/TPPTS as the best catalyst.

This selected RhCly/TPPTS catalyst showed activity to-
wards a large class of allylic alcohols (Figure 3).

That similar results were obtained in the microreactor and
in a traditional well mixed batch reactor (40 cm®) proves the
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Figure 2. Appartus: a) water reservoir; b) n-heptane reservoir; c) high-
pressure liquid pumps; d) injection valve with a 200 pL loop; e) injection
valve with a 1 mL loop; f) micromixer; g) thermoregulated bath; h) tubular
stainless-steel reactor (0.4 cm i.d., 80 cm long); i) outlet to detectors. The
two scanning electron microscopy (SEM) images show the micromixer, in
which the 2 x 15 interdigitated microchannels (25 pm width) with corru-
gated walls are clear.

Table 1. Screening of catalysts for the isomerization of 1-hexene-3-ol.

Entry Catalystl] Ligand:metal Product Conv.
[%]"
1 RhCL/TPPTS 46:1 \j\/\ 53
2 Rh,SO,/TPPTS 4.1:1 \)O,\/\ 34
3 [Rh(cod)CI],/DPPBTS 1.1:1 \j\/\ 36
4 [Rh(cod)CI]/BDPPTS 1.1:1 \j\/\ 1.5
5 [Rh(cod)CIl,/CBDTS ~ 13:1 \j’\/\ 1
6 RuCly/TPPTS 4:1 \)?\/\ 61
e}
7 PAdCL,/DPPBTS 26:1 A 35
HOONASNAN 9
8 Ni(cod),/TPPTS 4:1

I
Q

[a] All catalysts were prepared separately beforehand and stored under
argon at 4°C.l%I [b] Gas chromatography analysis. TPPTS = tris(m-sulfo-
phenyl)phosphane, cod =cycloocta-1,4-diene, DPPBTS = di(sulfophenyl-
phosphanyl)butane, BDPPTS =sulfonated (2S5,45)-(—)-2,4-bis(diphenyl-
phosphanyl)pentane, CBDTS = sulfonated (S,S)-1,2-bis(diphenylphospha-
nylmethyl)cyclobutane.

validity of the concept. Differences observed between the
substrates are explained by both their different solubilities in
the catalytic layer and by their different intrinsic reactivities.
Thus, substrates 1-4, which are likely to possess similar
reactivities, displayed a decreasing conversions with an
increasing hydrocarbon chain length. The molecular structure
of the substrate is also of importance: For similar solubilities, 1
is more reactive than 5, 2 more than 6, and 3 more than 7 and 8
for the C,, Cs, and C4 compounds, respectively. This pairwise
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Figure 3. Comparison between the results of the screening of substrates 1-10 against one
catalyst in a traditional batch reactor (white columns) and in the micro-dynamic test (gray
columns). The catalyst pulse was 200 uL and [Rh] =4 mwm, other conditions are given in the

Experimental Section.

comparison leads to the known conclusion that secondary
alcohols with terminal olefins are more reactive than other
configurations.” All these results are in good agreement with
those reported for monophasic systems and further validates
the use of the microapparatus for chemical investigations.

The concept has been extended to gas/liquid catalysis with
some modification to the experimental setup. Thus, hydrogen
is introduced at one of the inlet of the micromixer and the
liquid carrier phase is pumped into the other. The liquid,
ethylene glycol/water (60/40 wt%) and sodium dodecyl
sulfate (SDS) surfactant, is thus composed to ensure a stable
foam (no coalescence was noticed for residence times up to
6 min at 60 °C) with small gas bubles (about 200 um average
diameter) with a liquid volume of 20%. A pulse containing
the substrate Z-(a)-acetamidocinamic methyl ester (MAC;
0.05-0.10m) and the Rh/diphos catalyst (diphos ligands are
S,S-CBDTS and S,S-BDPPTS) dissolved in the liquid mixture
is injected. Using this procedure, we have found that the rate
of reaction is proportional to the catalyst concentration and
that the rate decreases with increasing SDS concentration, but
no change in the ee was noticed (see Supporting Information
for details). These results indicate strongly that the micro-
reactor is working under a chemical regime. A further
argument comes from the comparison of the enantioselectiv-
ities obtained in the microreactor and those previously
reported for the catalysts Rh/S,S-CDBTS (ee 6% versus
20% (S)) and Rh/(S,S)-BDPPTS (ee 47 % versus 45% (R))
under similar conditions.!*3!

In terms of catalyst and time consumption per test, the
18 tests for the liquid/liquid isomerization (Table 1 and Fig-
ure 3) were performed twice, to test for reproducibility, using
one to two micromoles of metal and over a total screening
time of one hour. The test for the the gas/liquid asymmetric
hydrogenation showed similar features (down to 0.2 pmol Rh,
3 -5 min per test). Throughput testing frequencies (TTFs) of
more than 500 d~! are thus achievable, albeit with computer
control of the apparatus.

Such TTFs impose a characteristic time of about only 3 min
for necessary online operations, such as injection, collection,
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and analysis. The latter operation is often the
rate-limiting step in combinatorial and related
techniques. With the dynamic sequential meth-
od proposed here, any detectors that were
originally designed for HPLC or GC analysis
may be used, which includes mass detection,
UV, IR, CD, and so forth. Fast chromatography
with microcapillary columns is also possible
(see the Supporting Information).

In summary, we propose a new concept for
high-throughput experiments based on dynam-
ic sequential operations with a combination of
pulse injections and micromachined elements.
Some advantages over traditional parallel
batch operations are reduced sample amounts
(to ug levels), a larger range of operating
conditions (pressure, temperature), and fewer,
simpler electro-mechanical moving parts.

Experimental Section

Liquid/liquid isomerization: Aqueous catalyst solution pulses (200 pL),
which contain about 1-2 pmol (about 100 ug) of metal, and organic
substrate pulses (1 mL), as n-heptane solutions (0.1 mol L"), were used for
each test. Flow rates were 5 (aqueous phase) and 1 mLmin~! (organic
phase), which corresponded to a residence time of 100 s in the stainless-
steel tubular reactor (0.4 x 80 cm) that was maintained at 80°C.

Gas/liquid asymmetric hydrogenation: Aqueous catalyst solution pulses
(200 uL), which contain about 1-4mm of the catalyst, and organic
substrate pulses of MAC (0.05-0.10m) were used for each test. Flow rates
were 1-4mLmin™! (gas phase) and 0.3-1.0 mLmin~" (liquid phase),
which corresponded to a residence time of 3—6 min in the tubular glass
reactor (0.285 x 156 cm), that was maintained at atmospheric pressure and
at 40-60°C.
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Macromolecular-Multisite Catalysts Obtained
by Grafting Diaminoaryl Palladium (1)
Complexes onto a Hyperbranched-
Polytriallylsilane Support**

Christian Schlenk, Arjan W. Kleij, Holger Frey,* and
Gerard van Koten*

At present, dendrimerst! are widely investigated as sup-
ports for catalytically active transition metal fragments.?
Carbosilane dendrimers®! are well-suited for this purpose,
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because they are relatively inert to common organometallic
reagents and their structures can be easily modified. The main
advantage of this type of nanosized, macromolecular catalyst
is their convenient removal from product streams as realized
recently in a continuously operating membrane reactor.[
However, the synthesis of dendrimers, that is monodisperse,
well-defined molecules, involves expensive, labor-intensive
multistep procedures that also limit the amount of available
material. In contrast, hyperbranched polymersP! can be
prepared in a single-step, one-pot procedure, from AB,, type
monomers. This greatly facilitates their synthesis and allows
the production of large quantities of material. However, as a
consequence of the uncontrolled synthesis of such polymers,
materials with high polydispersity are obtained. Furthermore,
the reactive sites introduced by functionalization will be
distributed throughout the molecules.

Recently, we reported carbosilane molecules functionalized
with NCN [C¢H;(CH,NMe,),-2,6]") ligands!®” which could
then be selectively lithiated without any decomposition of the
carbosilane backbone.®! This lithiation enabled the subse-
quent incorporation of transition metals by means of trans-
metalation with suitable Group 8 metal salts.?* % Herein, we
present the synthesis of a hyperbranched carbosilane (HCS),
its functionalization with NCN moieties, and the introduction
of palladium(1i) sites into the structure. Furthermore, we show
that this system can be conveniently converted into an
effective catalyst system that can compete with metalloden-
dritic catalysts.

To obtain hyperbranched HCS supports, neat triallylsi-
lanel”! was polymerized with platinum catalysis by polyaddi-
tion (Scheme 1).1% To keep the isomerization of the double
bonds to a minimum, the reaction temperature was kept low
(40°C). This, however, led to prolonged reaction times (4 d in
the case of 1). The internal to external double-bond ratio
could not be suppressed below 7.6 %. The presence of internal
double bonds was indicated in the '"H NMR spectrum of the
isolated HCS material which showed the presence of extra
multiplets at 6 =6.09 (SiCH=CH-CHj,) and 5.58 (SiCH=CH-
CHj;). The polytriallylsilane (PTAS) 1, was obtained as a
translucent, viscous oil, soluble in solvents such as diethyl
ether and chloroform. The molecular weight (size exclusion
chromatography (SEC), polystyrene (PS) standards was
5500 gmol~! which corresponds to an apparent degree of
polymerization of 36 (that is 72 allyl groups per molecule). As
expected for a bulk polymerization of an AB,, monomer, the
molecular-weight distribution was broad (M,/M,=5.2).l1
This polydispersity is also influenced by an intramolecular
reaction, of the Si—H groups with allyl end groups. This side
reaction consumes Si—H groups without enhancement of the
molecular weight, resulting in the formation of core-type
molecules.

Polymer 1 was hydrosilylated with HSiMe,Cl by platinum
catalysis (Scheme 1) in neat HSiMe,Cl at ambient temper-
ature. After removal of the excess HSiMe,Cl, the function-
alized polymer HCS-SiMe,Cl (2) was dissolved in diethyl
ether. This solution was added to 3,5-bis[(dimethylamino)-
methyl] phenyllithium (Li-NCN)®l at —78°C in diethyl ether
(Scheme 2). Hydrolysis followed by extraction gave the crude
HCS-SiMe,-NC(H)N product. This diaminoaryl-functional-

1433-7851/00/3919-3445 $ 17.50+.50/0 3445



COMMUNICATIONS

diagnostic ~ shifts for the
N(CH;), and CH,N groups of

5~ the NCN ligand were ob-

\ | served.'!l The '"H NMR spec-

\ _—F trum showed signals that indi-
2 SI/V\S'/\/\S'L cated the complete lithiation of
\\ - all the NC(H)N groups in 3 and

\ their quantitative conversion

PTAS, (1)

Me
b ) )
@/\/# @/\/\SiMezcl . @SI v
Me

1,PDi=5.2 2

E

e
4: Y =PdCl — 5: Y = [Pd(OH)]OTf

Scheme 1. Synthesis of the hyperbranched support 1 and its conversion into the (pre)catalytic hyperbranched Pd"
complex 5. Reagents and Conditions: a) [(COD)PtCL,], 40°C, 4 d; b) excess HSiMe,Cl, RT, [Pt(Bu,N),PtCl],
12 h; c) excess Li-NCN, Et,0, —78°C —RT 16 h, tBuLi, pentane, dialysis; d) /BuLi, pentane, RT, 3 h; excess
[PACL(SMe,),], THF, RT, 16 h; ) AgOT{, wet acetone, 16 h, RT, in the dark. PDi = polydispersity index.

NMe, NMe, |OTf
| a) . |
MesSi P‘d—CI Mej3Si P‘d—OHZ
NMe, NMe;
6a 6b

Scheme 2. Synthesis of the model compound 6b. Reagents and conditions:
a) AgOTH, wet acetone, RT, 5 min.

ized HCS polymer was purified by dialysis in diethyl ether
with a benzoylated cellulose nanofiltration membrane with a
cut off mass of 1000 gmol~' to remove the excess NC(H)N
ligand and the lower molecular weight fractions of the
product. The polydispersity index dropped from 5.2 to 1.8 as
monitored by SEC. This result shows that these polymers are
good candidates for catalytic application in continuous
membrane reactions.!! The HCS-SiMe,-NC(H)N material 3,
was obtained as clear yellow, viscous oil (72 %).

Lithiation® of 3 with an excess of ters-butyllithium in
pentane at room temperature followed by transmetalation of
HCS-SiMe,-NCN-Li with an excess of [PdCl,(SMe,),] in
THF gave the Pd" complex HCS-SiMe,-NCN-PdCl (4)
(Scheme 1)."” This reaction sequence illustrates one major
advantage of the carbosilane backbone, that is the inertness to
common organometallic reagents. Dialysis in CH,Cl, with a
membrane equivalent to that used for the purification of 3,
afforded 4 as a light brown solid in 71 % yield. The reaction
was monitored by 'H NMR spectroscopy and signals with the
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3: Y=H,PDi=18

into NCN-PdCI groups. Subse-
quent treatment of 4 with
AgOTf in wet acetone gave
the cationic derivative [HCS-
SiMe,-NCN-Pd(OH,) |OTf (5)
(Scheme 1).

The mononuclear, cationic,
precatalyst compound 6b was
prepared to model the catalytic
activity of diaminoaryl palladi-
um cations bound to a HCS
support; 6b was obtained by
treatment of 6al®! with AgOTf
in wet acetone (Scheme 2 and
Supporting Information). As
the electronic environment of
the metal center in model com-
pound 6b is similar to that of
the catalytic sites distributed
throughout the hyperbranched
support, differences in catalytic
performance of 6b and the
HCS catalysts give an indica-
tion of the influence of the HCS support on the accessibility of
the Pd" sites in these hyperbranched materials.

Polymer 5 was used as a soluble catalyst in the aldol
condensation of benzaldehyde and methyl isocyanoacetate,['*]
to give oxazolines (Scheme 3, Table 1, and Experimental
Section). For comparison, model compound 6b was used as a
catalyst and both systems were compared with the uncata-

NMe,

NMe,

)O]\ Ph CO,Me
a)
Ph” H + CN~ “CO,Me
O\4N
cis or trans

Scheme 3. Catalytic aldol condensation of benzaldehyde and methyl
isocyanoacetate in the presence of 5 or 6b. Reagents and conditions:
a) 1 mol % 5 or 6b, CH,Cl,, EtN(iPr),, mesitylene, RT.

Table 1. Aldol condensation catalysis with 5 and 6b using benzaldehyde
and methyl isocyanoacetate as substrates.

Catalyst mol%  trans/cis®™  Yield [%]®  TOFP  TTN/Pd sitel®
- - n.d.ll <5 - -

6b 0.99 1.88 99 37 100

5 0.791 2.00 >5 191 781

[a] After 24 h obtained by specific signal integration using 'H NMR
spectroscopy and mesitylene as an internal standard (duplo experiment);
TTN =total turnover number. [b] Turnover frequency per Pd center per
hour; during the first hour. [c] Not determined. [d] Corrected values, see
ref. [12].
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lyzed reaction. Table 1 shows that 5 is indeed an active
catalyst for this reaction. Although the initial activity of 5§
expressed in TOF per Pd site per h is somewhat lower than
that of 6b, the total turnover number (TTN)/Pd site for both
6b and 5 are similar.

In summary, we have established a general route to
nanosize, hyperbranched-polycarbosilane compounds that
are functionalized with aryldiamine metal complexes using a
lithiation/transmetalation procedure. The Pd" centers in the
soluble, macromolecular catalyst § function as independent
catalytic sites in a standard aldol condensation reaction and
their activity is similar to that of the single-site Pd catalyst 6b.
To our knowledge, this is the first example of the use of
hyperbranched polymers as soluble macromolecular supports
for homogeneous catalysis. Moreover, the catalyst support
properties of hyperbranched polymers are very similar to
those of analogous dendrimers; thus, structural perfection is
not always required. Purification of the polymers 3 and 4 by
means of dialysis shows that 5 is suitable for continuous
membrane applications.

Experimental Section

Standard protocol for the catalytic aldol condensation reaction: 1 mol % of
Pd catalyst was added to a mixture of benzaldehyde (2.4 mmol), methyl
isocyanoacetate (1.6 mmol), mesitylene (1.6 mmol, internal standard), and
EtN(iPr), (10 mol %) in CH,Cl, (10 mL). Samples were taken from the
reaction mixture at regular time intervals, after careful removal of the
solvent 'H NMR spectra of these samples were recorded.
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Effective Gelation of Water Using a Series of
Bis-urea Dicarboxylic Acids**

Lara A. Estroff and Andrew D. Hamilton*

A wide range of small organic molecules has been found,
either through design or serendipity, to gel a variety of organic
solvents.'! The property of gelation is thought to arise from
the self-assembly of these small molecules into fibers, which,
like polymer gels, become entangled and trap solvent.’l The
formation of fibers requires a stabilizing intermolecular
interaction and represents a balance between the tendency
of the molecules to dissolve or to aggregate in a given solvent.

Organogelators often have hydrogen-bond donors and
acceptors that promote aggregation and subsequent fiber
formation. The attachment of long alkyl chains onto the
hydrogen-bonded core enhances its solubility in organic
solvents but also promotes association among the fibers,
through van der Waals forces, and eventual gel formation.
One effective class of organogelators exploits bis-urea deriv-
atives to form a central, hydrogen-bonded stack to which long
chain alkyl groups are attached. Wel! and others have shown
that bis-ureas such as 1 are able to gel a variety of nonpolar
organic solvents (including supercritical carbon dioxide)B at
concentrations less than 4 wt %. Recent crystal structures of
these derivativest®™ have confirmed the importance of
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bidentate hydrogen-bonding interactions between urea
groups in neighboring molecules and an intertwining of alkyl
groups.

As part of an effort to use these aggregates as porous
reaction vessels we were interested in extending the gelation
properties into hydroxylic solvents, such as water. The design
challenge was to modify the character of 1 to cause an already
proven self-aggregating subunit to function in more polar
solvent systems. Fiber formation by amphiphilic organic
molecules in water is well documented,*! however, these
fibers generally precipitate without forming a gel or display
viscoelastic behavior at concentrations above the critical
micelle concentration.’] There are only a few examples of
nonpolymeric hydrogels formed by the self-assembly of small
molecules.’]

H HI\L H H
CHy(CH,) 0 (cwgh( 7 T O(CH,),CHy

SRS

OH 2-12 HO (6]

o

H H H

H
CH,CHy(OCH,CH,)0 “on N\[( " O(CH,CH0CH,CHy

m

Here we report the rational design of a novel family of 2n=0,m=8 9 n=11,m=6
. . 3 n=3,m=8 10n=11,m=8
hydrogelators (2—15) and the characterization of their 4 n=5m=8 11n=11.m=12
aggregation properties in water. In the design, the self- 5 n=3m=12 12n=14,m=8
assembling bis-urea motif of 1 was retained and free 6 Nn=7,m=38 13m=4
carboxylic acids were added for both solubility in water and 7 n=11,m=4 14m=6
8 n=7,m=12 15m=8

pH control. We also anticipated that the long alkyl chains
would promote aggregation in an aqueous environment. This
series of compounds shows aggregation in aqueous bases that
displays a strong pH and ionic strength dependence. Of
particular interest is the gelation of water by these molecules
at concentrations less than 0.3 wt% (> 17000 molecules of
water per gelator molecule) over a narrow pH range that
varies depending on the total number of carbon atoms (M) in
the spacer and alkyl esters (M =2n+m +2; see Table 1).

To test gelation ability, compounds 2—15 were dissolved in
a series of hot phosphate buffers (0.2M; pH 5.2, 5.9, 6.7, 7.9,
and 10.7) with high ionic strength (/=1 molkg~! from added

NaCl). Upon cooling, one of several types of aggregates (gel,
vesicles, sheets, fibers, or crystallites) was formed depending
on the chemical characteristics of the molecule and the pH of
the solution (Table 1). These aggregates were examined by
both polarizing light microscopy and scanning electron
microscopy (SEM).

Giant vesicles (10-150 um in diameter) were observed at
pH values below the gelation pH by polarizing light micros-
copy (Figure 1a). Often these vesicles were weakly birefrin-
gent and cracked when gentle pressure was applied. Fibers

Table 1. Aggregation of 0.3 wt% (2 mg in 0.75 mL of water) of bis-urea dicarboxylic acids 2—12.12

Ml Water pH 5.2l pH 5.9k pH 6.7t pH 7.9k pH 7.9l pH 10.7t
2 10 C S S N S N N/A
3 16 F \' \ AP AP S N/A
4 20 Sh \% OPG C F S S
5 20 Sh \Y% LG G S S N/A
6 24 1 1 \% G S S N/A
7 28 1 BP \% LG F N/A Sh
8 28 I N/A \% G F F S/Flel
9 30 I 1 \% G OPG S Sh
10 32 I I \% \% LG F
11 36 I N/A N/A \' OPG G C
12 38 I N/A N/A \' G LG F

[a] I: insoluble, AP: precipitate with no definite structure under the microscope, LG: loose gel that forms AP upon mechanical disruption (shaking), BP:
strongly birefringent precipitate, F: fibrous aggregates, weakly birefringent, Sh: sheets, V: giant vesicles (10150 pm), G: clear gel, S: homogeneous solution,
OPG: opaque gel, C: fibrous crystallites, strongly birefringent. [b] M =2n +m + 2. [c] 0.2M phosphate buffer, /=1 molkg~" from NaCl. [d] 0.2m phosphate
buffer, /=0.4 molkg'. [e] 8 gave a turbid solution at pH 10.7 with no visible precipitate, however, small bundles of fibers were observed at 220X
magnification. The solid line outlines the conditions under which gelation is observed.
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Figure 1. Optical micrographs of the precipitate formed by a) 12 in pH 6.7
phosphate buffer, b) 4 in pH 7.9 phosphate buffer and c) 3 in water. Scale
bars: 50 pm.

were the predominant aggregate at higher pH values, as
observed by both light microscopy (Figure 1b, c) and electron
microscopy. These fibers precipitated above the gelation pH
and were birefringent as observed by polarizing light micros-
copy. The SEM images further revealed that the fibers
themselves were composed of tightly intertwined and thinner
fibers (ca. 500 nm in diameter; Figure 2a). Although the gels
appeared amorphous when viewed by polarizing light micro-
scopy, observation by SEM showed them to be composed of
fibers (Figure 2c¢, d). In contrast to the fibrous aggregates of

Figure 2. Scanning electron micrographs of a) the precipitate formed by 3
in water, b) the precipitate formed by 4 in pH 7.9 phosphate buffer, c) the
dried hydrogel formed by 10 in pH 7.9 phosphate buffer, and d) the dried
hydrogel formed by 7 in pH 6.7 phosphate buffer.

Angew. Chem. Int. Ed. 2000, 39, No. 19
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3 and 4, these fibers are entangled and less densely packed,
which is in agreement with their formation of a gel."]

The circular dichroism spectra of 4-12 and the water-
soluble derivatives 13—15 have minima at wavelengths similar
to that observed for the corresponding organogelator 1 in
hexanes (Figure 3). The similarity between the CD spectra of

4000+

20009+ -

0029
24Q,++1 55550
3 o+ +++ * oo--_

"
Tapa et o =

—4000+ °0o°0°

—6000-
Alnm ——»

Figure 3. Circular dichroism spectra of 1 in hexanes (+), 15 in 0.2m (I=
1.0 molkg™") pH 7.9 phosphate buffer (—), and 10 in 0.2m (/= 1.0 molkg™!)
pH 7.9 phosphate buffer (o). All spectra were recorded at 55°C.[%l

the alkyl and dicarboxylic acid derivatives suggests a related
mode of aggregation (hydrogen-bonded stacks of bis-ureas)?*
for the two families of gelators. Therefore, it appears that the
carboxylic acids do not significantly influence the structure of
the aggregates formed by 2-15.

Potentiometric titrations of water-soluble derivatives 13—
15 were performed to further investigate the dependence of
gelation on the pH of the solution.[*-4 ¢ 9 Bis-ureas 13-15
displayed pK, values in the expected range for free carboxylic
acids (pK,=~4.3) and the pK, values did not vary significantly
with the linker length. This result suggests that the carboxylic
acids do not play a vital role in the aggregation of this family
of hydrogelators.

The relationship between the number of methylene units
(molecular weight) and the pH value at which gelation occurs
(Table 1), indicates that a) hydrophobic interactions play an
important role in promoting gelation and b)the primary
function of the carboxylic acids is to modulate the solubility in
water.l®! By controlling both the degree of ionization of the
carboxylic acids and the hydrophobic surface area (molecular
weight) of the molecule, control over the pH of gelation can
be exercised. At lower pH values, where the carboxylates are
partially protonated, the bolaform molecules assemble into
vesicles.l* 6¢d.10. 111 Ag the pH is raised the solubility increases
as a result of the increasing negative charge on the molecules.
Aggregation now leads to the formation of fibers that can
become entangled through the hydrophobic alkyl esters, thus
trapping solvent and forming a gel. Above the pH of gelation,
the bis-ureas precipitate from solution as either fibers or
sheets. As the molecular weight decreases, the pH at which
each of the aggregates forms is lowered until the aggregates
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become too soluble and gelation does not occur at any pH.
This trend can be explained by the reduction in the hydro-
phobic surface area and the accompanying increase in the
solubility of the compounds and their aggregates in aqueous
environments.[°¢ 121

The dependence of aggregation on the ionic strength was
shown to be directly related to the length of the alkyl linker
(Table 1). Bis-ureas 9, 10, and 12 require 0.2M phosphate
buffers with /=1 molkg™! to form a stable gel or other
aggregate. However, bis-ureas 8 and 11, which have the
longest linkers (12 methylene groups), form stable aggregates
in 25 mM phosphate buffer (I/=0.2 molkg™"). This result
suggests that the role of the cation is primarily to reduce the
electrostatic repulsion between the carboxylate groups, which
allows the molecule to assume the conformation required to
form gelating fibers. As the linker length increases the
distance between carboxylates increases, which decreases
the concentration of the cation required to shield them from
each other.

In summary, we have developed a novel series of molecules
that can gel water. The presence of carboxylate groups in the
design imparts a pH and ionic-strength dependence on the
gelation process. We are currently investigating the use of
these hydrogels to control reactions and crystal growth within
the matrix.

Experimental Section

Synthesis: The bis-urea dicarboxylic acids (2-15) were accessible by a four
step synthesis (45-70% overall yields). The commercially available N-
tBoc-glutamic acid y-benzyl ester (tBoc = fert-butoxycarbonyl) was first
coupled (3-(3-dimethylaminopropyl)-1-ethylcarbodiimide (EDCI), 4-di-
methylaminopyridine (DMAP)) to the long-chain alcohol. Treatment with
trifluoroacetic acid (TFA) removed the Boc group. The bis-ureas were
synthesized by the reaction of the TFA salts with bisisocyanates in the
presence of triethylamine. Finally, the benzyl ester was cleaved by
hydrogenation (1 atm) using palladium on carbon.

Gelation: A weighed amount (ca. 1-2 mgmL~') of the bis-urea dicarbox-
ylic acid (2-13) was dissolved in hot buffer and cooled to room
temperature in a test tube fitted with a septum. The aggregation state
was observed every ten minutes. The test tube was inverted to check for
gelation. If no flow was observed and the resulting substance was
homogeneous, the compound was said to have successfully gelled the
solution. The solutions were allowed to set and the resulting gels/aggregates
were transferred to glass slides, covered, and observed by a polarizing light
microscope (Olympus SZH12, 7X-225X).

Electron microscopy: Samples were prepared by evaporation onto glass
slides followed by multiple rinses with water to remove excess salts. The
surfaces of the slides were then coated with carbon and imaged by a JEOL
JXA-8600 electron microprobe with an accelerating voltage of 15 kV and
an emission current of 2—10 nA.

pH titrations: Aqueous solutions of 13-15 (10 mm) were prepared and
stirred overnight to allow equilibration to occur. They were then titrated
with 0.1m NaOH using a Corning semi-micro combo pH probe. The degree
of ionization (a) was calculated by using Equation (1), where Cy: (o, and
Cy-. iree are the total and free molar amounts of protons, respectively, and C
is the molar concentration of bis-urea. The pK, value was determined from
a graph of a versus pH as the pH value at a = 0.5.1%

C’oa_c"ree
a = 1— H*, total H* . fi (1)
2C

CD spectroscopy: A hot solution of gelator was prepared as described
above and transferred to a quartz CD cell (0.1-cm path length). The

3450 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

solutions were then equilibrated at 55°C for 30 minutes after which time
wavelength scans from 210-260 nm were recorded on a Model 202 Aviv
CD spectrometer equipped with a temperature control unit.
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Ruthenium-Based Four-Coordinate Olefin
Metathesis Catalysts**

Melanie S. Sanford, Lawrence M. Henling,
Michael W. Day, and Robert H. Grubbs*

Recent work has shown that the ruthenium alkylidene
complex [(PCy;),CLLRu=CHPh] (1) is a highly efficient
catalyst for metathesis of olefins containing most common
functional groups, and, as such, this complex has found
extensive application in both organic and polymer chemis-
try.ll Detailed experimental® and theoretical® studies have
been carried out to elucidate the mechanism of activity of
catalyst 1, and these investigations implicate a 14-electron,
mono-phosphane alkylidene, [(PCy;)CL,Ru=CHR] (2) as a
probable intermediate both on the metathesis reaction
coordinate and in the decomposition of 1. Complex 2 is
remarkable both for its unusual coordinatively unsaturated
structure and for its similarity to the four-coordinate Mo and
W olefin metathesis catalysts, [ (ArN)(OR),M=CHR!], devel-
oped by Schrock (Figure 1).) Unfortunately, the short

Cng
o Ph CysP
Clgy=" N Cl
| ~cl 1] :/Rl "Ru\f
CysP ro"™0 cl Ph
1 OR 2

Figure 1. Olefin metathesis catalysts and the proposed intermediate 2.

lifetime of this proposed intermediate 2 has rendered it
elusive to isolation or even observation by spectroscopic
methods, presumably a result of its high reactivity in solution
with olefinic substrates,? coordinating solvents,”) and/or a
second equivalent of 2%, Prompted by considerable interest
in the nature and structure of this intermediate, we have
pursued the preparation of isolable analogues of 2. We
reasoned that complexes such as 2 should be stabilized by
more mn-donating ligands, which would increase the elec-
tron density at the coordinatively unsaturated Ru'' center, and
by larger ligands, which would drive the equilibrium towards
phosphane dissociation and alleviate potential bimolecular
decomposition pathways. Herein we report that the replace-
ment of the two halide ligands of 1 with tertiary alkoxides,
which possess both m-donor abilities!® and steric parameters
that can be easily modulated, has enabled the first four-
coordinate, 14-electron ruthenium alkylidenes [(PCys)-
(RO),Ru=CHPh] to be isolated.

The reaction of 1 with an excess of KOrBu under rigorously
anhydrous and air-free conditions proceeds cleanly to form
[(PCy;3)(1BuO),Ru=CHPh] (3) and one equivalent of PCy;
[Eq. (1)]. Both of these products are extremely soluble in
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pentane and common organic solvents; however, the two can
be separated by the addition of CuCl, which reacts with the
free phosphane to form an insoluble polymeric material.[?]
The alkylidene product 3 is diamagnetic in solution and the
NMR spectrum shows a single resonance signal for the
carbene (doublet, 6 =15.5) and alkoxide (6 =1.29) protons
and a single 3'P resonance signal for the complex (6 = 83.5).
Although it is coordinatively unsaturated, complex 3 is
remarkably stable, and solutions of 3 in CsD4 can be heated
at 75 °C under an inert atmosphere for more than 24 h without
significant decomposition (as observed by '"H NMR spectros-
copy).

Single crystals of 3 were grown from a concentrated
pentane solution at —30°C and its highly unusual solid-state
structure is shown in Figure 2. Despite the expected steric

Figure 2. ORTEP plot of complex 3 (50 % probability ellipsoids). Selected
bond lengths [A] and bond angles [°]: Ru-C1 1.850(2), Ru-O1 1.9412(15),
Ru-02 1.9558(15), Ru-P 2.2232(7); Cl1-Ru-O1 112.17(8), Cl1-Ru-O2
114.47(9), O1-Ru-O2 133.19(6), C1-Ru-P 92.49(8), O1-Ru-P 93.49(5),
O2-Ru-P 88.36(5).

preference for the four-coordinate Ru' center to adopt a
tetrahedral geometry (as is observed in Schrock’s Mo and W
systems),! this complex crystallizes with a slightly distorted
trigonal pyramidal ligand array. The phosphane ligand is at
the vertex of the pyramid and the angles from the phosphane
to the three other ligands are close to 90°. The angles within
the trigonal plane are 133.19(6) (O1-Ru-0O2), 114.47(9) (O2-
Ru-C1), and 112.17(8)° (O1-Ru-C1), which suggests that this
geometry may be a sterically induced distortion of the square-
pyramidal structure adopted by the ruthenium alkylidene
complex 1. In complex 3 the phenyl substituent of the
carbene ligand is rotated away from the bulky phosphane and
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into the space below the trigonal plane which results in a
P-Ru-C,-H, dihedral angle of 12.2 (14)°. Similar angles have
been observed in 16-electron Ru' alkylidene complexes that
contain relatively small ligands (e.g. PPh,);® however, com-
plex 1 and its analogues which contain bulky PCy; ligands
typically have P-Ru-C,-H, angles of close to 90°.[7 Notably,
mechanistic studies of catalytic reactions with 1 suggest that
the rotation of the carbene moiety to the conformation
observed in complex 3 may be a crucial step on the pathway to
the formation of the metallacyclobutane intermediate. ]

Another interesting feature of the structure of complex 3 is
that despite the numerous accessible C—H bonds in the empty
coordination site below the trigonal plane, the ruthenium
center does not appear to be stabilized by agostic interactions.
The closest Ru -+ C distance (other than C,) is 3.091 A and the
closest Ru -+ H distance (other than H,) is 2.75 A, which are
both long for agostic contacts.” 1! Furthermore, an overlay of
the two tBu groups shows that they are identical, which
indicates that neither of these ligands is sufficiently distorted
so as to interact with the metal center. Both IR spectroscopy
and variable temperature 'H NMR spectroscopy studies
(which shows that the resonance signals of the /Bu groups
are equivalent to —120°C in C;Dy,) suggest that 3 is free of
agostic interactions in solution. Only three other four-
coordinate 14-electron Ru!! complexes have been structurally
characterized!™ and all of these are formally 18-electron
octahedral species with two agostic CH interactions occupy-
ing the two open coordination sites.

Complex 3 reacts readily with Brgnsted acids including
acidic alcohols and phenols. For example, the combination of
3 with an excess of HOC(CHj;)(CF;), or HOC(CF3); results in
the rapid liberation of BuOH and the formation of
[(PCy3)(CH;(CF;), CO),Ru=CHPh] (4) and [(PCy;)((CF;)s-
CO),Ru=CHPh] (5), respectively [Eq. (2)].'"Y1 Preliminary

Cyng CysP
O

O”"Ru:\ excess HOR | Ru\q @

\O Ph R 0 Ph

|
\)\ R
3 R= C(CF3)2(CH3) 4
R= C(CF3)3 5

(NMR) experiments show that this reaction is equally facile
for ortho-substituted phenols (e.g. 2,6-diphenylphenol and
2-phenylphenol); however, phenols without ortho substitution
(e.g. p-nitrophenol) do not yield stable products. This is likely
because the unsubstituted phenols lack the steric bulk to
protect the metal center from bimolecular decomposition.!
The use of acidic 1° or 2° alcohols leads to a mixture of
ruthenium hydrides, presumably through S-hydrogen elimi-
nation from the coordinated alkoxide.

The olefin metathesis activities of complexes 3—5 for the
ring-closing metathesis (RCM) of diethyl diallylmalonate
were compared, and the results are summarized in Table 1.
Although all of these four-coordinate alkylidene complexes
are essentially inactive for RCM at room temperature, 4 and 5
exhibit moderate catalytic activity at 60°C. However, the
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Table 1. Ring-closing metathesis reactions of diethyl diallylmalonate with
complexes 1 and 3-5.1%

Catalyst Additive T [°C] t [h] Yield [%]
3 none 60 96 <5

4 none 60 96 70

5 none 60 12 40

4 HCIP 25 0.65 >96

1 none 25 1.5 > 96l¢]

[a] Reactions of five equivalents of substrate in C,Dg; [catalyst] =0.01-
0.02M; yields were estimated by integration of the 'H NMR spectrum;
unless indicated catalyst decomposition terminated the reaction. [b] Two
equivalents of HCl were added as a 2M solution in diethyl ether.
[c] Catalyst remains at the end of the reaction.

activity of these complexes, particularly 5, is limited by their
low thermal stability in the presence of the olefinic substrate,
and both decompose before the metathesis reaction reaches
completion. Notably no propagating species (which is ex-
pected to be a ruthenium methylidene complex) is observed
by '"H NMR spectroscopy in any of these reactions. The results
described here are qualitatively similar to earlier studies of
complex 1 and its analogues in which it was found that more
electron withdrawing ligands afford more active olefin meta-
thesis catalysts.?2] These results are also consistent with
Schrock’s early transition metal systems in which catalytic
activity increases with the acidity of the parent alcohol.[) The
relatively low reactivities of 3—5 for the RCM reaction are
likely due to of the same factors which render these species
sufficiently stable to be isolated: the large steric bulk of the
alkoxides effectively shields the metal from the incoming
substrate,l'?l while 7 donation by these ligands discourages
olefin binding by decreasing the electrophillicity of the Rul
center.l%]

However, complexes 3—5 become excellent catalysts for
RCM when activated with HCI, and the representative
example of the 4/HCl system is shown in Table 1. The addition
of two equivalents of HCI to a solution of complex 4 in C¢Dy
results in an instantaneous color change from red to brown.
Although no new carbene resonance signals can be observed
by 'H NMR spectroscopy, a small amount of a highly
metathesis active species is generated. In fact, under other-
wise identical conditions, the RCM of diethyl diallylmalonate
proceeds at least twice as fast with 4/HCI than with catalyst 1
alone, despite the undetectably small amounts of active
catalyst present in the 4/HCI reaction mixture. By analogy to
the ligand exchange reaction of 2 with acidic alcohols, we
believe that the HCl serves to protonate the alkoxide ligands
of 4, to generate free HOC(CF;),CH; (which is the sole
species observed by YF NMR spectroscopy) and the elusive
four-coordinate species [(PCy;)CLLRu=CHR] (2). Evidence
for this proposal is provided by the reaction of 4 with HCl in
the presence of one equivalent of PCy;; this reaction results in
the regeneration of catalyst 1.

In conclusion, a series of four-coordinate ruthenium
alkylidene complexes with highly unusual trigonal pyramidal
geometries has been prepared as analogues of the proposed
olefin metathesis intermediate 2. The new complexes show
moderate activity as single component catalysts for ring-
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closing metathesis. The RCM reactions can be greatly
accelerated by the addition of HCI which is believed to
generate the highly reactive complex 2 in solution.

Experimental Section

3: Complex 1 (0.91 mmol) and KOsBu (3.2 mmol) were combined in C¢Hg
(30 mL). The reaction mixture was stirred for 24 h during which time it
changed color from purple to brownish red. The solvent was frozen and
removed by sublimation under vacuum. The resulting solids were
suspended in a mixture of CsHg (0.5 mL) and pentane (50 mL). CuCl
(9.1 mmol) was added, and the suspension was stirred for 20 min, and then
cooled at —30°C for 24 h. The supernatant solution was decanted and the
solvent removed under vacuum to give 3 as a dark brown foamy solid (52 %
yield). This solid is typically about 95% pure (by *'P NMR), and contains
traces of CuCl(PCy;) polymer. 'H NMR (400 MHz, C;D¢): 6 =15.5 (d,
3Jpn=4.4 Hz, 1H, Ru=CH), 7.88 (d, */yy =73 Hz, 2H, ortho-H), 727 (t,
2Jun="173 Hz, 1 H, meta-H), 717 (s, 2H, para-H), 2.4-1.1 (m, 33H, PCy;),
1.29 (s, 9H, Bu); *'P{'"H} NMR (162 MHz, CsD¢): 6 =83.5 (s); *C{'H}
NMR (75 MHz, C4Dg): 6 =230.5 (d, 2Jpc=15.2 Hz, Ru=C), 152.1, 129.9,
125.3,124.6, 74.50, 36.69, 34.57, 34.48, 34.14, 33.68, 33.44, 31.52,29.61, 28.84,
28.70, 28.51, 28.37, 27.48, 27.24.

4: Hexafluoro-tert-butanol (0.5 mL) was added to a solution of complex 3
(0.41 mmol) in pentane (25 mL). The reaction was stirred for 30 min then
cooled to —30°C for 24 h. The supernatent solution was decanted and the
solvents were removed under vacuum to give an oily dark brown solid. The
product was recrystallized from a minimum volume of pentane to afford
reddish crystals of 4 (40% yield). 'H NMR (400 MHz, C,Dg): 6 =175 (s,
1H, Ru=CH), 7.88 (d, */yu =5.9 Hz, 2H, ortho-H), 714 (m, 3H, meta-H
and para-H), 2.4-1.1 (m, 33H, PCy;); 3'P{'H} NMR (162 MHz, C;Dy): 6 =
80.1 (s);. "F NMR (283 MHz, C¢Dg): 6 =—77.93 (s), —79.27 (s); C{'H}
NMR (75 MHz, C;Dy): 6=262.6 (d, %Jyc=18 Hz, Ru=C), 150.6, 131.0,
130.4, 126.1 (q, 'Jgc =288 Hz), 125.4 (q, Jrc =288 Hz), 124.5, 34.33, 34.00,
29.49, 28.40, 2826, 27.02, 20.46; elemental analysis caled (%) for
C;;HysF1,0,PRu: C 47.54, H 5.44; found: C 47.19, H 5.41.

5: The same procedure as for complex 4, but using perfluoro-tert-butanol,
afforded 5 as a reddish microcrystalline solid (37% yield). 'H NMR
(400 MHz, C4Dy): 19.2 (s, 1H, Ru=CH), 7.72 (d, %Jyyy = 7.34 Hz, 2H, ortho-
H), 714 (m, 3H, meta-H and para-H), 2.1-0.8 (m, 33H, PCy,); *'P{'H}
NMR (162 MHz, C.Dg): 6=75.1 (s); ’F NMR (283 MHz, CiDy): 6 =
—73.55 (s); BC{'H} NMR (75 MHz, C¢Dy): 6 =286.5 (d, 2Jpc=15.2 Hz,
Ru=C), 151.4, 130.0, 129.6, 125.6, 123.0 (q, Jxc =292 Hz), 35.20, 34.90,
32.23, 3191, 31.66, 31.63, 29.91, 28.34, 28.21, 27.95, 27.80, 26.94, 26.75;
elemental analysis calcd (%) for C3;3H;0F 3O,PRu: C 42.09, H 4.17; found:
C 41.60, H 4.18.

Crystal Structure of 3: Dark red-brown blades were grown from pentane:
C;;Hs;,0,PRu (617.83), crystal dimensions: 0.21 x 0.16 x 0.03 mm?, mono-
clinic, space group P2,/n (no.14), a=10.0120(7), b=20.5338(14), c=
157802(11) A, f=92.1300(10)°, Z=4, V=32419(4) A3, puc=
1266 mgm=3, T=93K, 20=575°, 29820 reflections were measured,
7759 independent reflections were obtained (R;, =0.0683) on a Bruker
SMART diffractometer with Moy, radiation (1 =0.71073 A). The structure
was solved by direct methods,* with refinement by full-matrix least
squares of F2 I3 R, =0.0328, wR,=0.0527 (for I>20(1)), R, =0.0611,
wR,=0.0569 (for all data), residual electron density +0.632/
—0.510 e A3, Crystallographic data (excluding structure factors) for the
structure reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no. CCDC-
140726. 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), and structure factors are available
on request from xray@caltech.edu.

Received: May 16 2000 [Z15131]

[1] K.J. Ivin, J. C. Mol, Olefin Metathesis and Metathesis Polymerization,
Academic Press, New York, 1997.

[2] a) E. L. Dias, S. T. Nguyen, R. H. Grubbs, J. Am. Chem. Soc. 1997, 119,
3887-3897; b) M. Ulman, R. H. Grubbs, J. Org. Chem. 1999, 64,
7202 -7207.

Angew. Chem. Int. Ed. 2000, 39, No. 19

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

[3] O.M. Aagaard, R.J. Meier, F. Buda, J. Am. Chem. Soc. 1998, 120,
7174-7182.

[4] a) R. R. Schrock, Polyhedron 1995, 14,3177-3195; b) R. R. Schrock,
Tetrahedron 1999, 55, 8141 -8153.

[5] D.M. Lynn, B. Mohr, R. H. Grubbs, J. Am. Chem. Soc. 1998, 120,
1627-1628.

[6] For a comprehensive review see: K. G. Caulton, New J. Chem. 1994,
18,25-41.

[7] P. Schwab, J. Ziller, R. H. Grubbs, J. Am. Chem. Soc. 1996, 118, 100 -
110.

[8] For example, see: S. T. Nguyen, L. K. Johnson, R. H. Grubbs, J. W.

Ziller, J. Am. Chem. Soc. 1992, 114, 3974 -3975.

Representative examples of Ru---CH agostic interactions include:

a) S. Takahashi, S. Hikichi, M. Akita, Y. Moro-oka, Organometallics

1999, 78, 2571-2573; b) M. A. Bennett, S. Pelling, G. B. Robertson,

W. A. Wickramaginghe, Organometallics 1991, 10, 2166 -2172.

[10] a) D.J. Huang, K. Folting, K. G. Caulton, J. Am. Chem. Soc. 1999, 121,
10318-10322; b) D.J. Huang, W. E. Streib, J. C. Bollinger, K. G.
Caulton, R. F. Winter, T. Scheiring, J. Am. Chem. Soc. 1999, 121,
8087-8097; c) W. Baratta, E. Herdtweck, P. Rigo, Angew. Chem. 1999,
111,1733-1735; Angew. Chem. Int. Ed. 1999, 38, 1629 -1631.

[11] Complexes 4 and 5 have also been characterized by X-ray crystallog-
raphy, and their structures are qualitatively similar to that of 3.
However, reliable bond lengths and angles could not be determined
because of the extreme disorder of the CF; groups in both molecules.

[12] We have attempted to study the binding of other ligands (including
THF, PMe;, and CH;CN) to these complexes. Complexes 2—4 do not
appear to bind THF, while the other ligands lead to decomposition or
to a mixture of products.

[13] a) G. M. Sheldrick, Acta Crystallogr. Sect. A 1968, 46, 467-473;
b) G. M. Sheldrick, SHELXL-97: Program for Structures Refinement,
University of Gottingen, Germany, 1997.

[9

—

Calix[6]arene as a Wheel for Rotaxane
Synthesis**

Arturo Arduini, Riccardo Ferdani, Andrea Pochini,*
Andrea Secchi, and Franco Ugozzoli

Rotaxanes and catenanes!!! are interesting supermolecules
that have been extensively studied for their use in the
preparation of molecular switches. A possible approach to
their synthesis is based on the formation of an axial complex
between a molecular wheel that is used as the host and a
specific guest that is employed as the axle.
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In this context calixarenes, which are versatile and potent
receptors, have never been used as molecular wheels and, in
spite of their similarity to cyclodextrins,? no examples of axial
complexation where all their inner binding sites are simulta-
neously involved in the binding of the guest have been
reported. In fact the two rims in these macrocycles have
usually been considered as distinct and separate domains.!
Examples exist in which the two calixarene rims have been
shown to act in a combined manner, for example, in the
recognition of both cations and anions” or to exchange
information between them.P! A rational approach to the
synthesis of a calixarene-based rotaxane was thus undertaken
to explore the possibility of utilizing a calixarene receptor as a
molecular wheel.

The calix[6]arene platform was chosen on the basis of its
ring size and because it posseses an annulus large enough to
allow a sufficiently bulky and elongated guest to cross the two
rims. On the basis of our previous studies on the binding
ability of calix[6]arene derivativesl® compound 1,7 which is
“preorganized” by the presence of 1,3,5-trimethoxy-2,4,6-
trioctyloxy groups on the lower rim®l and bears three
phenylureido groups which extend the apolar cavity, was
chosen as the wheel and the dioctylviologen dication was
selected as the axle (Scheme 1).

Direct experimental evidence of complex formation and
consequently of the passage of the guest through the macro-
cycle annulus was obtained by extraction experiments and
'H NMR studies on the complex formed. The triphenylur-
eidocalix[6]arene derivative 1 is able to dissolve the colorless
crystals of dioctylviologen ditosylate (2a) in chloroform to
afford a deep purple solution. Similar results were obtained by
using the dioctylviologen diiodide.”’ The '"H NMR spectrum
of the solution obtained by equilibrating a suspension of
dioctylviologen diiodide (2b) in CDCI; with a solution of 1
showed the formation of a 1:1 adduct. The main features of
the NMR spectrum (Figure 1) are the extensive upfield shift
(1 to 3 ppm) of the signals corresponding to the aromatic CH
and NCH, hydrogen atoms of the guest, which indicates that it
is included inside the calix[6]arene cavity. The six protons of
the host ureido groups suffer a downfield shift from 6 =6.7
and 7.1 to 6 =8.00 and 8.33, respectively, which suggests their
participation in hydrogen-bonding inter-
actions with the two iodine anions.
Particularly informative was the obser-
vation that the protons of the methoxy
groups present at the lower rim of 1,
which resonate at 6 =2.82 in the free
calixarene because they are oriented into
the calixarene cavity, are shifted down-
field (A0=1.12) in the complex. This
observation indicates that their orienta-
tion has changed to a situation where
they are no longer affected by the
shielding effect of the aromatic cavity.

These data, together with 2D NMR
experiments, could be rationalized with
the hypothesis that a pseudorotaxanel'l 3
was formed (Scheme 1). Evidence for
the stability of this complex came from
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Figure 1. '"H NMR spectra (300 MHz, 300 K) of: a) dioctylviologen
diiodide (2b) in 10% CD;CN/CDCl;; b) pseudorotaxane 3b in CDCls;
¢) triphenylureidocalix[6]arene (1) in CDCl;.

thin layer chromatography which showed that it was possible
to separate the complex in aprotic solvents without compet-
itive decomplexation processes occurring. The slow evapo-
ration of the solution containing host 1 and 2b gave red
crystals of 3b that were suitable for X-ray analysis (Fig-
ure 2).1'" Analysis of the structure shows that all the binding
sites present in the host are involved in the stabilization of the
supramolecular structure (Figure 3). The N1 atom is located
0.399(6) A above the least-squares plane through the bridging
methylene groups of the calixarene and points its attached
octyl chain across the lower annulus of the macrocycle, thus
expelling the three methoxy groups from the aromatic cavity.
The lower pyridinium ring of the guest is sandwiched and
stacked by rings F and B of the host (the distance between the
centroids of these rings is 6.810(8) A) and is almost perpen-
dicular to rings A and D of the host. The two hydrogen atoms
on C1 and CS5 of the guest and the two hydrogen atoms of the
octyl chain (C11) are involved in hydrogen-bonding inter-

+, +

X~ X
R—N\ /

2a: R=C4H,;; X=Ts
2b: R=CgH,;; X =1

3a,b

Scheme 1. Synthesis of pseudorotaxanes 3a,b.
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protons are indicative of the introduction of the two stoppers
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Figure 2. X-ray crystal structure of pseudorotaxane 3b at 173 K. The at the ends of the axle. The ESI-MS spectrum and the elemental
hydrogen atoms are omitted for clarity, and the bonds of the guest are analysis of 5 are in agreement with the proposed structure.
darkened for clarity. Further studies to understand the role of the single

interactions which stabilize and drive the formation of these
unprecedented calixarene complexes and to extend the field

actions with the three oxygen atoms of the host methoxy of application to other calixarenes and ammonium salts to the
groups. The hydrogen atoms on C8 of the upper ring of the preparation of molecular switching systems are in progress in
guest as well as one of those belonging to C19 form CH-x our laboratories.

interactions with the phenyl groups D’ (2.639(8) A) and B’ Received: April 25,2000 [Z15026]

(2.641(8) A), respectively. The
two iodide ions also participate
in the assembly process through
hydrogen-bonding interactions
with the NH ureido groups of
the host.

The formation of the pseudor-

otaxane was then exploited to

synthesize a rotaxane.!'!l] Reflux- Q
ing the diol axle 4 and wheel 1 in Q Hon Q Q
toluene gave an homogeneous ):o B _

deep red solution. This solution N-H HoN N-H Br | — LB A
was then treated with dipheny- 0T H a)HOHqu_NQ_@N“CuHMOH 0
lacetyl chloride, which acted as 4
the stopper (Scheme 2). Purifi-
cation of the reaction mixture b) Q Ph
gave the rotaxane 5 in 25% Cl)Kr‘-Ph
yield. The '"H NMR spectrum H
of 5 was very similar to that of
the pseudorotaxane. The pres-
ence of a singlet at §=5.05, a
multiplet at 0 =7.29, and a trip- 5
let at =4.17 for the w CH,  Scheme 2. Synthesis of rotaxane 5. a) toluene, reflux, 24 h; b) toluene, reflux, 72 h.
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Insulated Molecular Wires: Synthesis of
Conjugated Polyrotaxanes by Suzuki Coupling
in Water**

Peter N. Taylor, Michael J. O’Connell,
Luke A. McNeill, Michael J. Hall, Robin T. Aplin, and
Harry L. Anderson*

The semiconductivity and fluorescence of conjugated
polymers result in potential applications, particularly in the
area of electroluminescent display devices.'l We are inter-
ested in enhancing the luminescence, stability, and process-
ability of these polymers by threading them through macro-
cycles to form conjugated polyrotaxanes, as a type of
“insulated molecular wire”.>3] Recently we proposed the
general route to conjugated polyrotaxanes outlined in
Scheme 1. Hydrophobic binding fixes the monomer inside

—+0:)

threading: i hydrophobic binding

=

coupling: | step-growth polymerizaton
e
capring | ()
(i )

Scheme 1. Hydrophobic binding directs the synthesis of an insulated
molecular wire.

the cavity of a macrocycle, this 1:1 pseudorotaxane complex is
then polymerized to form a conjugated polypseudorotaxane,
which is coupled to bulky end groups to give the polyrotaxane.
Our initial attempts at realizing this scheme used a cationic
cyclophane as the macrocycle and Glaser coupling as the
polymerization reaction. This failed to give polyrotaxanes
higher than the [3]rotaxanes, due to problems of unthreading,
aggregation, and precipitation of the growing polymer
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chains.”l Here we present a completely new way of imple-
menting Scheme 1, using 3-cyclodextrin (3-CD) as the macro-
cycle and Suzuki coupling! as the polymerization reaction.
Suzuki coupling works well in water,” and has been used to
prepare water-soluble conjugated polymers,*sd but it has not
previously been used to make rotaxanes. Our new approach to
polyrotaxane synthesis is remarkably successful, giving a
highly threaded poly-para-phenylene (PPP). Insulation of the
PPP backbone inside the cyclodextrins increases its fluores-
cence efficiency and increases its solubility (processability),
suggesting that these polyrotaxanes may have real advantages
over unencapsulated PPPs.

When 4,4"-biphenyldiboronic ester 1 and 4,4’-diiodobi-
phenyl-2,2’-dicarboxylic acid 21 are coupled (using phos-
phane-free aqueous Pd(OAc), catalyst,” in the mole ratio

EEBH O Bij 1

CO,H

O OSIL

HO,C

polypseudorotaxane 4

1:2:Pd of 1.00:0.91:0.09)#! the product polymer 3 is mostly
insoluble, as reported previously,”! although a fraction of the
polymer is soluble enough in water, as the lithium salt, for
spectroscopic characterization. When this reaction is carried
out in the presence of three equivalents of 5-cyclodextrin per
4,4'-biphenyldiboronic acid, a soluble polypseudorotaxane 4 is
formed. This PPP complex was isolated in 71% yield
(calculated assuming one cyclodextrin per repeat unit), after
precipitating with acid, dissolving in aqueous LiOH, and
dialyzing!'! to remove excess cyclodextrin, salts, and small
oligomers.'!l Integration of the aromatic and cyclodextrin
regions of the "H NMR spectrum of this polypseudorotaxane
in D,O (Figure 1a) indicates that there are 1.2 4+ 0.3 macro-
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Figure 1. 'H NMR spectra of a) polypseudorotaxane 4, b) polyrotaxane 8,
and c) [2]rotaxane 6 (500 Hz in D,0O, with HOD peak truncated).

cycles per repeat unit. This threading ratio cannot be
determined accurately because it gradually decreases during
dialysis. As the cyclodextrins slip off the polymer chain it
becomes increasingly gelatinous and insoluble.

The formation of genuine rotaxanes, rather than pseudo-
rotaxanes, was achieved by reacting 4,4'-biphenyldiboronic
ester 1 with disodium 1-iodonaphthalene-3,6-disulfonate (5)!'?!
in the presence of fB-cyclodextrin under identical aqueous
Suzuki coupling conditions. This gave the [2]rotaxane 6,
together with the dumbbell 7. '"H NMR spectroscopy of crude
reaction mixtures, after removing all free cyclodextrin by ion-
exchange chromatography, showed that the ratio of 6:7 is
about 1:2, which indicates that the naphthalene end groups
significantly hinder cyclodextrin binding. It proved difficult to
separate the [2]rotaxane 6 from dumbbell 7, but 6 was isolated
in 4% yield by repeated recystallization from aqueous
methanol/ethanol. The '"H NMR spectrum of 6 (Figure 1c)
shows that the symmetry of the cyclodextrin is imposed on the
encapsulated dumbbell, doubling the number of aromatic
signals.

This reaction was extended to synthesize polyrotaxane 8 by
coupling a mixture of 1, 2, 5, and f-cyclodextrin (mole ratio
1:2:5:Pd:3-CD of 1.00:0.74:0.37:0.07:3.0).8! The PPP polyro-
taxane 8 was isolated in 45% yield, after precipitation and
extensive dialysis.'”! Although the "H NMR spectrum of 8 in
D,O0 is poorly resolved, it closely resembles those of 4 and 6
(as shown in Figure 1) and the resonance signals of the
terminal naphthalene protons (A and B) are well separated
from the other aromatic peaks. Integration of these end group
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signals shows that the average degree of polymerization # is
about 8 +2. (This is higher than the value expected from the
polymerization stoichiometry, perhaps because short oligom-
ers are lost during purification). Integration of the cyclo-
dextrin resonance signals shows that there are 1.1+0.1
macrocycles per unsubstituted biphenyl unit. No change in
this threading ratio occurred during dialysis.

The matrix-assisted laser desorption time-of-flight (MAL-
DI-TOF) mass spectrum of polyrotaxane 8 (Figure 2) pro-
vides excellent evidence for its structural authenticity. All the
observed peaks correspond to expected singly charged
molecular ions, with up to six repeat units (n =3-6) and up
to nine threaded cyclodextrins (x=4-9). No signals are
detected for oligomers lacking naphthalene end groups. This
mass spectrum confirms that some chains have more than one
cyclodextrin per repeat unit, as indicated by NMR spectros-
copy. The threading ratio [y =x/(n +1)] ranges from 1 to 1.3,
and is highest for the longest oligomers, which reflects weaker
binding near the naphthalene sulfonate end groups (as
deduced from the low yield of 6). Polyacrylamide gel electro-
phoresis (PAGE)!®! of 8 shows a broad band at 3650 kDa,
relative to denatured protein markers. Gel permeation
chromatography (GPC) on a S200 Sephadex column gives a
similar molecular weight, with a broad peak at 50 + 4 kDa.['¥
This is higher than the molecular weight predicted from the
NMR spectroscopy and MALDI TOF MS results, which may
indicate that the polyrotaxane self-associates in solution.
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Figure 2. Negative-ion MALDI-TOF mass spectrum of the ammonium

salt of polyrotaxane 8, from a 2,5-dihydroxybenzoic acid matrix.

14000

We have compared the polyrotaxane 8 with several model
compounds. The uninsulated capped PPP 9 was prepared
under identical conditions to 8, except omitting the -cyclo-
dextrin. We also prepared a capped pseudorotaxane 10, using
identical conditions to the synthesis of 8, except replacing the
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end group 5§ with 3-iodobenzoic acid. These end groups are
too small to prevent unthreading, so the threading ratio in 10
gradually decreases during dialysis until all the cyclodextrin
has been removed, leaving capped PPP 11. This control
experiment proves that 8, which exhibits no unthreading, is a
genuine polyrotaxane. The 'H NMR spectra of the unencap-
sulated polymers 3, 9, and 11 are much broader than those of
their encapsulated analogues 4, 8, and 10, because encapsu-
lation hinders aggregation.

The absorption and emission spectra of 4, 6, and 8 are
compared in Figure 3, and the electronic spectra and fluo-
rescence quantum yields of 3, 4, and 6—9 are summarized in
Table 1. The peak at around 236 nm in the absorption spectra

1.0
1.0 F
1 —s |1
1 -— 8
A |y iy vy 4 I
0.5 0.5
0.0 v T ; = T — 0.0
200 300 400 500 600

A/nm —
Figure 3. Absorption spectra (left) and emission spectra (right, arbitrary
units) of [2]rotaxane 6 (solid), polyrotaxane 8 (bold) and polypseudo-
rotaxane 4 (dashed), in aqueous solution. The concentrations of 6, 8, and 4
for the absorption spectra are 12, 26, and 25 mgL !, respectively.

Table 1. Electronic spectra and fluorescence quantum yields.?!

Compound Amax @bs [nm] Amax €m [nm] D

PPP 3 215, 335 430 0.18
polypseudorotaxane 4 216, 332 432 0.19
[2]rotaxane 6 236, 310 393 0.95
dumbbell 7 235, 309 415 0.64
polyrotaxane 8 216, 338 410 0.29
capped PPP 9 212, 331 429 0.21

[a] Spectra were recorded in water. Quantum yields were measured
relative to anthracene in cyclohexane (@;=0.36).

of 6 and 7 is due to the naphthalene end group; a small
shoulder at this wavelength is also apparent in the absorption
spectra of 8 and 9. Apart from this feature, the spectra of 8 and
9 resemble those of the 3 and 4. Comparison of the emission
spectra and quantum yield of 6 with 7, and 8 with 9, shows that
encapsulation of the chromophore results in a blue shift of
about 20 nm. There is also a significant fluorescence enhance-
ment in 8. Several other conjugated polypseudorotaxanes
have been reported,P but this work represents the first
synthesis of conjugated polyrotaxanes. Experiments are in
progress towards exploring the behavior of these new
materials in electroluminescent light-emitting diodes.
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Experimental Section

6: 1-Todonaphthalene-3,6-disulfonate disodium salt 5 (183 mg, 0.40 mmol),
biphenyl-4,4’-diboronic acid diethylene glycol ester 1 (65 mg, 0.22 mmol),
p-cyclodextrin (1.0 g, 0.88 mmol), and Pd(OAc), (4.5 mg, 0.02 mmol) were
dissolved in O,-free Na,CO; aq (3 mL, 0.2M), and stirred at 85°C for 20 h
then cooled and acidified with acetic acid. The [2]rotaxane was purified by
ion-exchange chromatography (Bio-Rad AG 4-X4 resin, 1% NHj; aq) and
recrystallized three times from H,O/MeOH and EtOH to give pure 6 as a
white solid (15 mg, 4%).

8: 1-Iodonaphthalene-3,6-disulfonate disodium salt 5 (45.8 mg, 0.10 mmol),
biphenyl-4,4"-diboronic acid diethylene glycol ester 1 (79.4 mg, 0.27 mmol),
4,4'-diiodobiphenyl-2,2"-dicarboxylic acid 2 (98.8mg, 0.20 mmol),
Pd(OAc), (4.5 mg, 0.02 mmol), and S-cyclodextrin (920 mg, 0.81 mmol)
were dissolved in O,-free Li,CO; aq (6 mL, 0.2M) and heated to 85°C for
under nitrogen for 20 h. Excess -cyclodextrin was removed by precipitat-
ing the product with HCl aq (to pH 1). The resulting solid was redissolved
in Li,CO; aq and dialyzed.!"”) Removal of the solvent gave 8 as a glassy film
(159 mg, 45%).
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[{Ti(%5-CsMes)(u-NH)};(u5-N) ]: An Efficient
Entry to Single and Double Cube-Type Nitrido
Complexes**

Angel Abarca, Avelino Martin, Miguel Mena,* and
Carlos Yélamos

Group 4 tetrametallic derivatives of the formula
[(ML,)4(us-E),] with cube-type cores remain extremely rare
and are limited to halide-bridged [{TiL}4(us-Cl),] (L=
CgHy 1 Me; 1), chalcogenide-bridged [{Ti(7>-CsH,R)},(us-
S),],P! and imido-bridged [{Ti(3°-CsHs)}4(#5-NSnMe;),] com-
plexes.!l Our first contributions in this field were the
preparation of the singular nitrido and alkylidyne complexes
[{Ti(’-CsMes)(us-E)},] (E=NPl, CH¥), which contained an
almost perfect Ti,E, cube. A possible synthetic strategy to
access this type of compounds would involve the incorpo-
ration of different metal complex fragments in a cuboidal core
such as [Ti;(u-NH);(#5-N) ], in a similar way to that reported
for [M(u-S);(us-S)] species.®1% In this context, we have
recently determined that the preorganized!'! “organometallic
ligand” 1 is able to displace mesitylene or carbonyl ligands in

[{Ti(7>-CsMes)(u-NH)}5(us-N) 1

[Mo(CO)5(1,3,5-Me;CH;) | or [M(CO)q], respectively,l?) and
also reacts, by N—H activation, with tris(dimethylamido)cy-
clopentadienyltitanium(iv) compounds!'¥ to give azametallo-
cubane complexes. Herein we describe the reactions of 1 with
several d° imido- and amidotitanium and -zirconium com-
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plexes that yield new cube-type derivatives and, for the first
time, metal corner-shared double cube nitrido complexes.
This synthetic method should be generally applicable and thus
make the Ti;N, core a very versatile building block for
heterometal cluster chemistry and for molecular precursors of
new ternary nitrides MTi,N,.

Reaction of complex 1 with [Ti(NAr)CL(py);] (Ar=24.6-
CeH,Me;) in toluene at room temperature results in
displacement of the pyridine (py) ligands and formation of
2-(C;Hy) in 51 % yield (Scheme 1). Analogous treatment of 1
with the tert-butylimido derivative [Ti(N/Bu)Cl,(py)s]l' in
toluene afforded the complex 3 as a green precipitate in 82 %

[Ti(NAT)Cly{(u3-NH), Ti5(17°-CsMes);(u-NH) (u3-N)}] - (C;Hy) 2-(GHy)

[TiCly{(us-N)3(u5-NH) Tiz (17°-CsMes)s}] 3

yield.[] The addition of 2,4,6-trimethylaniline (1 equiv) to a
solution of 3 in CDCl; at room temperature gave 2 within
several days. Complexes 2 and 3 were characterized by
spectral and analytical methods, as well as by an X-ray
structure determination in the case of 2 (vide infra).

e \H memee o\
\ [TI] 20°C, -3 py \ [TI]\NH
N HNZC g
t RN\l
Cl
R= 2,4,6-C5H2Me3 2
R = tBu 2a
mi ,,N\””[T'l
l)];NH NH,Ar, CDCl;
\
c cl R = tBU, 20°C, — NHstBu
3

Scheme 1. Synthesis of 2 and 3 from 1. [Ti] = Ti(»*>-CsMes).

Treatment of 1 with tetrakis(dimethylamido)titanium(1v) or
-zirconium(1v) in toluene at 150 °C afforded the corner-shared
double cube complexes 4-2C;Hg and 5-1.5C;Hg, respec-

[Ti{(5-N)3 (13- NH) Tiz (37>-CsMes)5),] - 2 C;Hgg 4-2CHg

[Zr{(t3N)3(us-NH) Tiy (i>-CsMes)s )] - 1.5CHy - 5-1.5CHy

tively, as dark green crystals in 69 and 60 % yield, respectively
(Scheme 2). Complex 5-1.5C,H; was also prepared in 53 %
yield through the reaction of 1 with the imido derivative
[Zr(NAT)(NHAT),(py).] (Ar’ = 2,6-C¢H3iPr,)!®l in toluene at
90°C. Once isolated complexes 4 and 5 are not soluble in

[T] NH

N— lT]
AN, N/—[Tl] /|
e T
H_[Ti]~Z M(NM S
H/ ~NH PhN(Ie’ 12231 c  [Mil— Hll [T|]
1
M=Ti4; Zr5

Scheme 2. Synthesis of 4 and 5 from 1. [Ti] = Ti(7°-CsMe;).
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common solvents, precluding their characterization by NMR
spectroscopy. Their IR spectra showed vyy vibrations at 3353
and 3345 cm™!, respectively.

The X-ray crystal structures of 2, 4, and 5 were determined
in order to establish the geometry around the metal centers
and the bonding modes of the imido and nitrido ligands.'”!
Crystals of 2 bear one toluene molecule per titanium
compound. The molecular structure of 2 consists of a distorted
cube core (Figure 1).1'! The incorporated titanium atom Ti4

Figure 1. Structure of complex 2 (thermal ellipsoids at the 50 % probability
level). The C;Hg solvent molecule has been omitted for clarity. Selected
lengths [A] and angles [°]: Ti4-N2 2.263(8), Ti4-N3 2.304(9), Ti4---N4
2.602(7), Ti4-N5 1.695(8), Ti4-Cl1 2.365(3), Ti4-CI2 2.373(3), Ti4 --- Ti(av)
3.143(3); Ti4-N5-C41 171.6(7), ClI1-Ti4-CI2 98.3(1), N2-Ti4-N3 76.5(3), N2-
Ti4-Cl1 92.4(2), N2-Ti4-CI12 155.9(2), N2-Ti4d-N4 75.3(3), N2-Ti4-N5
98.2(3), N3-Tid-N4 75.2(3), N3-Ti4-N5 103.6(3), N3-Ti4-Cl1 155.8(2), N3-
Tid-C12 85.2(2), N4-Ti4-N5 173.6(3).

exhibits an apparent octahedral geometry with a “missing
vertex”; the Ti4--- N4 distance is 2.602(7) A. Ti4 is bound to
two chlorine, one linear arylimido ligand, and two imido
groups of the incomplete cube core [Ti;(«-NH);(«3-N)]. The
angle subtended at the arylimido nitrogen atom (Ti4-N5-C41
171.6(7)°) and the Ti4—N5 bond length (1.695(8) A) are in the
normal range for other imidotitanium complexes,!'>2" in
which the ArN?" ligand acts as a six-electron donor. The
extremely strong trans influence of the arylimido group
rationalizes the noncoordination of the third imido group of
the cuboidal system (N5-Ti4-N4 173.6(3)°). The bond lengths
between Ti4 and the nitrogen atoms of the NH groups are
similar (Ti4—N2 2.263(8) and Ti4—N3 2.304(9)) and analogous
to values for Ti—N distances in other titanium(iv) complexes
with amino ligands.['> 23] Analogous Ti—N bond lengths and
a similar trans influence of the imido ligands have been
reported for a family of macrocyclic d° imidotitanium com-
plexes [Ti(N/Bu)CL(L)] (L=[9]aneN;, Me;[9]aneN;, and
Me,[9]aneN,S).24

Complex 4 crystallizes with two toluene molecules. The
structure shows two cubes with a common titanium vertex
(Figure 2). This titanium center exhibits a six-coordinate
geometry, in which the nitrogen atoms lie at the vertices of a
trigonal antiprism. The two “{(u3-N);(us-NH)Ti;(177-CsMes)s}”
ligands adopt a mutually staggered conformation which may
correspond to the minimization of the steric repulsion of the
bulky pentamethylcyclopentadienyl ligands. The N-Ti-N an-
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Figure 2. Structure of complex 4 (thermal ellipsoids at the 50 % probability
level). The methyl groups of the pentamethylcyclopentadienyl ligands as
well as the C;Hg solvent molecules have been omitted for clarity. Selected
lengths [A] and angles [°]: Ti3-N2 2.125(9), Ti3-N3 2.122(6), Ti,-N,
1.931(7), Ti3-Ti 2.948(2), Ti, --- Ti; 2.800(2); N,-Ti3-N; 81.1(3), N;-Ti3-N,
99.0(3). Subscript 1 means an atom of the same Ti;N, unit, and subscript 2
means an atom of a second Ti;N, unit, average values.

gles between the central atom and each tridentate ligand are
81.1(3)°, while the N-Ti-N cis angles between the two ligands
span 99.0(3)°. The Ti3—N bond lengths are the same within the
experimental error (2.122(6) and 2.125(9) A), and range
between those in amido-??7 and aminotitanium(1v) com-
plexes.['3 2123 The tridentate ligands display similar Ti—N (av
1.931(7) A) and Ti—Ti (2.800(2) A) lengths to those deter-
mined for 1.7

Complex 5 (Figure 3) shows a similar geometry to that of 4
with a more elongated trigonal antiprism environment for the
central zirconium atom due to the different atomic radii. Thus,
the Zr—N bonds in complex 5 are longer than the Ti3—N bond
in 4 (~0.1 A), the angles between zirconium and the nitrogen

Figure 3. Structure of complex 5 (thermal ellipsoids at the 50 % probability
level). The methyl groups of the pentamethylcyclopentadienyl ligands as
well as the C;Hg solvent molecules have been omitted for clarity. Selected
lengths [A] and angles [°]: Zr1-N2 2.233(11), Zr1-N3 2.234(11), Zrl1-N4
2.237(11), Ti)-N; 1.94(1), Ti, --- Ti, 2.802(4), Zrl---Ti 3.072(3); N;-Zr1-N,
77.8(4), N;-Zr1-N, 102.2(4). Subscript 1 means an atom of the same Ti;N,
unit, and subscript 2 means an atom of a second Ti;N, unit, average values.
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atoms of the same tridentate ligand (=3.3° less in 5) are
narrower, and the angles between the cis nitrogen atoms of
the two ligands and zirconium (=~3.2° more in 5) are wider.

In summary, we have examined the reactions of the
incomplete cube compound 1 with a variety of titanium and
zirconium d° complexes. The results indicate that the [Ti;N,]
core of 1 is capable of displacing labile ligands bound to
inorganic derivatives by coordination of the NH groups as in
the formation of complex 2. However, the stability of the
resulting adducts depends on the other ligands linked to the
incorporated metal. If the N—H bonds of the organometallic
ligand 1 are activated by metal—imido or metal—amido
linkages, the elimination of organic molecules and formation
of nitrido groups bridging the metal centers takes place.

Experimental Section

2-C;H;: A 100-mL Schlenk flask was charged with 1 (0.50 g, 0.82 mmol),
[Ti(NCsH,Me;3)ClLy(py)s] (0.40 g, 0.82 mmol), and toluene (50 mL). The
reaction mixture was stirred at room temperature for 24 h, then the
resultant brown solution was concentrated to about 25 mL under reduced
pressure. The solution was filtered and cooled to —10°C for 20 h to afford
brown crystals of 2-C,Hg (0.40¢g, 51%). IR (KBr): #=3343 (s) cm™!
v(NH); '"H NMR (300 MHz, C,D;, 20°C): 6 =11.90 (s br., 3H; NH), 6.66
(s, 2H; C¢H,Me,Me), 2.86 (s, 6 H; C;H,Me,Me), 2.16 (s, 3H; C;H,Me,Me),
1.93 (s, 45H; CsMe;); *C{'H} NMR (75 MHz, CDCl;, 20°C): 6 =156.6,
133.2, 129.1, 1273 (C,H,Me,Me), 123.5 (CsMe;), 20.9 (C¢H,Me,Me), 19.4
(CsH,Me,Me), 12.4 (CsMes); elemental analysis caled for CyHg;NsClL,Ti,
(%): C 58.01, H 7.09, N 7.35; found: C 58.16, H 7.21, N 7.06.

3: A 100-mL Schlenk flask was charged with 1 (1.00g, 1.64 mmol),
[Ti(NtBu)Cl,(py)s] (0.70 g, 1.64 mmol), and toluene (50 mL). After the
mixture had been stirred at room temperature for 48 h, the brown solution
was separated from a fine green powder. The powder was washed with
hexane (40 mL) and vacuum-dried for 3 h to afford 3 (0.98 g, 82%). IR
(KBr): 7=3240 (s) cm~! v(NH); '"H NMR (300 MHz, CDCl;, 20°C): 6 =
13.46 (s br., 1H; NH), 2.15 (s, 15H; CsMes), 2.07 (s, 30H; CsMes); *C{'H}
NMR (75 MHz, CDCl;, 20°C): 6=123.3 (CsMe;), 12.3 (CsMes), 12.0
(CsMes) (one CsMes resonance signal was not found due to the low
solubility or to the coincidence with that at 6 =123.3); elemental analysis
caled for C;)Hy(N,CLTi, (%): C 49.69, H 6.39, N 7.73; found: C 49.70, H
6.53, N 7.30.

4-2C;Hg: A 200-mL Carius tube was charged with 1 (0.50 g, 0.82 mmol),
[Ti(NMe,),] (0.09 g, 0.41 mmol), and toluene (60 mL). The tube was flame-
sealed and heated at 150 °C for 30 h. The reaction mixture was allowed to
cool to room temperature overnight to afford green crystals of 4-2 C,H,
(0.41 g, 69%). IR (KBr): ¥#=3353 (m), 2972 (m), 2906 (s), 2855 (s), 2719
(w), 1604 (w), 1494 (m), 1436 (s), 1373 (s), 1156 (w), 1079 (w), 1023 (m), 803
(s), 730 (s), 703 (vs), 687 (vs), 668 (vs), 612 (vs), 522 (w), 475 (m), 445 (s),
435 (s) cm™'; elemental analysis caled for C;,H,sNgTi; (% ): C 61.51, H 7.53,
N 7.76; found: C 61.71, H 7.53, N 7.96.

5-1.5C;Hg: Method A: In a similar way to the preparation of 4, 1 (0.40 g,
0.66 mmol) and [Zr(NMe,),] (0.09 g, 0.34 mmol) were heated at 150°C to
afford green crystals of 5- 1.5 C;H, (0.28 g, 60 % ). Elemental analysis calcd
for CyysH,yNgTigZr (%): C 58.72, H 727, N 7.77; found: C 58.98, H 7.39, N
7.47. Method B: A 100-mL ampoule (Teflon stopcock) was charged with 1
(0.30 g, 0.49 mmol), [Zr(NAr')(NHAT'),(py),] (Ar' =2,6-C¢H;iPr,) (0.19 g,
0.24 mmol), and toluene (25 mL). After heating at 90°C for 2 d, the green
solution was allowed to cool to room temperature overnight to afford green
crystals of 5-1.5CHg (0.19 g, 53%). IR (KBr): #=3345 (m), 2908 (s),
2855 (s), 1604 (w), 1495 (m), 1436 (s), 1374 (s), 1024 (m), 804 (vs), 729 (s),
694 (vs), 662 (vs), 647 (s), 611 (vs), 531 (w), 486 (s), 470 (m), 447 (s), 431
(s) em™!; elemental analysis calcd for CyysH,o,NsTigZr (% ): C 58.72, H 7.27,
N 7.77; found: C 58.35, H 7.26, N 7.72.
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Novel Mode of C—C Bond Cleavage of
Norbornadiene on a Dinuclear Ruthenium
Complex**

Yasuhiro Ohki and Hiroharu Suzuki*

The activation of C—C bonds by transition metal complexes
has attracted considerable attention in the field of organo-
metallic chemistry due to its applicability to industrial
processes such as petroleum refining and cracking. Most of
the reported examples of C—C bond activation by transition
metal complexes involve highly strained systems, pre-aromat-
ic organic substrates such as alkylated cyclopentadienes,!! or
intramolecular ligand activation in which the C—C bond is
favorably oriented towards the metal center.”?! In the last ten
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years, we have intensively studied substrate activation on a
multimetallic site and reported a novel selective C—C bond
cleavage of cyclopentadiene on a trinuclear ruthenium
pentahydride complex [{(7>-CsMes)Ru}l;(u-H);(us-H),] (1).0
As well as this triruthenium cluster, the dinuclear ruthenium
tetrahydride [{(°-CsMes)Ru},(u-H),] (2) has been shown to
provide an active species for multimetallic activation and to
undergo cleavage of various types of bonds such as C(sp?)—H,
Si—H, and P—C(aryl) bonds under mild conditions.*! We have
now focussed our attention on the activation of C—C bonds by
a dinuclear complex and have examined the reaction of 2 with
a variety of 1,3- and 1,4-cyclic dienes because these dienes
have geometries suitable for coordination to a dimetallic site.
We report herein an unprecedented type of selective carbon-
—carbon bond cleavage of norbornadiene by the dinuclear
ruthenium tetrahydride complex 2.

Treatment of 2 with three equivalents of norbornadiene in
toluene at 60°C resulted in the formation of the dinuclear
2-ethylruthenacyclohexadienyl complex [{(77’-CsMes)Ru},-
(u-n>:p":n'-CsH,C,H5)(H)] (3) as the result of a C—C bond
cleavage [Eq. (1)] (yield ca. 65% from 'H NMR data). The

new complex 3 was isolated as a red crystalline solid in 44 %
yield by column chromatography on neutral alumina, and
identified on the basis of the 'H and '*C NMR, and *C-'H
HETCOR spectra. The *C NMR spectrum exhibited two
characteristic signals for bridging alkenyl carbons, C1 and C5,
at 0=168.1 (Joy=141.9 Hz) and 0 =186.2, respectively. The
gated *C NMR spectrum showed three doublets at 6 =91.1
(Jeu=156.3 Hz, C2), 0=85.8 (Jcy=159.5Hz, C3), and 6 =
90.2 (Jcyu=151.0Hz, C4) for the carbon atoms of the
ruthenacycle, and the chemical shifts were comparable to
those observed in the related #°-cyclohexadienylruthenium
complexes.’! A resonance signal due to the hydrogen atom
attached to the a-carbon (C1) appeared at 6 =9.33 in the
'H NMR spectrum. The two hydrogen atoms on C6 are
diastereotopic and their resonance signals appeared at 0 =
2.38 and 6 =3.18.

There are two possible modes of C—C bond cleavage that
account for the formation of the ruthenacycle 3. One involves
C—C bond cleavage at C1—C2 and C4—CS5 of norbornadiene.
The other pathway involves the C1-C2 and C4—C7 bond
cleavage (Scheme 1). The latter mode of C—C bond cleavage
is observed in the protonation of [(7°-CsRs)Co(n*-norborna-
diene)].1! To elucidate the reaction pathway to 3, complex 2
was allowed to react with 7-methylnorbornadiene!” under
similar conditions to those with norbornadiene. This reaction
generated the analogous ruthenacycle [{(7>-CsMes)Ru},(u-
n>mty'-CsH;CH;C,H;s)(H) | (4) in which a methyl group was
bound to C4 [Eq.(2)]. Complex 4 was isolated as a red
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C-C cleavage at
C1-C2 and C4-C5

C-C cleavage at
Cl1-C2and C4-C7

Scheme 1. The two possible modes of C—C bond cleavage in norborna-
diene that can account for the formation of 3.

// NS

\\/ o 60 °C

crystalline solid in 24 % yield, and assigned as a dinuclear
ruthenacycle analogous to 3 on the basis of the similarity of
the 'H and *C NMR chemical shifts and the coupling pattern.
The observation of methyl resonance signals at d;; = 1.80 and
0c=18.7 and the disappearance of the proton signal at 0 =
4.69 (dd) for H4 proved that the methyl group was substituted
at C4.

The structure of 4 was confirmed by X-ray crystallography
(Figure 1) by using single crystals obtained from cold pen-
tane.®! The structure clearly depicts the formation of a six-

Figure 1. Molecular structure of 4 (with thermal ellipsoids at 30%
probability level). Selected bond lengths [A] and angles []: Rul-Ru2
2.8496(6), Rul-C1 1.946(6), Rul-C5 1.999(5), Ru2-C1 2.219(5), Ru2-C2
2.179(6), Ru2-C3 2.176(6), Ru2-C4 2.222(6), Ru2-C5 2.227(5), C1-C2
1.399(8), C2-C3 1.402(9), C3-C4 1.429(8), C4-C5 1.432(7); C1-Rul-C5
90.0(2), Rul-C1-Ru2 86.1(2), Rul-C1-C2 127.1(5), C1-C2-C3 123.5(5), C2-
C3-C4 126.3(5), C3-C4-C5 120.9(5), C4-C5-Rul 125.9(4), Rul-C5-Ru2
84.6(2).

membered ruthenacycle. The Rul—C1 and Rul—CS5 distances
of 1.946(6) and 1.999(5) A, respectively, correspond to those
of a Ru—C o bond. The Ru—C distances between Ru2 and the
ruthenacycle (2.176(6)-2.227(5) A) are within the range of
those for a Ru—C m bond and are comparable to those
observed in 7°-cyclohexadienylruthenium complexes.®! The
Ru—Ru distance of 2.8496(6) A is indicative of a metal — metal
single bond as anticipated from the 18-electron formalism
applied to 4.
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The methyl group on C4 of the ruthenacycle 4 is derived
from that attached to C7 of norbornadiene, and this evidently
shows that the C1-C2 and C4—C5 bonds of norbornadiene
were cleaved in the reaction with the dinuclear ruthenium
tetrahydride complex 2. The C—C bond cleavage probably
took place to relieve the ring strain.

The reaction proceeds most likely by way of an interme-
diary u-endo,endo-n*:p*-norbornadiene complex, since the
reactions of 2 with acyclic and cyclic 1,3-dienes afford the
corresponding u-7?:p*diene complexes.’! Furthermore, a
dinuclear ruthenium complex having a u-endo,endo-n*:n?-
norbornadiene ligand was isolated by introducing a u-PR,
ligand into the diruthenium core.!']

Thus, we have discovered an unprecedented mode of C—C
bond cleavage of norbornadiene on a dimetallic site due to the
cooperative action of the two adjacent ruthenium centers. To
our knowledge, this is the first selective and consecutive
activation of two C—C bonds of norbornadiene.

Experimental Section

3: Norbornadiene (157 pL, 1.45 mmol) was added to a solution of [{(’-
CsMes)Rul,(u-H),] (230.6 mg, 0.484 mmol) in toluene. The reaction
mixture was warmed at 60°C and allowed to stir for 36 h. After removal
of the volatile compounds under reduced pressure, the product was purified
by column chromatography on neutral alumina with pentane—tetrahy-
drofuran (200:1) as the eluent. The product was obtained as a bright pink
eluate. Removal of the solvent under reduced pressure afforded 3
(120.7 mg) as a red solid (44 % yield). '"H NMR (400 MHz, [D¢]benzene,
RT, TMS): 6=9.33 (ddd, J=6.8, 2.0, 1.2 Hz, 1H; H1), 5.03 (ddd, /=6.8,
5.6, 1.2 Hz, 1H; H2), 4.69 (dd, J=6.0, 1.2 Hz, 1H; H4), 4.18 (ddd, J =6.0,
5.6, 1.2 Hz, 1H; H3), 3.18 (dq, /=12.0, 7.2 Hz, 1H; H6-a), 2.38 (dq, /=
12.0, 7.6 Hz, 1H; H6-b), 1.98 (s, 15H; CsMes), 1.56 (s, 15H; CsMes), 1.51
(dd, J=76,72 Hz, 3H; H7), —20.76 (d, J=2.0 Hz, 1H; Ru-H); 3C NMR
(100 MHz, [D4]benzene, RT, TMS): 6 =186.2 (s; C5), 168.1 (d, J(CH) =
141.9 Hz; C1), 974 (s; CsMes), 91.1 (d, J(C,H) =156.3 Hz; C2), 90.2 (d,
J(C,H) =151.0 Hz; C4), 89.0 (s; CsMes), 85.8 (d, J(C,H)=159.5 Hz; C3),
43.6 (t, J(C,H)=125.1 Hz; C6), 18.1 (q, J(C,H)=125.5 Hz; C7), 11.9 (q,
J(C,H) =125.9 Hz; CsMes), 11.0 (q, J(C,H) = 126.4 Hz; C;Mes;).
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Asymmetric, Catalytic Phenyl Transfer to
Aldehydes: Enantioselective Synthesis of
Diarylmethanols**

Carsten Bolm,* Nina Hermanns, Jens P. Hildebrand,
and Kilian Muiiiz

Chiral diarylmethanols are important intermediates for the
synthesis of biologically and pharmaceutically active substan-
ces.ll Two major approaches exist for their enantioselective
synthesis: the asymmetric reduction of unsymmetrical diaryl
ketones and the enantioselective aryl transfer to benzalde-
hydes. The most prominent examples of the former are based
on Corey’s CBS reduction methodology® and Noyori’s
enantioselective ketone hydrogenation catalyzed by 2,2-
bis(diphenylphosphanyl)-1,1'binaphthyl ~ (BINAP)/diamine
ruthenium complexes.’! Both reactions work well but also
require certain substrate attributes such as electronically very
different aryls or ortho-substitution of one of the aryl groups.
Successful examples of the second strategy have only recently
been described.! In organozinc chemistry,®! enantioselective
phenyl transfers to aldehydes were first reported by Soai and
co-workers who employed a zinc reagent prepared in situ
from ZnCl, and phenylmagnesium bromide and stoichiomet-
ric amounts of N,N-dibutylnorephedrine as chiral ligand (up
to 82 % ee).’> ° Interestingly, salt-free diphenylzinc behaved
differently and gave unsatisfactory results. The first successful
application of isolated diphenylzinc in this reaction was
described by Fu and co-workers in 1997 who demonstrated
that a chiral azaferrocene catalyzed its addition to 4-chloro-
benzaldehyde affording the corresponding diarylmethanol
with 57 % ee.ll Soon after, Pu and co-workers!®! and Bolm and
Muiiizl’! independently developed other catalysts for the
asymmetric phenylation of aldehydes based on 2,2'-di-
hydroxy-1,1"-biphenyl (BINOL) derivatives and planar-chiral
ferrocenyl oxazoline 3, respectively. Here we report on an
improvement of the existing methodology which allows the
catalytic synthesis of a wide range of arylphenylmethanols 2
from benzaldehydes 1 with very high enantioselectivities.

A major difficulty in the development of an efficient
asymmetric phenyl transfer from diphenylzinc to aldehydes 1
is the rapid competitive uncatalyzed pathway, which dimin-
ishes the enantioselectivity. To compensate this effect some

[*] Prof. Dr. C. Bolm, Dipl.-Chem. N. Hermanns, Dr. J. P. Hildebrand,*]
Dr. K. Muiiiz!* ]
Institut fiir Organische Chemie der RWTH Aachen
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Deutsche Forschungsgemeinschaft (DFG) within the Collaborative
Research Center (SFB) 380 “Asymmetric Synthesis by Chemical and
Biological Methods” for financial support. We thank Dr. John Blacker
from AVECIA for an inspiring discussion.
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1. phenylzinc reagent
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known catalytic systems rely on the use of high catalyst
loadings or high dilution conditions. Furthermore, the loss of
one phenyl as nontransferable aryl group on zinc has to be
accepted. Based on literature datal'’'?! we reasoned that the
use of a modified phenylzinc reagent might help to suppress
the undesired background reaction and even allow transfer of
both phenyl groups.’] To our delight and supporting our
hypothesis we found that employing an organozinc species
formed in situ by mixing diphenylzinc and diethylzinc (in a
ratio of 1:2)[' led to a dramatic increase in enantioselectivity.
Thus, with 10 mol % of 3 the phenylation of 4-chlorobenzal-
dehyde now afforded the product alcohol with 97 % ee
compared to 88% ee with the original systemll employing
diphenylzinc only (Table 1, entry 4). Under these conditions
the catalyst loading could even be reduced to 2.5 mol % giving
the product with 93% ee (Table 1, entry 2).

Table 1. Phenyl transfer to 4-chlorobenzaldehyde (1a) in the presence of
catalytic amounts of ferrocene 3.1

o 1. ZnPh, / ZnEt, ?H
| X H 3 as catalyst | A | =
cl = 2. work-up cl & ~F
la 2a
Entry 3 ZnPh,/ZnEt, Yield ee of 2a Absolute
[mol %] [equiv] [% ]! [% ]l config.!
1 1 0.65/1.3 84 79 R
2 2.5 0.65/1.3 86 93 R
3 5 0.65/1.3 92 95 (82) R
4 10 0.65/1.3 89 97 (88) R
5 15 0.7/1.4 68 97 R
6 40 1.0/2.0 94 99 (90) R
7 100 1.5/3.0 81 99 (94) R

[a] Reactions were carried out in toluene at 0°C. [b] After column
chromatography. [c] Determined by HPLC using a chiral stationary phase.
[d] Values in parentheses refer to the results of reactions with pure ZnPh,.
[e] Determined by comparison of the order of peak elution during HPLC
with literature values.

Further optimization was accomplished by varying the
reaction temperature, solvent, and the amount and ratio of
zinc reagents: toluene was found to be the solvent of choice
and the temperature could be raised to 10°C without loss of
selectivity. As hoped for, use of the ZnPh,/ZnEt, mixture had
the additional benefit that the amount of diphenylzinc could
be reduced, and even with only 0.65 equivalents of this zinc
reagent high conversion of the aldehyde was achieved. For
maximum selectivity a twofold excess of ZnEt, was essential,
presumably to shift the equilibrium towards a mixed zinc
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species.l¥l Under the optimized conditions several aldehydes
were submitted to the aryl transfer reaction (Table 2).

Table 2 shows that for a wide range of aromatic aldehydes
the addition proceeds with excellent enantioselectivities of up

Table 2. Catalyzed phenyl transfer to various aldehydes.l!

Entry R in RCHO Yield ee of 2 Absololute
[% ]! [%]ted] config.[!
1 4-Cl-C¢H, 86 97 (88) R
2 4-H,CO-C4H, 82 98 (87) R
3 3-H;CO-C¢H, 99 96 R
4 4-H,C-C(H, 86 98 (85) R
5 4-C¢H;s-C¢H, 98 97 (91) R
6 2-CyHy 70 96 (89) R
7 2-Br-C.H, 64 91 (73) R
8 2-Furyl 99 95 (80) R
9 E-C{H;CH=CH 97 90 (73) N
10 C(CHs;); 68 94 (56) N
11 C¢Hs-CH, 82 83 N
12 CH(CH,), 75 91 N

[a] Reactions were carried out in toluene at 10°C in the presence of
10 mol % of ferrocene 3 using a mixture of 0.65 equivalents of ZnPh, and
1.3 equivalents of ZnEt,. [b] After column chromatography or purification
using preparative HPLC. [c] Determined by HPLC using a chiral stationary
phase. [d] Enantiomeric excess in parentheses refers to the reaction
performed with 1.5 equivalents of ZnPh, instead of the ZnPh,/ZnEt,
combination (for entries 1-7: 10 mol% of 3; for entries 8-10: 5 mol %
of 3). [e] Determined by comparison of the order of peak elution during
HPLC with literature values, or tentatively assigned by assumption of an
identical reaction pathway (entries 3-5, 11, 12)

to 98 % ee. It should also be emphasized that with the new
protocol the range of substrates is no longer limited to para-
substituted aromatic aldehydes; meta- and even ortho-sub-
stitutions which have so far resulted in only moderate
enantioselectivities!” are well tolerated and the corresponding
chiral diarylmethanols are formed with high enantioselectiv-
ities (Table 2, entries3 and 7). Furyl carbaldehyde and
cinnamyl aldehyde also react highly selectively and give the
corresponding alcohols with 95 % ee and 90 % ee, respectively
(Table 2, entries 8 and 9).

Noteworthy is that product 2b, which is obtained in a single
step from 4-methylbenzaldehyde with 98 % ee, is the direct
precursor of antihistaminic (R)-neobenodine 4. By reduc-
tion of the corresponding unsymmetrical diketone this com-
pound is not directly available with high enantioselectivity.!

o~ NMe

QH
JISACENSOAS
Me™ ~F Me” F ~F
2b 4

The addition of diphenylzinc to aliphatic aldehydes was also
briefly examined. For selected examples good to excellent
enantioselectivities have been obtained (Table 2, entries 10—
12). Compared to the previous results the new protocol
proved superior again, giving, for example, the addition
product of pivalaldehyde with 94 % ee.

Experimental Section

In a glovebox a well-dried Schlenk flask was charged with diphenylzinc
(36 mg, 0.16 mmol). The flask was sealed and removed from the glovebox.
Freshly distilled toluene (3 mL) was added followed by diethylzinc (33 pL,
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0.33 mmol). After the mixture had been stirred for 30 min at room
temperature, ferrocene 3 (12 mg, 0.025 mmol) was added, and the resulting
solution was then cooled to 10°C. Stirring was continued for an additional
10 min at this temperature, and the aldehyde (0.25 mmol) was then added
directly in one portion. The Schlenk flask was sealed, and the reaction
mixture was stirred at 10°C overnight. Quenching with water followed by
extracting with dichloromethane, drying of the combined organic phase
over MgSO,, and evaporating the solvent under reduced pressure gave the
crude product. Column chromatography (silica gel; eluents: hexanes/
diethyl ether) afforded the pure secondary alcohol (for ee analyses by
HPLC see Supporting Information).
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(1]

(12]
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and 2, Scheme 1) are a unique class of antibiotic which possess
potent in vitro cytotoxic activity, significant in vivo antitumor
activity, and which appear to act by ISC formation.*l Two
reports have been published which provide insights into how

21

-ty

1 Azinomycin A (X = CHy)
2 Azinomycin B (X = CH=CHOH)
3 (X = CH=CHOMe)

ldouble—stranded DNA

N N _NH,
¢
N NH

iuOH O
o) H o )
MeO o NE
o H
‘ AcO™ NH
Me HO
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AL J

N
4 (X = CH=CHOMe)

Scheme 1. Mechanism of action of the azinomycins, the azinomycins bind
to two purine residues.

these natural products induce ISCs in double-stranded DNA.
By using synthetic oligonucleotide duplexes, Armstrong et al.
demonstrated that azinomycin B causes ISCs in the major
groove of DNA by alkylation at N-7 of guanine (G) and
reaction with another purine residue (A or G) two bases along
on the complementary DNA strand.! Recently, Fujiwara
et al. isolated and partially characterized adduct 4, produced
upon treatment of the 4-methyl azinomycin B derivative 3
with the self-complementary oligodeoxynucleotide [d(TAGC-
TA),], work which provided the first direct evidence of the
involvement of the electrophilic epoxide and aziridine
moieties in the DNA cross-linking event (Scheme 1).0!

To fully elucidate the mechanism of action of the azinomy-
cins, work which might ultimately lead to the development of
new clinically useful ISC agents, further studies are needed to
determine the timing of the alkylation events that lead to ISC
formation and to ascertain the role of other functional groups
within the azinomycins (e.g. naphthyl residue, C-12/C-13
hydroxy groups) in DNA sequence recognition. One powerful
way to address these issues would be to make simplified yet
mechanistically fully functional analogues of the natural
products. Surprisingly, despite the large volume of work that
has been directed towards realizing the first total synthesis of
the azinomycins,®! no reports have appeared on the ISC
activity of any synthetic azinomycin derivatives. Herein we
describe a flexible and efficient approach for the assembly of
the basic C-6 to C-21 carbon skeleton of the azinomycins and
demonstrate that this approach can be used to prepare
simplified azinomycin analogues such as epoxy aziridine 5 and
cyclopropyl aziridine 6. Furthermore the analogue 5 is an ISC
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CO,Et
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agent and acts by a similar mechanism to that of the natural
products.

Our synthesis of epoxy aziridine 5 is depicted in Scheme 2.
Homochiral ester 7] readily obtained from L-serine in three
steps, was transformed into a,-unsaturated ester § by DIBAL

5(X =0)
6 (X = CHy)

COzMe ab S

0
)TNCbz .

BocHN CO,Et

o
o ‘ CO,Et
o)
NH, )TNCbZ NHBoc
9
OH
XHN.__CO,Et
16 | MeO
13
12 11
(10 (X= Boq ¢ 12 (Y =Bn)
11 (X = H) 1NY H)

:"'\o
o H
MeO. Otng COLEt
SGe s G
NH
ST Q.

Scheme 2. Synthesis of the azinomycin analogue 5. a) DIBAL, toluene,
—178°C, 95%; b) Ph,P=CHCO,Et, toluene, 77%; c) NaOH, THF, H,0;
d) (COCl),, DMF (catalyst), CH,CL,; e)EtO,CCH(CO,H)(NHBoc),
Mg(OEt),, CCl,, 54% from 8; f)H,, Pd/C, EtOH, HCl(aq), 68%:;
g) TFA, CH,Cl,; h) H,, Pd/C, MeOH; i) PyBOP, HOBt, Et;N, DMF,
67% from 12; j) MsCl, Et;N, —78°C, CH,Cl,, 91 %; k) TBAF, 4 A sieves,
THEF, 15min, TLC, 45%. PyBOP = benzotriazol-1-yloxytripyrrolidino-
phosphonium hexafluorophosphate, HOBt = 1-hydroxy-1H-benzotriazole,
TBAF = tetrabutylammonium fluoride, MsCl = methanesulfonyl chloride,
TFA = trifluoroacetic acid, Boc = tert-butoxycarbonyl, DIBAL = diisobu-
tylaluminum hydride.

reduction and subsequent olefination by using (carboethoxy-
methylene)triphenylphosphorane. Further homologation of
ethyl ester 8 to a-amino-f-ketoester 9 was accomplished by
conversion to the acid chloride and coupling with EtO,CCH-
(CO,H)(NHBoc) in the presence of magnesium ethoxide.!®!
Then, a pivotal step in the synthesis was executed by the
hydrogenation of 9 in EtOH in the presence of aqueous
hydrochloric acid to give dehydroamino acid 10 in 68 % yield.
We suggest that these reaction conditions produce the y-
amino ketone which undergoes spontaneous cyclization to the
corresponding cyclic imine which then tautomerizes to the
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thermodynamically more stable 10. Dehydroamino acid 10 is
produced as a variable mixture of geometric isomers in favor
of the desired E isomer (E:Z; 10:1 to 6:1 (in CDCl,)) as
determined by NOE measurements,” and in reproducibly
high enantiomeric excess (E isomer=90% ee; Z isomer=
89% ee) as established by chiral HPLC analysis.'”] As yet,
we have been unable to ascertain the source of the small
amount of racemization observed in the conversion of 8 into
10. Coupling of carboxylic acid 13, produced by hydrogena-
tion of benzyl ester 12, with 1.5 equivalents of amine 11
(formed by removal of the N-Boc group from 10) yielded 14 in
67% yield, as a mixture of geometric isomers (9:1 (in
CDCl,)). Finally, ring closure to give 1-azabicyclo[3.1.0]hex-
ane 5 was accomplished via the corresponding mesylate
according to methodology originally devised by Terashima
and co-workers.'] In our hands, this ring closure was best
performed with TBAF!! which provides the bicyclic com-
pound 5 in 45% yield after rapid preparative thin-layer
chromatography (TLC) on plates pretreated with triethyl-
amine.

To study the mechanism of DNA cross-link formation by
using simplified azinomycin analogues, we have also prepared
6, containing a “left-hand” domain in which the electrophilic
epoxide moiety has been replaced by the chemically inert
cyclopropane ring. This was achieved by esterification of
homochiral alcohol 1521 with 5-methyl-3-methoxy-1-naph-
thoyl chloride to give benzyl ester 16 (Scheme 3). Subsequent

(0]
. MeO o ()4
HO' OBn —— o)
& J
15 Me 16 (Y =Bn)

*£17 (v = h)

o H
A e MeO o N._ _CO,Et
)
SO
Ve 18 OH

Scheme 3. Synthesis of the azinomycin analogue 6. a)5-Methyl-3-me-
thoxy-1-naphthoyl chloride, DMAP (catalyst), Et;N, CH,Cl,, 85%; b) H,,
Pd/C, MeOH; ¢) PyBOP, HOBt, Et;N, DMF, 11, 65% from 16; d) MsCl,
EtN, —78°C, CH,CL,, 80%; ¢) TBAF, 4 A molecular sieves, THF, 15 min,
TLC, 34 % . DMAP =4-dimethylaminopyridine

hydrogenolysis of this ester gave the corresponding acid 17,
which was coupled with amine 11 and further converted into 6
via 18 as described above for 5. Whilst the gross struture of the
bicyclic compounds § and 6 have been established unambig-
uously, the stereochemical assignment about the tetrasubsti-
tuted double bond can only be tentatively assigned as trans,
based on comparisons with the earlier synthetic intermediates
(e.g. 10, Scheme 2).[

By using an agarose gel assay,'! we have studied the
interstrand cross-linking activity of three of our synthetic
azinomycin compounds (5, 6, 14). We have determined that
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epoxy aziridine 5 produces DNA cross-links (100 % cross-link
formation at 100 um after 1.5 h), whereas 6 and 14, devoid of
the epoxide or the aziridine, respectively, show little more
than background-level activity (Figure 1). Thus, the presence

14 5 ] CIS

T T r 1

I | 1
Co Cg 10 100 10 100 10 100 10
— e

== n
e e

Figure 1. Agarose cross-linking gel for the synthetic azinomycin analogues
(5, 6, 14). Plasmid DNA was treated with the agents at two separate
concentrations (10 and 100 pm) for 1.5 h prior to denaturation and gel
electrophoresis. CIS is the cross-linking drug cisplatin which was used for
comparative purposes. C, and C, are control nondenaturated and
denatured samples, respectively. DS and SS indicate the positions of
double- and single-stranded DNA, respectively.

of both functional groups is essential for ISC formation and
indicates that § is acting on DNA in a similar manner to the
natural products (see above). In an effort to elucidate the
sequence specificity of these agents, we have evaluated them
in a Tag DNA polymerase stop assay.l'”] All three analogues
(5, 6, 14) induce Taq stops preferentially at G residues
indicating alkylation at these bases, an observation which
lends further credence to the idea that these compounds
mimic the azinomycins (data not shown).l* 3

The cytotoxicity of derivatives (5, 6, 14) was determined
against a small panel of human tumor cell lines (SKOV-3,
CH1, A2780 (all ovarian), HT-29 (colon), K-562 (leukemia))
using the SRBIY or MTTI assay (Table 1). Significantly,

Table 1. Cytotoxicity data for 5, 6, and 14.

ICsp [um]e!

Human tumor cell lines 14 5 6
A2780 0.06 0.076 52
A2780cisRI[M 0.14 0.28 10
CH1 0.058 0.078 8.6
CHlcisR"! 0.035 0.087 5.8
SKOV-3 0.56 2.1 29
HT29 0.55 0.52 10
K562 0.52 0.143 1.9

[a] Dose of drug inhibiting growth by 50 % following a 96 h exposure (1 hin
the case of K562) as determined by the SRB assay!'®l (MTT assay!'”! in the
case of K562). [b] Cell line with acquired resistance to cisplatin. SRB =
sulforhodamine, MTT = Thiazolyl blue, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide.

epoxide 5 displayed markedly greater potency (13-
110 times) than the corresponding cyclopropane analogue 6.
Intriguingly, epoxide analogue 14, devoid of the aziridine ring,
showed potency comparable to that of 5. These observations
suggest that the epoxide moiety is largely responsible for the
cytotoxic activity of these agents. This could indicate that
whilst DNA cross-link formation has been demonstrated for
both the azinomycins and the synthetic analogue §, in whole
cells cytotoxicity may be induced by simple DNA alkylation
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brought about by reaction with the epoxide center. Such a
hypothesis would be consistent with earlier observations that
simple azinomycin analogues based upon just the “left-hand”
domain of the azinomycins are highly cytotoxic.'> 81 Addi-
tionally, it is notable that the synthetic agents §, and 6 retained
activity in the two cell lines possessing acquired resistance to
the widely used drug cisplatin, which forms a variety of
intrastrand and interstrand bifunctional crosslinks on DNA.

In summary, our results suggest that synthetic azinomycin
analogues such as 5 can be readily assembled, and induce ISCs
in double-stranded DNA along similar lines to the natural
products. In view of the limited availability of the azinomy-
cins, we believe that these and other analogues will prove
useful in further addressing the molecular mechanism of
action of this class of antitumor agent.
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Fascinating Alkali Halide Structures of
Different Dimensionalities Incorporated in
Host Lattices

R. Vaidhyanathan, S. Neeraj, P.A. Prasad,
Srinivasan Natarajan, and C.N.R. Rao*

Design and synthesis of supramolecular inorganic struc-
tures exhibiting novel host — guest interactions and molecular
recognition have provided exciting new possibilities. 2 Some
of these materials contain cages for ions or cation-anion
aggregates, polyoxometalates with cages containing ions such
as Cl~ and NOj;~, and ion-pairs such as NH,"CI~, being good
examples.’] Several classes of inorganic-organic hybrid
materials wherein the organic molecules subtly determine
the structures of metal oxide lattices have also been prepared
in recent years. Amongst these, metal —organic networks
described in the recent literatureP”] are noteworthy, besides
the large variety of inorganic open-framework structures, such
as the metal phosphates!®! and oxalates!®! synthesized hydro-
thermally in the presence of organic amines. However, there is
no report of materials to date, wherein extended structures of
ionic compounds are incorporated in host lattices. Herein we
report for the first time novel oxalate materials containing
alkali halides with entirely new structures. The structures
described include, a three-dimensional expanded KCI, a two-
dimensional layered RbCl, and a one-dimensional KBr chain.
The study makes an important addition to the chemistry of
inorganic host — guest materials and suggests that many more
such structures can indeed be synthesized.

To prepare materials incorporating new alkali halide
structures, we have employed the hydrothermal method of
synthesis, which is known to yield materials not obtained
ordinarily.l* 1) The basic reaction employed is the simple
exchange reaction between a cadmium halide and an alkali
metal oxalate, carried out in the presence of an amine. The
three new Cd oxalates containing alkali halides obtained by
this means have the compositions I-IIL
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[(CA(C,0,)}]-KCI-2H,0 1
[Cd(C,0,)]-2RbCI-H,0 I
[K,Cd,(C,0,);]-2KBr-2H,0 I
The structure of I (Figure 1a) contains some extraordinary

features.'! First, it has a cadmium oxide cluster of the
composition [Cd¢O,,], containing CI- ions in the center and

Figure 1. a) The structure of [{Cd(C,0,)}s]-KCl-2H,O (I) without the
KClI guest. b) Structure of I, showing the host and the guest species, along
the [001] direction. The KCI lattice can also be visualized. ¢c) Expanded
cubic structure of KCI. Note that the [100] KCl is along the [111] direction
of the cadmium oxalate L.

with Cd in triangular prismatic coordination (Figure 1b). To
our knowledge, this is the first example of such Cd-O
clusters. The [Cd4O,4] clusters are connected to each other
through the oxalate units. Charge compensation for the CI-
ions in the cluster is provided by the K* ions, located outside
the clusters (Figure 1b). Remarkably, the relative positions of
the K* and Cl™ ions are perfectly ordered in three-dimensions
forming an independent rock-salt structure with interpene-
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trating FCC lattices (Figure 1c). The cubic unit cell parameter
of KClis 13.4 A, which is double that of ordinary KCI (6.7 A).
The [100] KCI planes run along the [111] direction of I. The
K* ions are coordinated by 12 oxygen atoms at a distance of
~3 A, and the CI- ions are coordinated by six cadmium ions
at ~2.9 A. We consider the incorporation of the KCI structure
with an expanded unit cell in a host matrix to be noteworthy.
An alternate way to describe the structure of I would be as
follows: The Cl~ ion is at the center of a cluster of six Cd
trigonal prisms, arranged in such a manner that the nearest
neighbors are six Cd ions at the vertices of an octahedron, the
next nearest neighbors being oxygen atoms of the six trigonal
prisms, reminiscent of Chevrel phases. Thus, we could
consider I as a rock salt arrangement of the two clusters,
[CICd((C,0,);)* and [K(H,0),(C,0,);]>~. This is indeed an
illustration of “scale chemistry”, of the type proposed recently
by Férey.[]

Encouraged by the above finding, we attempted to
synthesize the rubidium halide analogue by carrying out the
reaction of a 2:1 mixture of RbCO; and oxalic acid with other
reactants. We, however, obtained a product with the compo-
sition II, with an entirely different structure.!"® 31 Compound
II has a layer oxalate structure (Figure 2), with two closely
spaced hexagonal RbCl layers separated by 3.3 A. The RbCl
layers are made of hexagonal Rb;Cl; units (see inset of
Figure 2) with an average Rb—Cl distance of ~3.6 A (com-
pared to 3.3 A in solid RbCl of rock-salt structure). The
hexagon has the chair conformation of cyclohexane. The
RbCl layers are stabilized by the oxalate layer, present after
every two RbCl layers, by providing the additional coordina-
tion required by the Rb* and CI~ ions. The Cd ions are
coordinated by four oxygen atoms at an average distance of
229 A and by two chlorine atoms at 2.57 A.

By the reaction of CdBr, with K,C,0,, we have obtained a
material of the composition IIL!'* 4l Compound Il is a three-
dimensional Cd oxalate, with oxalate layers similar to that in
I, but linked by oxalate bridges.] This is also evident from
the lattice parameters of II and III. One of the lattice
parameters of Il is ~5 A larger than that in I, indicating that
the out-of plane oxalate bridges the cadmium oxalate layers
along that axis to form channels. Accordingly, one of the axes
differs significantly in II compared to III. The K* ions located
in the channels of III form linear KBr chains (Figure 3), with
K—Br distances in the range 3.36—3.50 A. The interchain
Br—Br distance is 3.76 A and the K* ions are coordinated by
the oxalate oxygen atoms and the Br atoms.

The expanded KCI, the layered RbCl, and KBr chain
reported here are most unusual in the sense that such
structures were hitherto unknown. It has been possible to
form these structures because of host — guest interactions, the
host providing the additional coordination necessary to
stabilize the structures. The guest species, involving extended
ionic lattices, reported here are distinctly different from those
resulting from ion-exchange in layered solids, such as the
metal —anion arrays in oxide hosts,”! and somewhat compa-
rable to the KCI/CsCl lattice in a phosphate framework
obtained in a molten salt medium.!""!

The present study demonstrates that it should be possible to
isolate many more such materials containing extended alkali
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Figure 2. Structure of [Cd(C,0,)]-2RbCl-H,0 (II), showing the Cd(C,0,),Cl, layers with CdO,Cl,
octahedra (in yellow) along the [100] direction. Layered RbCl can be seen in between the Cd oxalate
layers. Note that the Cl~ ions are bonded to the Cd center and point into the interlamellar space. Inset:

Arrangement of RbCl layers.

Figure 3. Left) Structure of [K,Cd,(C,0,);] -2KBr-2H,O (III) along the [100] direction. Note

(0.28 g) were added to this solution under
constant stirring. Finally, imidazole (0.127 g)
was added and the mixture was homogenized
for 2 h. The reaction mixture with the compo-
sition Cd(Cl,:K,C,0,:CH;COOH:C;N,H;:
100(C,H,OH + H,0), was sealed in a PTFE-
lined stainless-steel autoclave and heated at
165°C for 55 h. The product containing crystals
of I with a rodlike morphology was filtered,
washed with deionized water, and dried under
ambient conditions.

1I: Rb,CO; (0.287 g) and H,C,0, (0.157 g) were
added to a butan-2-ol/water mixture (2.3 mL,
0.6 mL) and stirred for 20 min. CdCl, (0.25 g)
and CH;COOH (0.28 g) were added to this
solution under constant stirring. Finally, imida-
zole (0.128 g) was added and the mixture was
homogenized for 90 min. The gel was sealed in a
PTFE-lined stainless-steel Parr autoclave and
heated at 165 °C for 55 h. Platelike crystals of II
which resulted from this reaction were filtered,
washed with deionized water, and dried under
ambient conditions.

III: K,CO; (0.102 g) and H,C,0, (0.125 g) were
added to a butan-2-ol-water mixture (1.8 mL,
0.5 mL) and stirred for 5 min. CdBr, (0.2 g) and
CH;COOH (0.11 g) was added under constant
stirring and the mixture was homogenized for 90 min. The
gel with a composition CdBr,:K,CO;:1.35H,.
C,0,:2.5CH;COOH:27 C,H,OH:38H,0O was sealed in a
PTFE-lined stainless-steel Parr autoclave and heated at
150°C for 80 h. Rodlike crystals of III which resulted
from this reaction were filtered, washed with deionized
water, and dried under ambient conditions.
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Experimental Section
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Model Studies towards Diazonamide A :
Synthesis of the Heterocyclic Core**

K. C. Nicolaou,* Scott A. Snyder, Klaus B. Simonsen,
and Alexandros E. Koumbis

Diazonamide A (1, Scheme 1), a secondary metabolite
isolated from the colonial ascidian Diazona chinensis, exem-
plifies an unprecedented molecular architecture encompass-
ing a cyclic polypeptide backbone as well as an admirably
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Scheme 1. Structure of diazonamide A (1) and retrosynthetic analysis of
model system 2.

complex and strained halogenated heterocyclic core trapped
as a single atropisomer harboring a quaternary center at the
epicenter.l'! Beyond the formidable synthetic challenge posed
by such a daunting molecular framework, diazonamide A
possesses potent in vitro cytotoxicity against human colon
carcinoma and B-16 murine melanoma cell lines with ICs,
values in the nanomolar range. These biological actions,
however, are exerted through an unknown mode of action.
Unfortunately, more extensive bioassays have been hampered
by an inability to harvest additional material from the original
source. As such, diazonamide A represents one of the most
enticing natural products isolated in recent years and a serious
challenge to synthetic chemists. Although several groups have
reported progress on particular structural subunits of diazon-
amide A,®) no one has yet successfully prepared the fully
unsaturated 12-membered polycycle. Herein we report the
first synthesis of this heteroaromatic macrocyclic core by a
concise and novel strategy which proceeds to provide
atropisomerically pure product.

Since we envisioned from the outset that the heterocyclic
core would pose the greatest synthetic challenge for a total
synthesis of diazonamide A, we focused our efforts primarily
on the preparation of model system 3 (Scheme 1) as a means
to address key synthetic issues such as potential atropisomer-
ism along the C;,—C5 and C,,— Cy biaryl linkages. As shown
in Scheme 1, our synthetic rationale was based on two fairly
obvious but strategic bond disconnections. Because numerous
methods are currently available to generate macrocycles by
alkene bond formation, we felt that disconnection of the C,y—
C;, alkene would be prudent and could potentially arise in the
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forward direction either by metathesis of the olefinic groups
in 4 or by an intramolecular Horner— Wadsworth - Emmons
(HWE) reaction between the phosphonate and aldehyde
residues in 5; the resultant C,,— C;, alkene could then serve as
a scaffold upon which to construct the A-ring oxazole, thereby
completing the ABCDEF polycycle 2. From either 4 or 5, our
second key disconnection rupturing the C;s—Cg biaryl link-
age revealed, by a retro Suzuki or Stille type coupling, two
fragments of roughly equal molecular complexity, thereby
affording a highly convergent retrosynthetic blueprint.

Due to the power of the olefin metathesis reaction in
macrocycle formation, particularly with regard to complex
natural product total synthesis,®! we initially sought to test this
method as a means to generate the C,y— Cs, alkene. Toward
this end, our synthetic endeavors commenced with prepara-
tion of the BCD indole -oxazole fragment 14 as shown in
Scheme 2. Starting from 4-bromoindole (6), condensation

Br
Br | ___NO,
a. /N\/\No2
\ - \
N N
H H
6 7
b. LiAIH4l
Br H Br NH
N 2
\HAOTBDPS
\ O ¢ 9,EDC, HOBt \
N = N
H H
10 8
HO
d. DDQ Y oTeDps TBDPSO
e. IBX o 9
Br O H Br (0] \N
N S
\H/\OTBDPS
\ O f. C,Clg, PhgP, EtzN \
H 9. Mel, nBuy,NHSO, N
Me
11 12
h. TBAF
i. IBX
CHO

Br O/\<

N
j. HyC=PPhg W
\

N N
Me Me
14 13

Scheme 2. Preparation of indole —oxazole fragment 14: a) Dimethylami-
no-2-nitroethylene (1.1 equiv), TFA, 25°C, 30 min; b) LiAIH, (1.0M in
THEF, 6.0 equiv), THF, 25°C—65°C, 4h, 87% over two steps; c)9
(1.0 equiv), EDC (1.0 equiv), HOBt (1.0 equiv), CH,Cl,, 25°C, 2 h, 79%;
d) DDQ (3.0 equiv), THF/H,O (9/1), 0°C, 3 h; e) IBX (3.0 equiv), THF/
DMSO (1/1),25°C, 3 h, 90 % over two steps; f) Cl;CCCl; (2.0 equiv), Ph;P
(2.0 equiv), Et;N (4.0 equiv), 25°C, 15 min; g) Mel (4.0 equiv), nBu,NH-
SO, (1.1 equiv), C4Hg, 10 % aq. NaOH, 25°C, 20 min, 88 % over two steps;
h) TBAF (1.0m in THF, 1.5equiv), THF, 25°C, 15 min, 92%; i) IBX
(3.0 equiv), THF/DMSO (1/1), 25°C, 3 h, 90%; j) methylene triphenyl-
phosphonium bromide (1.5 equiv), nBuLi (1.6M in hexanes, 1.3 equiv),
THF, 0—25°C, 15 min, 89%. TFA =trifluoroacetic acid, EDC =3-(3-
dimethylaminopropyl)-1-ethylcarbodiimide, TBDPS = tert-butyldiphenyl-
silyl, HOBt = 1-hydroxy-1H-benzotriazole, DDQ = 2,3-dichloro-5,6-dicya-
no-1,4-benzoquinone, TBAF = tetrabutylammonium fluoride, IBX = 1-hy-
droxy-1,2-benziodoxol-3(1H)-one 1-oxide.
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with dimethylamino-2-nitroethylenel®! followed by LiAlH,-
mediated reduction readily afforded 4-bromotryptamine (8)
in 87 % overall yield. Subsequent coupling of 8 with TBDPS-
protected glycolic acid derivative 91 in the presence of EDC
and HOBt smoothly provided intermediate 10 (for abbrevia-
tions of reagents and protecting groups, see legends in
schemes). Although the conversion of 10 to 11 upon treatment
with DDQ is known,”l we found that far superior yields of 11
could be obtained by reverting to a two-step procedure in
which initial exposure of 10 to DDQ in THF/H,O (9/1) at 0°C
resulted in formation of the desired benzylic hydroxy group
which was then readily oxidized by using IBX (90 % overall
yield).®l Notably, protection of the indole nitrogen was
unnecessary during this synthetic sequence and exposure to
IBX did not afford any N-oxidized products. The synthesis of
14 was then completed through the following five-step
protocol: 1) formation of the oxazole ring using a modified
variant of the Gabriel—-Robinson cyclodehydration reac-
tion;! 2) N-methyl protection of the indole nucleus employ-
ing phase-transfer conditions (88% over two steps);
3) TBAF-mediated cleavage of the terminal TBDPS group
(92%); 4) oxidation of the resultant hydroxyl group with IBX
(90%); and 5) generation of the desired alkene upon Wittig
reaction of 13 with Ph;P=CH, (89 %).

Our next task was to synthesize the requisite EFG fragment
26, as delineated in Scheme 3. Although numerous methods
to access such benzofuranone fragments in racemic form are
known, we sought to develop a novel route to this type of
system with the hope of generating the C,, quaternary center
of diazonamide A stereoselectively. As such, our approach
began with aldehyde 15.1' After initial treatment of 15 with
PhMgBr, the hydroxy group of the resultant bisbenzylic
compound was smoothly oxidized by utilizing IBX, and the
newly generated ketone was treated with Ph,P=CH, to afford
olefin 16 in 80% overall yield over these three steps.
Acid-catalyzed removal of the methoxymethyl (MOM)
protecting group was then followed by alkylation of the
resultant phenolic residue with chloroacetonitrile in acetone
to afford 17 in 75% yield. Subsequent mCPBA-mediated
epoxidation of the olefin provided key intermediate 18. As
shown in Scheme 4, we envisaged that upon exposure of 18 to
base, deprotonation of the methylene group adjacent to the
cyanide followed by selective 5-exo-tet opening of the
epoxide ring would lead to the desired quaternary system 21
via intermediate 20.'1 Gratifyingly, treatment of 18 with
KOrBu in DMF at —57°C followed by immediate quench-
ing with 10% aqueous HCI at that temperature afforded
21in 54 % yield. The only other product observed in this novel
cyclization step was 3-phenylbenzofuran 22, which resulted
from a previously reported cyclofragmentation reac-
tion.'”) With 21 in hand, subsequent TBS protection af-
forded crystalline intermediate 23, which when subjected to
X-ray analysis!®l revealed that the cyclization reaction
proceeded to give a racemic mixture of compounds possessing
only the relative trans stereochemistry as indicated for 21 and
23. As such, stereoselective generation of the epoxide in 18
followed by our cyclization protocol would provide an
enantioselective route to the C;, quaternary center of
diazonamide A.
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OMOM h OMOM
a. PhMgBr
OHC Br b. IBX
c. H,C= Pphg
15
d. HCI
e. CICH,CN
o— 07 CcN
18
g. KOtBu
h. TBSCI, imid.

OTBS

i. LIHMDS; Oy;
then SnCl,, HCI
—_—
Br
23
j. DIBAL-H
k. NaH, Mel
I. aq. HF O oTBS
m. Dess—Martin [O]
- 11
MeO” “o n. Tebbe reagent MeO™ o
26 Br 25 Br

Scheme 3. Preparation of quaternary center fragment 26: a) PhMgBr
(1.0m in THF, 1.3 equiv), THF, — 78 —25°C, 2 h, 100 %; b) IBX (2.0 equiv),
THF/DMSO (1/1), 25°C, 1 h, 93%; c) methylene triphenylphosphonium
bromide (1.4 equiv), nBuLi (1.6M in hexanes, 1.2 equiv), THF, 0°C, 12 h,
86%; d) conc. HCl, EtOH/CH,CI, (2/1), 40°C, 12 h, 100%; ¢) CICH,CN
(3.0 equiv), K,CO; (2.0 equiv), acetone, 56°C, 2h, 75%; f) mCPBA
(3.0 equiv), CH,Cl,, 25°C, 6 h, 91 %; g) KOrBu (1.0Mm in THF, 1.5 equiv),
DMF, —57°C, 2 min; then 10% HCI (excess), —57°C, 54%; h) TBSCI
(1.5 equiv), imidazole (2.0 equiv), DMF, 25°C, 12 h, 99%; i) LIHMDS
(1.0M in THF, 2.0 equiv), THE, —78°C, 15 min; O,, 15 min, —78°C; 1M
SnCl, in 10% aq. HCl, —78 —0°C, 30 min, 94%; j) DIBAL-H (1.0M in
toluene, 1.5 equiv), toluene, —78°C, 1 h, 92 %; k) NaH (60 % dispersion in
mineral oil, 3.0 equiv), Mel (5.0 equiv), THF, 25°C, 24 h, 91 %; 1) aq. HF,
MeCN, 0°C, 1 h, 99 %; m) Dess —Martin periodinane (1.2 equiv), CH,Cl,,
0—25°C, 2 h, 96%; n) Tebbe reagent (0.5M in toluene, 1.5 equiv), THE,
0°C, 10 min, 74 % . MOM = methoxymethyl, imid. = imidazole, mCPBA =
m-chloroperoxybenzoic acid, TBS = tert-butyldimethylsilyl, LiHMDS =
lithium salt of 1,1,1,3,3,3-hexamethyldisilazane, DIBAL-H = diisobutyl-
aluminum hydride.

22

Scheme 4. Novel cyclization reaction to generate 21.

The synthesis of 26 from 23 was then completed in six
additional transformations. First, 23 was readily converted to
benzofuranone 24 upon treatment with LIHMDS followed by
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exposure to O, and SnCl,.' Next, the lactone moiety was
partially reduced with DIBAL-H to the corresponding lactol
with subsequent protection of the hydroxy group as a methyl
ether using NaH and Mel to afford 25 in 79 % overall yield
from 23. Although the reduction proceeded stereoselectively,
the methylation step resulted in epimerization of the C
center. The TBS ether was then easily cleaved upon exposure
to aqueous HF in MeCN, and the resultant primary alcohol
was oxidized to the corresponding aldehyde using Dess—
Martin periodinane. Finally, the desired terminal alkene
group of 26 was generated upon treatment with Tebbe reagent
(70 % yield from 25). Significantly, attempts to synthesize the
final alkene through Wittig homologation utilizing Ph,P=CH,
led solely to 3-phenylbenzofuran 22 (Scheme 4). We postulate
that a betaine intermediate (unobserved in the reaction with
Tebbe reagent presumably due to the high oxophilicity of
titanium) potentially provides a species capable of undergoing
a cyclofragmentation reaction to 22.

With 14 and 26 in hand, the stage was now set to attempt
biaryl coupling of the two fragments and, subsequently, the
key olefin metathesis-based macrocyclization. Efforts to
prepare the boronic acid of either 14 or 26 under standard
conditions (nBuLi, B(OMe),) failed in numerous attempts.
However, as shown in Scheme 5, the boronate ester of 26 was

O O =
/
O a. [Pd(dppfHCly] O

o o MeO (@)
MeO” ~O &% B
26 B 27 %

b. 14, [Pd(dppf)Cl;] i

/El\lj\Ph o, pr3 \Qa;\ @/

CF3),MeCO...,\} — =
(CF3)2 xMe o Ru o Ru
(CF3)2M6CO Me PCy3 PCy3

28 29 30

Scheme 5. Biaryl coupling to generate 4 and attempted olefin metatheses
with catalysts 2830 to provide 3: a) Bis(pinacolato)diboron (1.2 equiv),
[Pd(dppf)CL] - CH,Cl, (0.15 equiv), KOAc (3.0 equiv), DMSO, 90°C, 6 h,
42%; b)14 (1.0equiv), [Pd(dppf)ClL]-CH,Cl, (0.15equiv), K,CO;
(5.0 equiv), DME, 85°C, 2 h, 62 %. dppf =diphenylphosphanylferrocene,
Cy = cyclohexyl.

generated in modest yield (42%) using the conditions
described by Ishiyama et al.l®! and, gratifyingly, 27 could
readily be coupled with 14 using [Pd(dppf)Cl,] and K,CO; in
DME at 85°C to afford 4 in 62 % yield. As expected, 'H NMR
analysis of 4 indicated a diastereomeric mixture of four
compounds due to the mixture of C;; epimers and atropisom-
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ers around the newly formed C,s—Cjg biaryl
linkage, confirming a result observed earlier in
a related system.* Unfortunately, although we
were extremely pleased to have prepared 4 in
only 16 linear steps from known starting
materials, our excitement was quickly dashed
when attempted olefin metatheses (toluene,
70°C, several days) in the presence of catalysts
28, 29, or 301" failed to result in 3 and led only
to recovered starting material or decomposi-
tion. Although we recognized from the outset
that olefin metathesis in this system would
prove challenging, with potential difficulties
arising from the presence of heterocycles con-
taining basic nitrogen atoms and the fact that
styrene derivatives are less favorable substrates
for the reaction,'”? we believe that steric
hindrance close to the double bonds is the
overriding factor which prevents successful
formation of 3.1

Despite these discouraging results, we felt
that our overall synthetic plan could be resur-
rected, with little alteration of the previously
developed chemistry, by utilizing an intramo-
lecular variant of the HWE reaction, an
extremely powerful and mild C—C bond-form-
ing process which has been widely employed in
organic synthesis.'l Although we desired to
construct an intermediate such as 5 (see
Scheme 1) possessing the requisite aldehyde
and phosphonate functionalities necessary for
condensation, based on our failure to generate
alkene 26 from 25 using Ph;P=CH, we felt that
the carefully constructed lactol system would
have to be opened prior to the key HWE
reaction to prevent similar formation of a
3-arylbenzofuran product. As such, we initiated
efforts to prepare key intermediate 34, as
delineated in Scheme 6. The indole phospho-
nate 31 was readily generated in 74 % overall
yield from the previously synthesized indole —oxazole 12 by
initial removal of the TBDPS group upon exposure to TBAF,
halogen exchange of the resultant hydroxy group, and mild
formation of the phosphonate residue by Sy2 displacement of
the primary iodide using the anion generated from dimethyl
phosphite. The other key building block, compound 32, was
synthesized in two steps from 24 in 63 % overall yield utilizing
LiBH, to fully reduce the lactone, followed by methylation of
both the phenolic and the primary hydroxy groups. As before,
the boronate ester of 32 was synthesized in 49 % yield using
bis(pinacolato)diboron in the presence of [Pd(dppf)Cl,] and
KOAC, and this intermediate could then be directly coupled to
phosphonate 31 in 52% yield utilizing the Suzuki reaction
protocol employed earlier.*”! Subsequent cleavage of the TBS
ether followed by Dess—Martin oxidation provided the key
aldehyde phosphonate 34 in 85% yield over the two steps.
Despite the failure of initial attempts to effect macrocycliza-
tion under mildly basic conditions (K,COj5, [18]crown-6),[1%<
use of LiCl and DBUP! smoothly led to the formation of a
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a. TBAF
b. I, Ph3P, imid.
—_—

c. (MeO),P(=0)H,

KHMDS
N
Me Me
12 31
O OTBS d. LiBH, O oTBS
O e. Mel, NaH O
_—
MeO
0~ "o MeO
24 Br 32 Br

f. [Pd(dppf)Cl,], BPD
g. 31, [Pd(dppf)Cl,]

O.
P(OMe),

Scheme 6. Formation of macrocyclic alkene 35: a) TBAF (1.0M in THF, 1.5 equiv), THF,
25°C, 15 min, 92%; b) Ph;P (1.7 equiv), imidazole (2.0 equiv), L, (1.5 equiv), CH,Cl,, 0°C,
10 min, 94 %; ¢) (MeO),P(=0)H (2.0 equiv), KHMDS (0.5 in toluene, 1.5 equiv), THF, 0°C,
10 min, 86%; d) LiBH, (2.0M in THF, 2.0 equiv), Et,0, 0°C, 2 h, 90%; e) NaH (60%
dispersion in mineral oil, 5.0 equiv), Mel (10.0 equiv), THF, 25°C, 12 h, 70 %; f) bis(pinaco-
lato)diboron (1.2 equiv), [Pd(dppf)CL] - CH,Cl, (0.15 equiv), KOAc (3.0 equiv), DMSO, 90°C,
4h, 49%; g) 31 (1.0 equiv), [Pd(dppf)CL,]- CH,Cl, (0.30 equiv), K,CO; (5.0 equiv), DME,
85°C, 2 h, 52%; h) aq. HF, MeCN, 0°C, 15 min; i) Dess—Martin periodinane (2.0 equiv),
NaHCO; (2.0 equiv), CH,Cl,, 0 —»25°C, 1 h, 85% over two steps; j) DBU (5.0 equiv), LiCl
(5.0 equiv), MeCN, 25°C, 6 h, 45%. BPD = bis(pinacolato)diboron, DBU = 1,8-diazabicy-
clo[5.4.0Jundec-7-ene, KHMDS = potassium salt of 1,1,1,3,3,3-hexamethyldisilazane. Selected
NOE interactions shown for 35 confirm the indicated stereochemistry.

new product in just 6 h at ambient temperature in 45 % yield.
Although NMR analysis of this HWE product confirmed that
macrocyclization did indeed occur, NOE studies verified that
only a single diastereomer of 34 reacted, providing 35 with the
indicated undesired stereochemistry. As such, this particular
pathway does not represent a viable method to prepare model
system 3 since the previously opened F ring is inaccessible
from 35. However, the power of the HWE reaction to effect
macrocyclization and install such a trans alkene in this highly
strained system was encouraging. As such, we felt that we had
to test whether our earlier reservations about employing
aldehyde phosphonate 5 for an intramolecular HWE reaction
were warranted.

Towards this end, 5 (see Scheme 7) was easily synthesized in
four steps from 25 and 31 utilizing chemistry described earlier
and, most gratifyingly, subsequent treatment of § with NaH in
THF at 0°C resulted in the formation of macrocycle 3 in 25 %
yield with none of the previously feared cyclofragmentation
observed. Although NMR analysis of all intermediates from

1433-7851/00/3919-3476 $ 17.50+.50/0 Angew. Chem. Int. Ed. 2000, 39, No. 19



COMMUNICATIONS

Table 1. Selected physical properties for compounds 35 and 3.

35: R;=0.12 (silica gel, ethyl acetate/hexane 1/1); IR (film): 7,,,,=2912,
2851,1590, 1487, 1451, 1410, 1371, 1226, 1108, 1010, 795, 703 cm~!; '"H NMR
(600 MHz, CD;CN): 6=7.98 (d, J=17.5 Hz, 1H), 7.46 (s, 1 H), 7.44 (dd,
J=83,0.8 Hz, 1H), 7.42 (dd, J=8.3, 1.3 Hz, 1 H), 7.36 (t, /] =7.9 Hz, 1H),
7.25-7.23 (m, 2H), 7.15 (dd, J=8.1, 1.5 Hz, 1H), 6.98 (t, /=7.7 Hz, 1 H),
6.98 (dd, /=74, 09 Hz, 1H), 6.85 (s, 1H), 6.82 (dd, /=74, 1.7 Hz, 1H),
5.87 (d,/=17.5Hz, 1H), 4.26 (AB, J=9.2 Hz, v,, = 64.7 Hz, 2H), 3.81 (s,
3H), 3.31 (s, 3H), 2.53 (s, 3H); *C NMR (150 MHz, CD,CN): 6 =162.0,
157.6,149.3,148.2,146.1,141.1,139.4,139.2,134.0, 130.4, 130.3, 129.0, 128.8,
127.1,125.5, 125.4, 123.9, 122.3, 122.3, 117.9, 114.5, 110.8, 104.3, 75.3, 60.3,
60.2, 59.5, 33.7; HR-MS (matrix-assisted laser desorption/ionization) for
C3HyN,O5" [M+H"]: caled: 463.2016, found: 463.2005.

3: R;=0.18 (silica gel, ethyl acetate/hexane 1/1); IR (film): 7, = 2925,
1591, 1492, 1446, 1373, 1225, 1190, 1115, 928, 747 cm~!; "TH NMR (600 MHz,
CD;CN): 6=7.53 (dd, /=83, 0.8 Hz, 1H), 7.46 (s, 1H), 7.42-7.38 (m,
S5H), 7.33-7.29 (m, 1H), 7.20 (dd, /=7.0, 0.9 Hz, 1H), 6.97 (dd, J=8.5,
1.3 Hz,1H),6.95 (dd,J=8.3,1.3 Hz, 1H), 6.90 (d,/=12.7 Hz, 1 H), 6.86 (s,
1H),6.81 (t,/=7.4 Hz, 1H), 6.46 (d, /=127 Hz, 1H), 5.99 (s, 1 H), 3.88 (s,
3H), 3.17 (s, 3H); ¥C NMR (150 MHz, CD;CN): 6 =159.0, 146.0, 143.0,
138.5,132.5,131.9,131.0,130.9, 130.2,129.4,128.7,127.9, 127.8, 126.4, 126.3,
124.5, 124.0, 123.3, 123.0, 122.0, 121.6, 119.1, 116.7, 110.9, 61.0, 57.9, 33.7;
HR-MS (matrix-assisted laser desorption/ionization) for C,yH,N,O5"
[M+H"]: calcd: 447.1703, found: 447.1707.

Q
P(OMe),

N
B BSO l\( p
a. [Pd(dppf)Cl,], BPD
_— >

b. 31, [Pd(dppf)Cl,]

MeO™ O
o5 Br MeO 36
c.aq. HF
d. Dess—Martin [O]
0,
P(OMe),

Scheme 7. Synthesis of heterocyclic macrocycle 3: a) Bis(pinacolato)di-
boron (1.2 equiv), [Pd(dppf)Cl,] - CH,Cl, (0.15 equiv), KOAc (3.0 equiv),
DMSO, 90°C, 4h, 50%; b)31 (1.0equiv), [Pd(dppf)ClL,]-CH,CL,
(0.30 equiv), K,CO; (3.0 equiv), DME, 85°C, 2 h, 60 %; c) aq. HF, MeCN,
0°C, 15min; d)Dess—Martin periodinane (2.0 equiv), NaHCO;
(2.0 equiv), CH,Cl,, 25°C, 8 h, 85% over two steps; ¢) NaH (2.0 equiv),
THEF, 0°C, 1 h, 25%. Selected NOE interactions shown for 3 confirm the
indicated stereochemistry.

36 onward indicated a diastereomeric mixture of four com-
pounds (due to a mixture of C;; epimers and atropisomerism
around the C;s—C;; linkage), similar examination of 3
indicated that only a single diastereomer, which possesses
the stereochemistry shown, resulted from this final trans-
formation. Theoretically, one would expect a 50 % yield from
this HWE reaction since the atropisomers cannot interconvert
at the reaction temperatures employed and only half of the
material would have both the aldehyde and phosphonate
groups on the same side of the molecule. Although this
expectation was met, surprisingly only one of the C,; epimers
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underwent the condensation reaction. Despite this unexpect-
ed outcome, the HWE reaction still served as an excellent
means by which to separate the C,;— C,g atropisomers which
resulted from the Suzuki coupling, providing 3 in atropiso-
merically pure form.

In conclusion, although the synthesis of the heterocyclic
core of diazonamide A initially seemed elusive after numer-
ous failed approaches, both as illustrated here as well as in
several attempts whose description will have to await the full
account of this work, the power of the Suzuki and HWE
reactions to effect C—C bond formation has ultimately
provided a highly convergent solution for the preparation of
model system 3 in just 17 linear steps from known starting
materials. As such, multigram quantities of both 25 and 31 are
available, and analogues of both fragments for future bio-
logical studies can readily be incorporated into the existing
synthetic pathway. Additionally, the chemistry described for
the preparation of 25 has already been employed?! to
synthesize a tyrosine-derived benzofuranone fragment pos-
sessing the requisite functionality necessary to complete
diazonamide A. Continuing studies aim at the total synthesis
of diazonamide A and further investigations of the chemical
biology of this important new class of antitumor agents.
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Triplet Di(9-anthryl)carbene Undergoes
Trimerization**

Yasutake Takahashi, Masaaki Tomura,
Ken-ichi Yoshida, Shigeru Murata, and
Hideo Tomioka*

A large number of triplet carbenes have been characterized
by electron paramagnetic resonance (EPR) spectroscopy.2
The principal information extracted from EPR spectra of
triplet carbenes in randomly oriented matrices are the zero-
field splitting (ZFS) parameters D and E, where D is a
measure of the number of the unpaired electrons and thus
allows the amount of delocalization in a carbene with
conjugated m systems to be determined, while £ measures
the difference in the magnetic dipole interaction and, when
weighted by D, allows one to estimate the bond angle at the
carbene center.

Among the many triplet carbenes known, triplet di(9-
anthryl)carbene (1) is unique as it shows the smallest D
(0.113 cm™!) and E (0.0011 cm™!) values ever reported. This

é .

means that the carbene has almost linear and perpendicular
geometry with extensive delocalization of the unpaired
electrons into the anthryl portions of the molecule.?!

Although these spectroscopic results suggest that the
carbene should exhibit a reactivity that is substantially
different from that observed for other diarylcarbenes, its
chemistry has not been studied extensively. Herein we report
that the carbene undergoes an unusual trimerization reaction,
one that has never been observed before for any other
carbenes.™
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Irradiation (4 >300 nm) of di(9-anthryl)diazomethane (2,
5x1073M) in degassed benzene caused rapid fading of the
original orange diazo color with evolution of copious amounts
of nitrogen gas to give a pale yellow solution [Eq. (1)]. After
evaporation of the solvent, the resulting mixture was sub-
jected to repeated gel-permeation chromatography, which
eventually resulted in the isolation of white -crystals

2 3

(m.p. 332-333°C) in 50% yield. The mass spectrum (FAB-
MS) of the product showed a signal at 1099.1 (19.1 %), which
corresponds to the M + 1 ion calculated for three di(anthryl)-
carbene units. Additional peaks were observed at 732.1
(19.6 %) and 366 (100 % ), which correspond to the fragment
formed as a result of the successive loss of the carbene unit
from the trimer. Thus, the data clearly suggest that the main
product is the trimer of di(anthryl)carbene, rather than a
dimer as had been suspected earlier."!

The structure of the trimer which best explains the NMR
data is the one (3) formed as a result of a threefold coupling at
positions 10 of the di(anthryl)carbenes. Thus, the 'H NMR
spectrum (500 MHz) showed the presence of eight aromatic
proton signals ranging from 6 =7.79 to 5.91 plus one signal at
0 =4.82, which corresponds to a proton at a benzylic carbon
atom.P] The ®C NMR spectrum (126 MHz), on the other
hand, displayed a total of twelve aromatic sp? signals between
0 =136.42 and 125.46. In addition, two signals were observed
at 6 =208.34 and 111.10, which can most probably be assigned
as the central and terminal carbon atoms of the allenic
subunit, respectively, and one sp® carbon atom at ¢ = 55.06.
The assignments are fully supported by two-dimensional
NMR measurements (see the Supporting Information).

The molecular structure of the trimer was unambigously
characterized by an X-ray crystallographic study. The analysis
of 3 revealed that the compound has a complicated structure
and contains a 27-membered ring with six fused benzo groups,
which are oriented equatorially, and six bridging benzene
subunits, three of which protrude axially on either side of the
basic ring (Figure 1).71 The crystal lattice contains one
crystallographically independent molecule of 3 and a solvent
molecule (CH,Cl,) with 0.477 occupancy. No crystallographic
symmetry element lies on 3. The bond lengths in the allene
moieties are normal,’® but the allene moieties bend slightly
(177.2°).°) The 9-hydroanthracene moieties around the allene
bonds are almost perpendicular to each other. The average
value of the angles between the least-squares planes of the central
six-membered rings at both ends of the allene bonds is 87.3°.

In spite of its sterically highly congested structure, trimer 3
exhibited surprising stability. It remained unchanged either
upon heating in degassed benzene at 140°C for 2h or by
irradiating it in degassed benzene with light (4 > 300 nm) for
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Figure 1. The X-ray crystallographic structure of the trimer 3. Top:
ORTEP drawing of 3 showing the labeling scheme; the solvent molecule
(CH,Cl,) and the hydrogen atoms are omitted for clarity. Selected bond
lengths [A] and angles []: C1-C2 1.320(12), C1-C81 1.322(12), C23-C30
1.331(12), C30-C31 1.307 12), C52-C59 1.320(10), C59-C60 1.322(11); C2-
C1-C81 175.9(10), C23-C30-C31 176.4(10), C52-C59-C60 179.4(9). Bot-
tom: Space-filling presentation of the structure.

2h. However, it decomposed in air both thermally and
photochemically to give anthraquinone as the main product.

Triplet carbenes, like radicals, can dimerize in a very fast
and exothermic reaction. The efficiency of this process clearly
depends on the concentration of the carbene. However,
carbene dimers are usually not produced as major products in
the reactions where “normal” carbenes are generated at room
temperature by the steady-state photolysis of diazo precursors
in solution. The probable reason for this is that nacsent and
hence singlet carbenes react very efficiently with external
reagents before they undergo intersystem crossing to form the
triplet. Dimers may be formed instead by the attack of the
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singlet carbene on the precursor, whose concentration is much
higher, and usually occurs in concomitance with the formation
of a large amount of azine.” The formation of dimers as main
products is observed only in the reaction of relatively stable
triplet carbenes.'] For example, di(2,4,6-trimethylphenyl)car-
bene (dimesitylcarbene) and hexachlorodiphenylcarbene pro-
duce the corresponding tetraarylethenes in high yield without
any sign of the formation of azine even in a steady-state
photolysis in solution at room temperature.['’- 12!

The trimerization of a carbene is completely unprecedent-
ed. The structure of trimer 3 clearly indicates that simple
coupling at the carbenic carbon atom is not favored, as can be
easily expected from the steric hindrance around the carbene
center of 1. Thus, *1 is forced to undergo self-reaction at
positions 10 where some spin density is localized.

A similar coupling reaction at an aromatic carbon atom is
also suggested as a decaying pathway for sterically congested
diarylcarbenes, as deduced from the rather dramatic effects of
para substituents on the lifetime of the triplet carbenes.!¥ For
example, the lifetime of triplet diphenylcarbenes protected by
four ortho-bromine groups is shown to increase by some two
orders of magnitude when para-methyl substituents are
replaced by fert-butyl groups. However, no products resulting
from such a coupling have been isolated in this case.

The unusual formation of the product as a trimer in a
significant amount as a result of such coupling at the aromatic
moiety is rather unusual and clearly ascribable to its unique
electronic and steric features. First, extensive delocalization of
the unpaired electrons into the anthryl rings in 1 is more
prominent than that into phenyl rings in diphenylcarbenes.
Second, 10,10’-diradical forms are clearly stabilized by the
conjugation of each electron with the two fused aromatic rings
and therefore have a sufficiently long lifetime to encounter
each other in solution, even at room temperature. Inspection
of the molecular structure of the trimer 3 suggests that the
trimerization may take place in a way so as to avoid the
congestion as much as possible. Thus, two “anthryl” groups in
a diradical unit are connected by the allenic bond and hence
situated perpendicular each other. Each coupling of the
diradical unit at the 10 and 10" positions takes place in a
staggered fashion. In this way, three diradical units are
suitably folded to eventually form the intricate cyclic com-
pound. Intramolecular coupling of both ends at the dimer
stage is clearly not favored, most probably because of a rather
high activation barrier to ring closure that results from the
very large distance between the radical centers. In a tetramer,
on the other hand, steric repulsion arises between the
“blades” as a consequence of a pertubation of the delicate
balance between the linkers and blades.

These considerations explain, at least in part, the reason for
this unusual trimerization process of 1. It is clear that further
research, including the kinetics of the process, is neccessary.
For this reason, studies are now in progress in our laboratory
to fully understand this interesting behavior of *1.

Experimental Section

Crystal data for 3: Trimer 3 was dissolved in CH,Cl, and the solvent was
evaporated slowly at ambient temperature for 5 d to give a single crystal of
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3 that was suitable for X-ray crystallographic analysis. Crystal data for
Cg;Hs4(CH,CL,) 477 colorless plate, crystal dimensions 0.40 x 0.10 x
0.05 mm?, triclinic, space group P1, a=12.378(1), b=13.271(2), c=
19.308(1) A, a=90.20(1), B=104.73(1), y =100.30(1)°, V =3014.0(6) A3,
Z=2, Peaca=1.305 Mgm~3, Cuy, radiation (1=1.54178 A), 20, = 148°.
The data were collected on an Enraf-Nonius CAD4 diffractometer at
296 K. An absorption correction and a decay correction were not applied.
The structure was solved by direct methods with SHELXS-86/°! and refined
by full-matrix least-squares analysis on F2? with SHELXL-93.") A total of
8513 reflections were collected, 8220 independent reflections were included
in the refinement, 812 parameters, R, =0.0726 and wR,=0.1695 for data
with 1> 20(I), GOF =0.967, max. residual electron density 0.55 eA3. All
non-hydrogen atoms were refined anisotropically. Hydrogen atoms were
placed geometrically and refined by using a riding model. Crystallographic
data (excluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-124125. 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@
ccde.cam.ac.uk).
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Synthesis of the First Fully ¢-Conjugated
Macrocyclic Oligothiophenes:
Cyclo[n]thiophenes with Tunable Cavities in
the Nanometer Regime**

Jens Kromer, Idoia Rios-Carreras, Gerda Fuhrmann,
Christiane Musch, Markus Wunderlin,

Tony Debaerdemaeker, Elena Mena-Osteritz, and
Peter Biuerle*

Polythiophenes and their corresponding finite model
oligomers, a-conjugated oligothiophenes, belong to the most
frequently investigated conjugated systems as a consequence
of their chemical stability in various redox states, their
outstanding electronic properties, the widespread possibilities
of functionalization, and consequently their potential applic-
ability in (molecular) electronic devices, such as organic light
emitting diodes, lasers, or transistors.l In various series of
monodisperse linear oligothiophenes with controllable and
defined structure the physical properties correlate well with
the (conjugated) chain length and thus valuable structure —
property relationships become available.! In scanning probe
studies on self-assembled monolayers of regioregular poly(3-
alkylthiophene)s we observed that polymer folding occurs
and seven or eight syn-arranged thiophene units form a “hair-
pin” or 180° semicircle,! hence our goal was the design and
preparation of novel fully (macro)cyclic a-conjugated oligo-
thiophenes. If these systems were sufficiently stable and large,
in comparison to usual linear conjugated oligomers and
polymers, completely novel perspectives and properties could
arise. Cyclic derivatives could represent a model system which
ideally combines an infinite m-conjugated chain of an
idealized polymer with the advantages of a structurally well-
defined oligomer but without any perturbing end-effects.[] As
a consequence of the resulting cavities the recognition and
selective complexation of guest molecules, which may depend
on the redox state of the cyclic host, additionally come into
play. On the other hand, macrocyclic systems such as cyclic
oligopeptides can self-assemble to form nanotubes which
enables their application in biological as well as materials
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science.P! Herein we now report the successful synthesis and
self-organization properties of a new class of conjugated
macrocycles which we designate as a-cyclo[n]thiophenes
(a-C[n]T).

In the 1970s Kauffmann et al. synthesized cross-conjugated
cyclo[4]- and cyclo[6]thiophene from bithiophene precursors.
However, these systems are only very weakly conjugated
because of a.3- or f,3-linkages of the thiophene units.["
Thiophene-derived annulenes consisting of thiophene units
and cis double bonds are also only partially conjugated.l’]
Quantum chemical calculations on a-conjugated cyclo[12]-
thiophene result in a nearly nonstrained and coplanar
conformation in which all 12 thiophene rings are arranged in
a syn fashion, which demonstrates the importance and the
feasibility of such macrocycles.!

Typically, m-phenylene units or other electronically weak
coupling units are used as angular building blocks to favor the
formation of macrocycles.’! The largest ring so far, a 90-
membered cyclic oligophenylene synthesized by repetitive
Suzuki cross-coupling reactions by Schliiter et al., contains
24 phenylene rings and an estimated cavity of 3—3.5 nm, but
lacks overall conjugation because of the electronic interrup-
tion by the angular corner units.['"]

Our synthetic strategy relied on the common method to
prepare macrocycles which involves oligomerization and
cyclization at the same time. Since various products are
generated in a single step, the yields are typically low and
critically depend on the building blocks, the ring size, and the
feasibility of separating the mixtures.'!l Since attempts to use
transistion metal catalyzed cross-coupling reactions for the
synthesis of the envisaged a-C[n]Ts completely failed,*? the
intramolecular oxidative coupling of novel a,a’-difunctional-
ized thiophenediynes was used. The subsequent reaction of
the products with sulfide anions should then result in the
desired macrocycles.

The butylated thiophenes 1-3 were chosen as the starting
materials for the synthesis of the required building blocks
(Scheme 1). These thiophenes were synthesized as part of a

Bu Bu Bu Bu Bu Bu Bu Bu
I/ \ s. U\ a) /\ s. A\ b), ¢)
ALY 2 4 A W2
1-3 (n=0-2) 46 (n=0-2)
Bu Bu Bu Bu
i/ \ s. U\

= "M\ J anR

E 7-8 (n=0-2)R = SiMe,

10-12(n=0-2)R=H

Scheme 1. Synthesis of thiophenediynes 10— 12 as modular building blocks
for the macrocyclization reactions. a) 21,, Hg(OAc),, CHCl;, 0-20°C, 2 h;
b) TMSA, [Pd(PPh;),Cl)], Cul, NEt;, pyridine, 60°C, 12 h; c) KOH,
MeOH, THF, RT, 1 h.

homologous series of linear oligothiophenes containing
parent oligomers up to a 19-mer.['] Symmetrical substitution
of thiophene units with butyl groups proved to be ideal for
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maintaining sufficient solubility and avoiding problems of
regioisomer formation. In the first step, thiophenes 1-3 were
selectively iodinated at the a-positions by elemental iodine
and mercury(1) acetate in chloroform to yield diiodothio-
phenes 4—6 in 94, 85, and 87 %, respectively. The introduction
of the terminal acetylenic groups was achieved by palladium-
catalyzed Sonogashira-Hagihara coupling!"¥ of diiodothio-
phenes 4-6 and trimethylsilylacetylene (TMSA). The TMS-
protected thiophenes 7-9 were isolated in 69, 76, and 70 %,
respectively, and deprotected nearly quantitatively under
mild basic conditions to yield the thiophenediynes 10-12.
They were immediately used for subsequent coupling reac-
tions after chromatographic work-up because of their inher-
ent instability and tendency to polymerize.

Oxidative coupling of the smallest building block, 3,4-
dibutyl-2,5-diethynylthiophene (10), was performed under
various high-dilution conditions (Glaser: CuCl/CuCl,/pyri-
dine ;[ Eglington: Cu(OAc),/pyridine/MeOH ;[*) Hay: CuCl/
O,/TMEDA/CHCL"  (TMEDA = N,N,N',N'-tetramethyl-
ethylenediamine)). An immediate reaction was observed in
each case and complex, nonseparable mixtures of linear and
cyclic structures with 3—12 repeating units were obtained, as
indicated by the 'H NMR, IR, and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass
spectra.l'®! Much better results were obtained by a modified
Eglington— Glaser couplingl® ! of the higher homologues,
terthiophenediyne 11 and quinquethiophenediyne 12, under
pseudo-high-dilution conditions (Scheme 2). Pyridine solu-

Bu Bu Bu Bu )
I\ T\ 9 .
W= s WS
1,12 (1=1,2)

13,14 (n=1, m=1,2)
15,16 (n=2, m=1,2)

Scheme 2. Macrocyclization of thiophenediynes 11 and 12 under modified
Eglington—Glaser conditions to the mixed cyclooligothiophenediacety-
lenes 13-16. a) CuCl, CuCl,, pyridine, RT, 44 +48 h.

tions of the oligothiophenes were added by means of a
syringe-pump over 3 days to a slurry of anhydrous CuCl and
Cu(l, in pyridine at room temperature. Characterization of
the crude product mixtures by 'H NMR spectroscopy and
MALDI-TOF mass spectrometry indicated that cyclic prod-
ucts had already been formed. Separation of the mixtures by
preparative HPLC resulted in the isolation of analytically

3482 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

pure macrocyclic oligothiophenediacetylenes 13—16 as stable,
bright yellow to red microcrystalline solids which have high
solublity in most common organic solvents. In both cases the
cyclotrimers 13 and 15 (m =1) and the cyclotetramers 14 and
16 (m=2) were isolated as the main products (yields 2-
12 %)k

A cyclodimer (n =2, m =0) and higher homologues (n=1,
m=3-7;n=2,m=3-6) could also be detected by HPLC and
assigned by MALDI-TOF-MS. 'H, BC NMR, and MALDI-
TOF MS characterization of the isolated macrocycles 13—-16
are in full accordance with the proposed structures. The high
symmetry of the molecules made assignment of all the signals
in the the NMR spectra possible. In each case, unambiguous
structural proof came from MALDI-TOF mass spectrometry
exhibiting exclusively one intense signal which corresponds to
the theoretical mass of the macrocycle. Finally, we obtained
macrocycles 13-16 with 39, 52, 57, and 76 chain members,
respectively. Semiempirical calculations at the AMI1 level
showed the macrocycles have cavities with internal diameters
of 1.37, 1.99, 2.14, and 3.07 nm, respectively (largest non-
bonding S-S distance).?!l

Dithienylbutadiynes react with sulfur nucleophiles in
methanol to give the corresponding terthiophenes in excellent
yields.”! We optimized this protocol for the synthesis of the
linear parent compounds, and found that the butyl side chains
exert sterical constraints on adjacent diyne units so that the
reaction temperature had to be raised.[¥ Analogous reactions
of macrocycles 13—-15 with sodium sulfide gave the fully a-
conjugated cyclo[n]thiophenes 17-19 (Scheme 3). Transfor-
mation of three diyne units in compounds 13 and 15 resulted
in analytically pure cyclo[12]thiophene 17 and cyclo[18]thio-
phene 19 in 23 % and 27 % yield, respectively, after purifica-
tion. Cyclo[16]thiophene 18 was isolated in 7 % yield after the
reaction of the four diyne moieties in macrocycle 15. These
values correspond to 52-64 % per cyclization step and are in
good agreement with the reactions of linear derivatives. The
three macrocycles 17-19 are stable, bright yellow to red
microcrystalline solids which are highly soluble in most
common organic solvents. Characterization of the cyclo-
[n]thiophenes from their 'H, C NMR, and MALDI-TOF
mass spectra unequivocally proved the proposed structures.?’]
Although the novel macrocycles could be considered as (4n)mn
antiaromatics, no obvious ring current shifts are observed,
which indicates they have a benzenoid rather than annulenoid
character. Cyclo[n]thiophenes 17—-19 comprise 36, 48, and 54
chain members, respectively, and according to semiempirical
calculations form cavities with inner diameters of 1.28, 1.81,
and 2.00 nm, respectively (largest nonbonding S---S dis-
tance). The calculated strain energies of the cycles is rather
low (0.0-1.8 kcalmol1).

Investigations of the optical and electrochemical properties
of the new macrocycles and their correlation to structural and
conformational features revealed rather surprising results and
will be reported in detail elsewhere. The detailed structure of
the macrocycles and their intermolecular interactions in the
solid state are important features with respect to their use as
large molecular building blocks to assemble new materials in a
controlled manner. X-ray structure analysis of ring-shaped
structures, however, are inherently difficult since the large
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Scheme 3. Reaction of the mixed cyclooligothiophenediacetylenes 13-15 to the fully a-conjugated cyclo[n]thiophenes 17-19. a) Na,S-9H,0,

2-methoxyethanol, p-xylene, 4 h reflux.

cavities in the crystal are typically filled by solvent molecules
and cause structural disorder or destruction of the crystal
when the solvent is lost.’>?4 Both series of thiophene-
containing macrocycles exhibited relatively high melting
points which indicate strong ;- interactions between the
molecules in the solid state. Oligothiophenediacetylene 14
crystallizes from toluene in orange prisms suitable for X-ray
structure analysis.’®) Their investigation gave unambiguous
proof of the macrocyclic structure of 14 although the disorder
of some of the butyl side chains made the refinement very
difficult (R value after anisotropic refinement 0.145). The top
view of an individual molecule (including atomic labeling),
views of the unit cell, and the structure along various axes are
given in Figure 1. The macrocycle forms a nearly planar
rounded rectangle comprising all-syn-oriented terthiophene
units at the edges which are connected by moderately strained
diacetylene units (Figure 1a). Their angles are typical for
distorted dehydroannulenes®® and cyclophanes?”) and are
convexly bowed at the longer side of the rectangle (C13-C15-
C17 176°; C15-C17-C19 174°) and concavely at the smaller
side (C33-C35-C37 173°; C35-C37-C39 173°). The alternating
carbon —carbon bond lengths of the diyne units fall within the
normal range. The central rings of the terthiophene moieties
are distorted by 23 -40° as a result of the steric constraints of
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the butyl side chains. The nonbonding distances S5---S5’
(1.94 nm), S2---S5 (1.48 nm), and S2---S5 (1.34 nm) reflect
the size of the interior cavity of the 52-membered ring, which
is good agreement with semiempirical calculations (S5---S5":
1.99 nm).

The side-view projection, which corresponds to a view
along the molecular plane of the unit cell, shows that the
single molecules are oriented parallel to each other and
clearly form dimers. The molecules are slightly laterally
displaced in the dimers and show a stacking distance of 4.27 A
between the planes, the distance between dimers is 7.64 A
(Figure 1b). Although the top-view projection along the a-
axis reveals some overlaps of the macrocycles, most interest-
ingly, channels with diameters of about 1 nm are formed
(Figure 1c), which compare well with those of self-assembled
peptide nanotubes.’! The closest intermolecular S---S dis-
tances of 3.5 A (S1---S1’) are slightly smaller than the sum of
the van der Waals radii (sulfur 1.8 AR¥), which indicates
intermolecular interactions occur.

Scanning tunneling microscopy (STM) offers an excellent
and alternative way to directly investigate ordered structures
insitu on the relevant length scales. Depending on the
substitution pattern, linear oligothiophenes physisorb from
solution to the basal plane of highly oriented pyrolythic
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graphite (HOPG) and form highly ordered two-dimensional
(2D) crystalline monolayers which can be imaged by STM.]
Furthermore, in some cases the 2D ordering at the HOPG
surface is most notably coincident with the molecular packing
in the 3D crystal and gives valuable information about
intermolecular and molecule —substrate interactions, which
are important for the application of these materials in thin-
film electronic devices.?!l We find spontaneous ordering at
the solution/HOPG interface with the novel macrocyclic
systems 13-19. In Figure 2a (top) representative and char-
acteristic STM images of well-ordered and very stable 2D
crystalline monolayers of cyclo[12]thiophene 17 are shown.[
The images are typically found on larger areas (>1 x 1 um?)
and display a long-range ordering of molecularly resolved
individual macrocycles. A perfect hexagonal “honeycomb”
pattern of the cycles with an optimal packing density and
consequently only one persistent domain is observed. The
lattice constants are 2.39, 2.36, and 2.28 nm and the molecules
are oriented in the directions of the three main crystallo-
graphic axes of the underlying substrate. A height profile
along one of these directions (cross-section) clearly reveals a
perfect and regular alignment of the individual molecules. We
can also observe submolecular resolution in this diagram:
each molecule gives two separated signals with a peak-to-
peak separation of 1.13 nm, which agrees well with the inner
aromatic borders of the toroidal structure (Figure 2a, bot-
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Figure 1. a) Molecular structure (top-view) of oligothiophenediacetylene
14 in the crystal (hydrogens have been removed for clarity). Selected
interatomic distances [A] and angles [°]: S1-C1 1.76(2), S1-C3 1.74(2), C1-
C21.32(2), C2-C4 1.45(2), C4-C3 1.42(2), C3-C5 1.50(2), S2-C5 1.74(2), S2-
C71.72(2), C5-C6 1.33(2), C6-C8 1.50(2), C8-C7 1.41(2), C7-C9 1.48(2), S3-
C9 1.73(2), S3-C11 1.76(2), C9-C10 1.38(2), C10-C12 1.47(2), C12-C11
1.38(2), C11-C13 1.39(2), C13-C15 1.17(2), C15-C17 1.43(2), C17-C19
1.17(2), C19-C21 1.46(2); C9-S3-C11 92.9(9), S3-C9-C10 112.6(12), C9-C10-
C12 110.4(14), C10-C12-C11 114.6(16), C12-C11-S3 109.3(13), S3-C11-C13
123.2(15), C12-C11-C13 127.4(18), C11-C13-C15 177(2), C13-C15-C17
176(2), C15-C17-C19 174(2), C17-C19-C21 176(2); b) packing (side) view
of oligothiophenediacetylene 14 along the molecular plane in the unit cell;
c¢) packing (top) view of oligothiophenediacetylene 14 along the a-axis. The
dark gray underlayed rings are the thiophene rings which give the closest
intermolecular S---S distances (S1---S1'), the light gray underlayed area
represents an open channel along the a-axis.

tom). This is in good agreement to calculated nonbonding
S---S van der Waals distances. Semiempirical calculations and
simulations confirm the arrangment and dimensions of the
individual macrocycles (Figure 2b, top). The energy minimum
of a-C[12]T does not correspond to a fully planar molecule
(diameter 2.68 nm), but rather to a “spiderlike” conformation
in which the butyl side chains are bent downwards (diameter
2.34 nm; diameter of the conjugated st system 1.83 nm) as a
consequence of the uniform distorsion of each second
thiophene ring. The height of the molecule (0.48 nm) is in
full accordance with the STM measurements, which indicates
that a monolayer has been formed at the solution/HOPG
interface (Figure 2b, bottom).

Large conjugated macrocycles 13—19 comprising up to
76 chain members and cavities up to 3nm have been
synthesized and their self-assembling properties investigated.
We are currently optimizing the synthesis and broadening the
scope of both macrocyclic series and we are most interested in
the possible formation of channels or nanotubes from these
conjugated materials. For the first time, these circular
structures combine the excellent electronic properties of
corresponding conjugated oligomers with complexation sites
for larger organic guest molecules, and we anticipate novel
fundamental properties and applications. Recognition experi-
ments are currently under way in our laboratory. Calculations
predict, for example, that fullerene Cg, could be recognized by
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Figure 2. a) Top: STM image (280 x 280 A2) viewing the long-range ordering and 2D crystal of cyclo[12]thiophene 17 adsorbed on graphite. The inset shows
the short-range ordering (67 x 67 A?). Both images were obtained with bias voltage of —430 mV (the sample is positive) and a tunnel current of 24 pA.
Bottom: Height profile and cross-section along eight macrocycles (the white line is ca. 17 nm long). b) Schematic representation of the molecular
arrangement of cyclo[12]thiophene 17: hexagonal cluster consisting of seven molecules (top) and the calculated energy-minimum conformation of an
individual macrocycle (bottom).
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Martin Raitza, Jiirgen Wegmann, Stefan Bachmann,
and Klaus Albert*

The detailed characterization of molecular recognition
structures is one of the essential prerequisites for the
development of new materials for specific applications in
catalysis, sensor technology, and for the analysis of mixtures of
compounds.

Highly selective stationary phases are needed for the
efficient separation of complex mixtures of compounds in
high-performance liquid chromatography (HPLC).[! The
tailored synthesis of these phases is impossible without any
detailed knowledge of the surface structure of the materials
and a detailed understanding of the structural and dynamic
properties of the separation phase. Routine applications in
HPLC can be successfully performed with reversed-phase
materials,”! which are prepared by modifying silica gel with n-
alkylsilanes (for example, n-octadecylsilane). Reversed phas-
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es with triacontyl chains show an extremely high shape
selectivity for the separation of stereoisomers (for example, f3-
carotene stereoisomers).?- Solid-state NMR spectroscopy is
of great importance for the characterization of these amor-
phous compounds and through the many experiments possi-
ble delivers valuable information on the structural and
dynamic behavior.

Reversed phases with high shape selectivity can be
prepared by the solution polymerization procedure, in which
a defined quantity of water is added during the modification
reaction of silica gel with n-alkylsilanes. Solid-state *C NMR
investigations of these materials reveal two signals for the
methylene groups of the alkyl chain which can be assigned to
one domain with preferentially all frans and the other one
with mainly gauche conformations. Many investigations
performed with “self-assembled monolayers” (SAMs) reveal
that the observed signal splitting also takes place in diverse n-
alkyl-modified inorganic oxides (ALO;, SiO, TiO,, and
710,).1"1 No information could be gained up to now upon
the size, extension, and alignment of these domains, even
though these parameters are responsible for the selectivity of
the chromatographic separation.* %'l The main question
which still remains is what is the alignment of the domains:
there could be a lateral alignment with the island structures at
the silica surface or a mobility gradient along the alkyl chains
with layers parallel to the silica surface.

The answer to this question can be found by employing
spin-diffusion solid-state NMR investigations. These experi-
ments have large practical applications for the determination
of the homogeneity of polymers and have been mainly
conducted to determine the phase structure of organic
polymers.l'’""I Moreover, the alignment and size of domains
of different mobility can be determined in the range of 5 to
2000 A. The basic principle of the method is outlined in
Figure 1.1 The magnetization of the sample is shown in the

T
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L
Figure 1. Schematic representation of the principle of spin-diffusion
experiments. Top: sample magnetization, bottom: NMR spectra; red:
mobile, green: rigid; A—B: selection, B—D: spin diffusion, #,,: mixing time.

upper part of Figure 1, while the lower part depicts the
resulting NMR spectra. The sample under investigation
consists of two domains with different mobility, which are
indicated by different colors (red: mobile, green: rigid).

At the start of the NMR experiment the sample is in state A
where the magnetization is distributed in both domains, and
results in NMR signals of both domains. In a second step a
selection process is performed by making use of the different
relaxation times.?* 2! Thus in state B only one component of
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the sample contains a significant magnetization, which is
registered in the NMR spectrum. Spin diffusion starts at
state B, that is, magnetization is transferred to neighboring
nuclei by dipolar interactions and thus starts to diffuse.
During this diffusion mixing time ¢, the magnetization of
mobile compounds decreases while the magnetization of rigid
nonselected components increases again. Thus, the intensity
of the signal corresponding to the mobile species in the NMR
spectrum decreases while the second signal increases in
intensity (state C). Finally the magnetization in the equili-
brium state D is distributed on both components and the
NMR spectra are similar to those of state A but show less
signal intensity.

The reduction in the magnetization during the spin-
diffusion mixing time ¢, can be used to understand the
distribution, that is, the size of areas of equal mobility. If the
distribution of both components at the silica surface is very
homogeneous, then a large number of border areas exist
between domains with different mobility. Interactions be-
tween both components take place at these border areas and
the equilibrium state can be reached very fast. A more uneven
distribution with big domains of equal mobility results in less
border areas and the adjustment of the magnetization takes
more time.

Figure 2 shows the pulse sequence of the spin-diffusion
experiment together with the application of the dipolar filter.
First a 12 pulse block consisting of 90° pulses in the proton

SR-12 tm
—>

o111 N

130 I
| S
d 10

Figure 2. Schematic representation of the pulse sequence for the spin-
diffusion experiment with a dipolar filter and '*C detection. /0: number of
repetitions of the 12 pulse sequence, d9: delay time between two 90° pulses,
t,: variable mixing time.

CcP

v

channel is applied, which eliminates the dipolar couplings of
the protons in the mobile component. Thus, there is only a
very small dephasing of the magnetization of the mobile
components, while a fast dephasing of the magnetization of
the rigid components takes place because of the strong dipole
interactions. The delay times d9 between the single pulses and
the number of repetitions of the pulse block /0 are parameters
which can be varied for an optimal selection according to the
nature of the investigated sample. Two 90° pulses follow,
which alternately align the magnetization to the 4 z or — z axis
of the corresponding phase cycles, in order to correct for T
effects. Spin diffusion takes place following the mixing time
tm, and is followed by the cross-polarization pulse sequence,
and detection in the C channel. Rows of spectra are
registered by incrementing the mixing time ¢,,, which enables
the time dependence of the diffusion to be studied by
observing changes in the signal intensity.
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Figure 3 shows the “C CP/MAS NMR spectra of a
triacontyl separation phase recorded with mixing times ¢, of
the spin-diffusions experiment varied between 1 pus and

|
(0]

I
Si—0-8i~CHy CHz CHz(CH,),z CHz-CHz-CHj
O1 2 3 427 28 29 30

C-4 <= C-27

\ C2,C29 C-1,C-30
c3,C28 ‘ /
M 500 ms

a/‘,\d\b
100 ms
J A 50 ms
J \ " 10 ms
;I/LA 5 ms

50 40 30 20 10 0
—
Figure 3. Spin-diffusion NMR experiment with 3C detection of a Cj
phase (ProntoSIL 3 um, 200 A, surface coverage 3.5 umolm=2) with a
varible mixing time ¢, and a temperature of 312 K (/0 =6, d9=10 ps); a:
rigid, b: mobile.

500 ms. Two resonances at 0 =32.8 and 30.0 are observed for
the carbon atoms of the methylene chain. These signals can be
assigned to rigid all-trans and mobile gauche conformations,
respectively, of the alkyl chain.'¥l The spectrum with the
smallest mixing time #,, of 1 us clearly depicts that only mobile
domains exhibit a reasonable magnetization at the start of the
spin-diffusion experiment, since only the high-field-shifted
signal 6=30.0 is visible. Spin diffusion becomes more
effective with increasing mixing time, and magnetization is
transferred from the mobile to rigid domains. Thus the signal
at 0 =30.0 decreases in intensity whereas the signal at 6 =32.8
increases in intensity. At the largest employed mixing time ¢z,
of 500 ms both signals show comparable intensity. The
decrease in the intensity of the signals of the carbon atoms
of the mobile alkyl chains together with the increase in
intensity of signals for the carbon atoms of the rigid alkyl
chains corresponds to the tranfer of magnetization from the
mobile to the rigid alkyl-chain domains.

This phenomenon is direct proof for the existence of alkyl-
chain domains of different mobility at the silica surface of Cs,
reversed phases, which are prepared under the special
solution polymerization procedure. The distribution of the
domains can be derived from the time dependence of the
signal decay of the methylene chains recorded during the spin-

3488 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

diffusion experiment. Domains parallel to the silica surface,
which result from a mobility gradient from the silica surface to
the end of the alkyl chain, should exhibit a very fast spin
diffusion. This effect is in accordance with the hypothesis of a
lateral distribution of domains, that is, island structures are
formed at the silica surface. These different regions are caused
by the different cross-linking of the silanes employed during
the synthetic procedure. Thus clusters are formed from an
array of closely packed C;, alkyl chains which bind to the silica
surface and are organized in rigid domains.

The size of the domains can be estimated by comparing the
decrease of the signal at 6 =30.0 with the signal progression
derived from a simulated spin-diffusion experiment. Here the
whole sample is represented by a periodic array of quadratic
single cells which exhibit different mobility and are mixed
together (core/shell model; Figure 4, top). The system is

. =

A B Ch

U | AT

Figure 4. Schematic representation of the sample model (A). It was
hypothesized that the sample consists of a periodic array of unit cells (B).
The two-dimensional spin lattice (C) is projected into one dimension
(D, E).

projected with respect to symmetry considerations into one
dimension by summation of the lattice points that are able to
receive magnetization. Thus the one-dimensional display
contains marked lattice points at regular distances which are
able to take up magnetization and to exchange with their
neighbors (Figure 4, bottom). The whole system reaches the
equilibrium state as a result of the different sizes of the two
domains.

The size of the diffusion constant is important for the
simulation of the spin-diffusion process. In earlier publica-
tions this process has been independently addressed and a
diffusion constant in the range of 20-100 A’ms! was
determined.l'” 2124 A diffusion constant D, =30 A2ms~! for
the mobile component and of D,=80 A2ms~! for the rigid
component was used for the interpretation of the current
system. Figure 5 shows the comparison of the experimental
data together with the simulated reduction. The signals
(Figure 3) were simulated by peak deconvolution by employ-
ing Lorentian peak shapes. The intensity of the signal of the
mobile component is related to the integral value of both
signals, which corresponds to 100. A good fit with the
experimental data is obtained with values of 112 A for the
core of the single cell (mobile component D,, =30 A?ms~")
and 16 A for the shell of the unit cell (rigid component, D,, =
80 A’ms~'). A calculation of the relative areas of both
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Figure 5. Comparison of the experimental decrease in the signal of the

mobile component and the simulated curve with respect to the mixing time
(ProntoSIL 3 um, 200 A, surface coverage 3.5 pmolm~2).

components for one unit cell is possible from the proposed
structure and arrangement of unit cells (Figure 4). An area of
(112 A)?~ 12500 A2 (red area) results for the mobile compo-
nent and an area of (16 A+112A+16A)>— (112 Ay~
8200 A2 (green area) for the rigid component. Thus the ratio
of the mobile:rigid area is 60:40.

Thus it is clear that two domains exist with different
densities of alkyl chains and their sizes can be evaluated. The
model depicted in Figure 6 results from the described

Figure 6. Model of the silica surface of a C;, phase chemically modified
with trichlorotriacontylsilane. Region a: rigid, 32 A; region b: mobile,
112 A.

measurements together with the computer simulation. Thus
an average domain size of 8200 A? for the rigid all-trans alkyl-
chain conformations (average alkyl-chain length 43 A) and of
12500 A2 for the gauche alkyl-chain domains (average alkyl-
chain length 31 A) can be concluded. Thus it was possible to
derive insight into the spatial distribution of alkyl chains at the
silica surface by employing the outlined solid-state NMR
experiments. Direct proof of the existence of Cy, alkyl chain
domains with different mobility at the silica surface was
obtained in the case of the investigated C;, reversed-phase
spin-diffusion measurements.

Experimental Section

The investigated C;, phase was synthesized according to the solution
polymerization procedure!'¥. Silica gel (ProntoSIL, particle size 3 pm, pore
size 200 A, Bischoff Analysentechnik und -gerite GmbH, Leonberg,
Germany) was dried under vacuum conditions at 180° for 4 h, suspended in
xylene, and treated with a threefold excess of triacontyltrichlorosilane. The
polymerization was started by the addition of a defined amount of water
and the reaction mixture was heated at reflux overnight. A white powder
was obtained after purification of the product.

NMR parameters: The NMR spectra were recorded on a Bruker ASX 300
spectrometer. *C CP/MAS NMR measurements were performed with a
7-mm probe at a spinning rate of 4000 Hz and a sample temperature of
312 K (90° pulse angle 6.5 ps, 2048 transients, contact time 6 ms, delay time
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1s, time domain 2 K data points with a spectral width (SW) of 23 kHz,
acquisition time 45 ms).

Spin-diffusion MAS NMR measurements were recorded with the dipolar
filter with six repetition cycles (/0) and a delay time of 10 ps (d9) between
the 'H pulses. A 7-mm probe was employed at a spinning rate of 4000 Hz
and a sample temperature of 312 K (90° pulse angle 6.9 ps, 12288 tran-
sients, contact time 6 ms, delay time 1 s, time domain 2 K data points with a
spectral width (SW) of 23 kHz, acquisition time 45 ms).

The simulation of the spin diffusion was performed with a self-developed
computer programm (MR-SpinDiff) on a PC (Pentium, 200 MHz).
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The Influence of Mismatches on Long-Distance
Charge Transport through DNA **

Bernd Giese* and Stefan Wessely

Studies by Barton et al.,l!! Schuster,” and our groupl! have
shown that double-stranded deoxyribonucleic acids (DNA)
are able to transport a positive charge over long distances
(>50 A).*1 We have described this long-range charge trans-
port as a multistep reaction, in which the positive charge
migrates by reversible tunneling reaction steps between
neighboring guanine bases (G).»] Thus, guanines lying
between the charge donor and the charge acceptor serve as
relay stations for the positive charge (hopping mechanism).[f!
Since guanines play a central role in this hopping mechanism,
mismatches of the guanine:cytosine (G:C) base pair should
influence dramatically the efficiency of the charge transport.
Indeed, we have now observed a strong decrease of the charge
transport in DNA double strands, in which a mismatch was
introduced at a G:C base pair. The studies were performed
with double strands 1 that contained a 4’-acylated nucleotide
(Scheme 1).

Lp ®p Ep
] 2 3

Scheme 1. Generation of a guanine radical cation G** in the P-labeled
strand 3 by photolysis of the acyl-substituted strand 1.

Norrish-I photocleavage of 1 and subsequent heterolysis
generated radical cation 2 that selectively oxidized a neigh-
boring guanine to its radical cation (G**).! For analytical
reasons we used double strands in which the charge was
transferred to a G of the *?P-labeled complementary strand
(2—3). This G'* initiates the charge transport through DNA
towards the GGG sequence, a thermodynamic sink for the
positive charge.l®l At the positions where the guanine radical
cation was trapped by H,O, treatment with piperidine led to
DNA cleavage products Pg that were separated and quanti-
fied by gel electrophoresis (Figure 1).]

The kinetic analysis!”! of the charge transport from the
donor G;"* over the bridge to the acceptor GGG in double
strand 4110 (Figure 1) showed that tunneling steps of 10 A

[*] Prof. Dr. B. Giese, Dipl.-Chem. S. Wessely
Department of Chemistry, University of Basel
St. Johanns-Ring 19, 4056 Basel (Switzerland)
Fax: (+41)61-267-1105
E-mail: bernd.giese@unibas.ch

[**] This work was supported by the Swiss National Science Foundation
and the Volkswagen Foundation.

3490 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

kg
—CA-AC-A DA A CoA-A- DO ¥
Hp — GO, T O, G- G G ——3

IR

L F

200+

|
O Sl e ) it L
W -
Figure 1. Charge transport from charge donor G,"* to charge acceptor
GGG in the 54-mer 4, from which only the decisive sequence segment is
depicted.”! Bottom: A histogram of the cleavage products Pg and Pggg,
which were separated by gel electrophoresis (x = position).

between the guanines (kgr) are considerably faster than the
H,O-trapping of the charge (ku,0). Therefore, the positive
charge in double strand 4 should be distributed over the single
guanines G, to G, before it is trapped by H,O. This is indeed
the case as the appearance of cleavage products Pg in Figure 1
shows. The intensities P /Pg, slowly decrease from G, over G,
and G; to G, from 1.0 over 0.83 and 0.66 to 0.57 This slow
decrease of the H,O-trapping products with increasing
distance from the charge injection site must not be interpreted
as a weak distance dependence of the charge transfer rate kg
described in the Marcus - Levich —Jortner Equation (a).!""

Inkgrox— AT (a)

For the decrease of product yields, competition between the
charge transfer (kgr) and the H,O-trapping reactions (ky,0) is
decisive. Since in DNA strand 4 the charge transfer between
the single guanines is considerably faster than the H,O-
trapping reaction,”] the charge decreases only slowly during
its migration through the DNA strands.'"”) This reversible
tunneling between the relay stations™ of DNA 4 can be
compared with a multistep chemical reaction in which the
intermediates interconvert faster into each other than they
react irreversibly yielding the products. Such a reaction is well
described by the Curtin—Hammett principle that takes into
account the rate of the reversible steps (kgr), the equilibrium
constants (ionization potentials of the relay stations), and the
irreversible reactions leading to the products (kg,0).' In the
extreme case, the yields of products Pg are nearly indepen-
dent of the position of the DNA relay stations. Of course, this
cannot be explained by a disappearance of the distance
influence on the charge transfer rate (kgr).

Further evidence that the charge in our assay is centered
predominantly at the guanines was provided by experiments
with DNA double strands containing mismatches. Thus, the
efficiency of the charge transport from the donor G;** to the
acceptor GGG in oligomers 5S—7 dropped from 68 % for the
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mismatch-free double strand 5 to 23 % (6) and 8 % (7), when a
T or the abasic monomer H"!| respectively, was introduced
opposite to G, (Scheme 2).') On the other hand, the

|: % i = g 4 o
G G ¢ G PE PG
] C 4 cC G C G
& 4G & 4G Eie LB
il alp  oalp dls
""ll?‘ l-:‘?: :||¢'.: :al'-?.i-
:l: | G ||.' |:|“.. :|: &
g 2p *2p 2a
] & T &

Progn:  BEG e o BE

Scheme 2. Charge transport from the charge donor G, through double
strands 5-8 towards the charge acceptor GGG. The efficiency of the
charge transport was measured by the yield of the cleavage products Pggg
at the GGG sequence.'”l As double strands 31-mers having G, in the
middle of the strand were used.

efficiency of the charge transport remained almost unchanged
when a mismatch at adenine (A) was introduced by an A in
the complementary strand (8).

We assume that these effects are induced by a weakening of
the hydrogen bonds in the mismatched guanine radical cations
G,"* (Scheme 2). Steenken!'”) has shown that G** has a pK, of
3.9. In a mismatch-free DNA the positive charge is distributed
over both bases (9a=9b) of the G:C base pair 9. If the
hydrogen bonds are weakened, however, the probability of
proton transfer to the surrounding water increases (10 —11)
and this retards the charge transport through DNA
(Scheme 3).081

. /H . /H
OnwimH—N N OnmimiH—N

/N =
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R = L A S S
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H

</N |\N/ it (Nf\' + HgO"
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/ N "NH; / N™ "NH;
R R

10 11

Scheme 3. Transfer of a proton from the guanine radical cation G** to the
paired cytosine (9a=9b) and to the surrounding water (10 —11).

Thus, proton transfer from a G** to water could explain why
mismatches of G:C pairs strongly diminish the efficiency of
the charge transfer to the GGG acceptor (strands 6, 7). This
interpretation is supported by another experiment in which
we have generated a G** at the end of a double strand. This
G"* was unable to inject a positive charge into DNA because
the base pair at the end of the double strand is so exposed to
the surrounding water that a fast deprotonation of G**
(10 —11) occurs and the charge transport is suppressed.

Angew. Chem. Int. Ed. 2000, 39, No. 19
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Conclusion: A positive charge injected into DNA, is spread
over the relay stations that are positioned between the charge
donor and the charge acceptor. A slow decrease in the
intensity of the H,O-trapping products is not an indication for
a weak distance dependence of the charge transfer rates (kgy).
It is the rate ratio between H,O-trapping (ky,0) and charge
transfer (kgy) that plays the decisive role. Mismatched
guanines suppress the charge transfer because of proton
transfer from G** to the surrounding water.
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A Rectangular Zinc Cluster and a
Rectangular Nickel Cluster That Exhibits
Ferromagnetic Coupling**

Rolf W. Saalfrank,* Stefan Trummer, Uwe Reimann,
Mubarik M. Chowdhry, Frank Hampel, and
Oliver Waldmann*

Dedicated to Professor Siegfried Schneider
on the occasion of his 60th birthday

In the last few years the development of new concepts for
the rational design of polynuclear clusters has led to consid-
erable progress in supramolecular chemistry.'l The use of
carefully selected ligands and metal ions has allowed the
construction of clusters with defined geometry and special
properties. Particular interest has focused on the development
of so-called single-molecule magnets.™

p-Alaninehydroxamic acid and salicylhydroxamic acid re-
act with appropriate metal ions to give tetranuclear metal-
lacoronates.’l The cyclic linkage of the four metal ions is
based on the building blocks 1 and 2, which as a common
feature exhibit a five- and a six-membered chelate ring
(Scheme 1). Likewise, picoline-tetrazolylamides of the type

NH, 7] -
SN 0 WP e
e P L NN,
¢ e e

tfﬂ R

1 2 3

Scheme 1. Schematic representation of the commensurate building blocks
1-3 suitable for the construction of cyclic tetranuclear clusters.

HL 4 should also be suitable for the formation of four-
membered metallacycles, provided, deprotonated 4 also fits
the geometric conditions necessary to form the bischelate 3, a
structurally analogous module of 1 and 2.

In order to confirm this hypothesis, we treated 4b with
nickel (1) acetate in methanol. After work-up a violet solid was
isolated. Based on the elemental analysis and FAB-MS
spectrum, Ni-5b (m/z 1972) is a tetranuclear metal chelate
complex of the composition [Ni,L%] (Scheme 2).

For unequivocal characterization of [Ni,L%] Ni-5b we
carried out an X-ray crystallographic structure analysis.[*
According to this study, Ni-5b is present in the crystal as a

[*] Prof. Dr. R. W. Saalfrank, Dr. S. Trummer, Dipl.-Chem. U. Reimann,
Dr. M. M. Chowdhry, Dr. F. Hampel
Institut fiir Organische Chemie der Universitidt Erlangen-Niirnberg
Henkestrasse 42, 91054 Erlangen (Germany)
Fax: (+49)9131-852-1165
E-mail: saalfrank@organik.uni-erlangen.de

Dr. O. Waldmann
Physikalisches Institut III der Universitdt Erlangen-Niirnberg
Erwin-Rommel-Strasse 1, 91058 Erlangen (Germany)
Fax: (+49)9131-15249
E-mail: Waldmann@physik.uni-erlangen.de

[**] Chelate Complexes, Part 13. This work was supported by the Deutsche
Forschungsgemeinschaft, Bayerisches Langzeitprogramm “Neue
Werkstoffe” and the Fonds der Chemischen Industrie. Part 12:
ref. [14].
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Scheme 2. Synthesis of the tetranuclear nickel and zinc clusters [M,Lg] 5.

square [2x2] grid (dyni=5.567 A, angleynini = 84.40°).
One of the main structural characteristics of Ni-5b is the
two different sets of bonding modes observed for (L°)~. A set
of four tetradentate ligands links two nickel ions each through
a five-membered chelate ring and a six-membered chelate
ring leading to the construction of the [Ni,L°]** core. In this
case (L")~ coordinates to one nickel ion through the pyridine
and the amide nitrogen donors and to the neighboring nickel
ion through the nitrogen donor of the tetrazolyl group and the
oxygen donor of the amide function. In contrast, the four
ligands (L)~ of the second set exhibit a bidentate bonding
mode. These ligands coordinate across the pyridine and the
amide nitrogen donors only and complete the slightly
distorted octahedral coordination sphere at the nickel vertices
(Figure 1).

Two enantiomeric pairs ((4)-, (A)-fac, and (A)-, (A)-mer)
are principally possible for octahedral complexes of the type
MA;B; (with bidentate ligands M(AB);)."M The -cluster
[Ni,L°%] Ni-5b has idealized S, molecular symmetry and is
thus achiral ((4,1,4,1)-fac,meso form).

The zinc complex Zn-5a was obtained as a white solid in a
similar manner to Ni-5b. Likewise, [Zn,L?%] Zn-5a is present
in the crystal as a square [2x2] grid (dgyz.=5.657 A,
angle, 7,7, =381.04°) and is isostructural® with [NiL%]
Ni-5b. Additional characterization of Zn-5a by NMR spec-
troscopy was hindered by its poor solubility.

The temperature dependence of the magnetic susceptibility
of powder samples of Ni-5b is shown as y7 in Figure 2. With
decreasing temperature y 7 increases. It is well known that for
Ni'! ions ligand-field interactions lead to a zero-field splitting
(ZFS) and thereby to a deviation from the Curie—law (yT=
constant) at low temperatures.” ' However, regardless of the
sign of the ZFS a decrease of yT is always expected (see
Figure 2).1 Therefore, the increase of y7T can only be
explained by an intramolecular ferromagnetic coupling of
the Ni ions.

For a quantitative analysis of the magnetic properties of
Ni-5b measurements at fields of 3, 10, 30, and 55 kG were all
at once fitted to a model spin-Hamiltonian. The spin-
Hamiltonian H,, = —J(S;S,+ S, S5+ 855, + 5,5,), which sole-
ly takes into account a magnetic coupling, reproduced the
data roughly. The additional inclusion of a ligand-field
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Figure 1. Molecular structure of Ni-5b in the crystal (PLUTON presentation). Stereoview perpen-
dicular to the Ni, plane (along the S, axis); H atoms omitted for clarity. Carbon shaded, nitrogen
hatched, oxygen chequered, nickel transparent. Selected bond lengths [A] and angles[?] of
tetradentate (L)~: N(pyridine)-Ni 2.111(3), N(amide)-Ni 2.065(3), N(tetrazole)-Ni 2.062(3), O-Ni

2.032(2); N(pyridine)-Ni-N(amide) 79.26, N(tetrazole)-Ni-O 131.00.

°] \ [Ni,L"]
()
6] ™o,
e :.?_.._!.2.9_’...1."...._.......
xT/ cm’Kmol™’ /~,’-""

7
3y e data
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Figure 2. Temperature dependence of the magnetic susceptibility of Ni-5Sh
as measured at a field of 3 kG. Dashed curves were calculated with the spin-
Hamiltonian H,, + Hygs for J=0 and D =+10K (g=2.24).

interaction in the form of a wuniaxial ZFS, Hyp,=

2
DZ (S,-z_,Z - g), led to excellent fits of the data with |D |~

3K and g=2.24. The sign of D could not be determined
unambiguously from the powder measurements. However,
regardless of the sign of D, we obtained ferromagnetic values
for the coupling J (/= 1.5 K), in agreement with the above
qualitative consideration.

Experimental Section

Ligand HL 4 was synthesized from 2-picolinyl chloride!'!l and 2-alkyl-5-
aminotetrazole!'” according to reference [13].

Ni-5b and Zn-5a: General procedure: A solution of HL 4 (1.0 mmol) in
methanol (20 mL) was added to a solution of nickel(11) or zinc(11) acetate
(0.5 mmol) in methanol (30 mL). The reaction mixture was stirred at 20°C
for 2 h, concentrated to 20 mL, and layered with diethyl ether (10 mL). The
precipitate was collected, dried under reduced pressure, and crystallized.

Ni-5b: Yield: 210 mg (85%) violet tetrahedrons (methanol/dichlorome-
thane/diethyl ether 1:1:1); correct elemental analysis; decomp > 250°C; IR
(CHBr;3): 7=1620cm™! (C=0), 1558 (C=C); FAB-MS (3-nitrobenzyl
alcohol (3-NBA)): m/z (%): 1972 (6) [NiL%]*.

Zn-5a: Yield: 193 mg (86%) colorless tetrahedrons (methanol/diethyl
ether 1:1); correct elemental analysis; decomp >250°C; IR (CHBr;): 7=
1610 cm~! (C=0), 1560 (C=C); FAB-MS (3-NBA): m/z (%): 741 (100)
[Zn,LA5] .
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The magnetic moment of a powder sample of Ni-
Sb was measured with a commercial SQUID
magnetometer (Quantum Design). Data were
corrected for diamagnetic contributions and tem-
perature independent paramagnetism (TIP).
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Diastereoselective and Enantioselective
Palladium-Catalyzed Allylic Substitution with
Nonstabilized Ketone Enolates**

Manfred Braun,* Frank Laicher, and Thorsten Meier

Dedicated to Professor Rolf Huisgen
on the occasion of his 80th birthday

The utility of transition metal mediated allylic substitutions
in organic syntheses has been proven by numerous applica-
tions in the past three decades. A particularly efficient way of
carbon—carbon bond formation was opened up by the
reaction of carbon nucleophiles with allylpalladium com-
plexes, the generation of which is accomplished in situ and
requires only catalytic amounts of the transition metal.l'
After mechanistic studies had treated the problem of stereo-
chemistry, considerable efforts were directed towards enan-

[*] Prof. Dr. M. Braun, Dr. F. Laicher, Dipl.-Chem. T. Meier
Institut fiir Organische und Makromolekulare Chemie
Universitdt Diisseldorf
40225 Diisseldorf (Germany)
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3494

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

tioselective variants,’! most of this work focussed on sym-
metrically substituted racemic allyl compounds such as 1. The
attack of a nucleophile on the palladium complex 2, formed
from 1, can be directed in an enantioselective way by means of
chiral ligands (L*) so that either one of the substitution
products, 3 or ent-3, can be prepared in a controlled manner

[Eq. (1)].19

Ph\/\g/Ph pd° F‘h\/_\E\/ Ph
OAc Opar, oac
1 2
(1)
o Ph Ph Ph Ph
Nu= Y\/ and/or \/\r
Nu Nu
3 ent-3

Despite this impressive progress, the main limitation of this
concept is that the carbon nucleophiles used so far have been
almost exclusively “soft”, stabilized carbanions.’l Although
the chemistry of “preformed” enolatesP! evolved at the same
time as that of allylpalladium chemistry, attempts to combine
both concepts have been very rare, and their success rather
limited. An early report on palladium-catalyzed reactions of
ketone enolates with cyclic allyl acetates® was questioned
later.! Furthermore, these attempts were plagued by the
inevitable double allylations, low reactivities, and moderate
yields.®al These difficulties were partly overcome by the
employment of enol stannanes instead of lithium enolates,®!
an approach which led to the first enantioselective variant.]

Recently, stereoselectivity was obtained in the reaction of
an enantiopure allyl acetate with a chelated zinc enolate.['"]
However, the problem of producing a palladium-mediated
allylation of enolates which provides both diastereoselectivity
and catalyst-induced enantioselectivity has so far not been
solved. Herein we report, as a solution to this problem, a
method that is applicable to cyclic and acyclic ketone enolates.

Two adjacent stereogenic centers are created in the reaction
of an a-substituted enolate and the meso complex 2, which is
formed in situ from the racemic acetate 1 [Eq. (1)]. Thus, we
decided to tackle the problem of diastereoselectivity first. For
this purpose, cyclohexanone was deprotonated with various
bases in tetrahydrofuran to generate the enolate 4; the
advantage of this intermediate is its fixed enolate geometry
(E, Scheme 1). The enolate 4 was allowed to react with the
acetate 1 in the presence of 5 mol % of the palladium catalyst
generated insitu from tris(dibenzylideneacetone)dipalladi-
um — chloroform ([Pd,(dba);] - CHCL;)'!l and the correspond-
ing phosphane ligands 5. In all the cases that are listed in
Table 1 there was smooth and quantitative conversion into the
diastereomeric ketones 6a and 7a, which can clearly be
distinguished from one another by the chemical shifts of their
allylic protons (3.88 and 3.98 ppm, respectively) in the
'H NMR spectra.

The diastereoselectivity was influenced not only by the
ligands Sa—d['? on the transition metal but also by the enolate
counterion and the base used for the deprotonation. For the
lithium enolate, substantial diastereoselectivity resulted from
the use of chelating phosphane ligands (Table 1, entries 1
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1
[Pd,(dba)] « CHCI3 (2.5 mol %)

(0] OM
base 5 (10 mol %)
4
o} Ph
A ph +
rac-syn-6a rac-anti-7a
Me  Me
PPh2 4 —pph,
PPh3 [ Ee
o) PPh, < —PPh
Ph,P PPh;
5a 5b 5c 5d

Scheme 1. Palladium-catalyzed diastereoselective allyl substitution with
cyclohexanone.

Table 1. Diastereoselective palladium-catalyzed reaction of ketones with
allylic acetate 1.

Entry Ketone Base Ligand 5 syn-6:anti-7
1 (CH,)s;CO LiNiPr 5ald 6a:7a 57:43
2 (CH,)sCO LiNiPr 5pil 6a:7a81:19
3 (CH,)s;CO LiNiPr 5l 6a:7a 83:17
4 (CH,)sCO LiNiPr 5d® 6a:7a 87:13
5 (CH,)sCO LiNiPr/LiCl 5d® 6a:7a92:8
6 (CH,);CO LiN(SiMe;), 540! 6a:7a90:10
7 (CH,)s;CO KN(SiMe3;), 54! 6a:7a 60:40
8 (CH,);CO CIMgNiPr 5di 6a:7a 97:3
9 Me;CH,COEt LiN(SiMe;), 54t 6b:7b 33:67

10 Me;CH,COEt LiN(iPr), 54t 6b:7b 10:90

[a] 20 mol %. [b] 10 mol %.

versus 2—-6), with the ferrocene derivative 5d being the most
efficient (entries 4—6). Disaggregation of the enolate by
addition of one equivalent of lithium chloride!™ led to a
small but clear enhancement of the diastereomeric ratio
(entry 5), whereas no further improvement came from the use
of lithium hexamethyldisilazide (LiN(SiMe;),; entry 6). Since
the use of the supposedly more polar potassium enolate led to
a considerable decrease in stereoselectivity (entry 7), the next
logical step was a change to magnesium. Indeed, the product
6a was obtained from the magnesium enolate in high
diastereoselectivity (entry 8). The syn configuration of the
main product 6a, obtained as a diastereomerically pure
racemic compound after recrystallization, was unambiguously
determined by a crystal structure analysis (Figure 1).[' In
contrast to the normally favored equatorial conformation of
2-methylcyclohexanone, the side chain of the ketone 6a
occupies the axial position, thus avoiding steric interaction of
the bulky diphenylpropene substituent and the carbonyl
oxygen atom. '3

To test the versatility of our method it was applied to an
open-chained ketone. Mesityl ethyl ketone was chosen
(mesityl ethyl ketone =1-(2,4,6-trimethylphenyl)propan-1-
one), which, depending on the deprotonation conditions used,

Angew. Chem. Int. Ed. 2000, 39, No. 19
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C36 35

Figure 1. Crystal structure of syn-6a (SHELXTL-Plus; 25% probability
displacement ellipsoids).

can give either of the stereoisomers of the enolate 8.°! When
LiN(SiMe;), was used for deprotonation, predominantly (Z)-
8 was formed (Scheme 2). The subsequent palladium-
catalyzed allylation was controlled by the chelating ligand 5d
and afforded the stereoisomers 6b and 7b with only moderate

1
oM [Pdx(dba)s] » CHCI3 (2.5 mol %)
5d (10 mol %)

Q base R2
A )K/ e Ar)\( : o
r

R!

(E)-8: R'=Me, R2=H
(2)-8: R =H, R2= Me

O Ph (0] Ph
AI‘)W\PFI + ArWPh
Me Me
rac-syn-6b rac-anti-7b
Me
Ar: Me
Me

Scheme 2. Palladium-catalyzed diastereoselective allyl substitution with
an acyclic ketone.

diastereoselectivity (entry 9). On the other hand, use of the
E-configurated enolate 8, which is generated by metalation
of mesityl ethyl ketone with lithium diisopropylamide,
enhanced the syn:anti ratio of the products 6b:7b to 10:90
(entry 10). Thus unexpectedly, despite having the opposite
configuration of the enolate 8, the same stereoisomeric
product 7b was formed in excess (entries 9, 10). A possible
explanation could come from the observation that, under the
conditions of the allylic substitution reaction (that is,
[Pd,(dba);] - CHCl;; ligand 5d, without 1; THF; 0°C), a slow
conversion of (Z)-8 into the thermodynamically more stable
(E)-8 occurs,' as shown by the formation of the correspond-
ing enolsilanes ((Z)-8/(E)-8, M =SiMe;). In contrast, the
configuration of the E enolate 8 remains unchanged under

1433-7851/00/3919-3495 $ 17.50+.50/0 3495



COMMUNICATIONS

these conditions. Thus, the low diastereoselectivity obtained
from the use of LiN(SiMe;), might stem from competing
allylic substitution pathways of the E and Z enolates 8, each of
which lead to the other diastereomer of 6b and 7b.

The configuration of the major stereoisomer 7b was
determined by a crystal structure analysis, which unambigu-
ously revealed it to be that of the anti-diastereomer. The
major products 6a and 7b, formed from cyclohexanone and
mesityl ethyl ketone, respectively, have opposite relative
configurations, which is surprising in view of the identical
enolate geometries in both enolates ((E)-4 and (E)-8). A
possibile explanation is the existance of two different types of
transition state (closed versus open) for the two different
types of ketone, this has yet to be confirmed experimentally.

Finally, we addressed the problem of enantioselectivity. For
this purpose, the magnesium enolate 4 of cyclohexanone was
allowed to react with the acetate 1 in the presence of the
palladium - (R)-BINAP complex (BINAP =2,2"-bis(diphe-
nylphosphanyl)-1,1’-binaphthyl) generated insitu from
[Pd,(dba);] - CHCl; (2.5 mol%) and the chiral (R)-BINAP
ligand (R)-9 (10 mol %) as shown in Scheme 3. The reaction

s

1. CIMgNiPr, h
2.1; [Pdy(dba)s] » CHCl5 (2.5 mol %) o B

SO
T

(R)-9 (10 mol %)

Zph

SH
o
“ZnHOAC BFg* OEt2 ij/’\a
Ph
Raney-Ni
(S)-12

Scheme 3. Palladium-catalyzed enantioselective allyl substitution with
cyclohexanone.

turned out to be very efficient in three respects. First,
quantitative conversion of the starting material 1 was
observed; second the diastereoselectivity was enhanced even
compared to that obtained with the achiral ligand 5d (Table 1,
entry 8); third, exceptional enantioselectivity was reached.
Thus, the enantiomeric excess of the major diastereomer 6a
was determined to be 99 % ee by HPLC on a chiralcel OJ
column. The diastereomeric ratio of 6a:7a was 99:1.

The absolute configuration of the ketone 6a was elucidated
by correlation with the hydrocarbon 12 as follows: The keto
aldehyde 10 was generated in 72 % yield by ozonolysis of the
alkene 6a. Subsequent thioacetalization provided the bis-
dithiane 11, which was isolated after (a material consuming)
column chromatography in 13% yield. Finally, (S)-12 was

3496 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

6a (d.r.: 99 : 1; ee: 99%)

obtained in 94 % crude yield by desulfurization with Raney—
nickel. Since the optical rotation of (R)-12 was known,['8! a
comparison permitted us to assign the S configuration to the
hydrocarbon 12 obtained from ketone 6a.

A brief investigation revealed that by using the method
described above open-chained ketones can react enantiose-
lectivity too. Thus, the reaction of the lithium enolate (E)-8
with the acetate 1 was mediated by the palladium-(R)-BINAP
catalyst. Again, the diastereomeric ratio was maintained
(10:90). Furthermore the main diastereomer 7b was formed
in 88% ee, as determined by 'H NMR spectroscopy in the
presence of the chiral shift-reagent [Eu(hfc),].[*"]

To conclude palladium-catalyzed allylic substitution is
feasible with nonstabilized preformed lithium and magnesium
enolates of cyclic and open-chained ketones. For the first time,
this reaction could be performed in such a way that the chiral
ligand of the transition metal induced not only a high degree
of diastereoselectivity but also enantioselectivity.

Experimental Section

Typical procedure: Methylmagnesium chloride (1.1 mmol, 0.37 mL; 3™
solution in THF) was added dropwise to diisopropylamine (0.15 mL,
1.1 mmol) dissolved in dry THF (1 mL) at —16°C under nitrogen. After
30 min, cyclohexanone (0.11 mL, 1.1 mmol) dissolved in THF (1 mL) was
added dropwise, and stirring was continued for 30 min at —16°C. The
enolate thus generated was injected into a solution of 1 (252 mg, 1 mmol),
[Pd,(dba);] - CHCl; (26 mg, 25 umol), and (R)-BINAP (62 mg, 100 pmol) in
dry THF (2mL). After stirring the mixture for 16h at 0°C it was
hydrolyzed by addition of a phosphate-buffer (pH 7) and extracted with
CH,C], (3 x 50 mL). The combined organic layers were washed with brine,
dried with MgSO, and concentrated in vacuo. The residue was dissolved in
n-hexane and filtered through celite 557 in a suction filter. Evaporation of
the solvent led to the crude product. NMR spectroscopy revealed signals
corresponding to the clean and quantitative conversion of the substrate 1.
An analytically pure sample of 6a (195 mg, 67 %) was obtained by flash
chromatography on silica gel (n-hexane:ethyl acetate, 10:1). The enantio-
meric excess was determined by HPLC on a chiralcel OJ column (n-
hexane:isopropanol, 96:4).

Selected physical and spectroscopic data: 6a: m.p.93°C; 'H NMR
(500 MHz, CDCl3): 6 =2.87 (ddd, J=9.5, 9.5, 49 Hz, 1H, 2-H), 3.88 (dd,
J=95,76 Hz,1H,1"-H), 6.33 (d,/=15.8 Hz, 1H, 3'-H), 6.44 (dd,J =15.8,
7.6 Hz, 1H, 2"-H); °C NMR (125 MHz, CDCl;): 6 =23.93, 28.52, 32.17,
42.42, 48.39, 55.82, 126.45, 126.55, 127.14, 128.51, 128.60, 128.83, 130.46,
131.91, 137.33, 141.88, 212.46; elemental analysis calcd for C, H,,0 (%): C
86.85, H 7.64; found: C 86.91, H 7.62. The minor diastereomer 7 a differs in:
'H NMR (500 MHz, CDCl,): 6 =3.98 (dd, J=9.0, 9.0 Hz, 1H), 6.26 (dd,
J=15.7, 9.0 Hz, 1H), 645 (d, J=15.7Hz, 1H); *C NMR (125 MHz,
CDCly): 6 =24.42, 28.30, 31.84, 42.15, 48.32, 55.55, 130.97, 131.21, 137.16,
14324, 21143. (1'S2R)-6a: [a]¥=68.5 (c=02 in CHCl); 7b:
m.p. 110.3°C; 'H NMR (500 MHz, CDCLy): 6=1.22 (d, /=73 Hz, 3H,
CH-CH;), 1.99 (s, 6H, Ar-CHs), 2.24 (s, 3H, Ar-CH,), 3.40 (dq, /=73,
78 Hz, 1H, 2-H), 4.10 (dd, J=8.2, 7.8 Hz, 1H, 3-H), 6.43 (dd, /=15.7,
8.2 Hz, 1H, 4-H), 6.48 (d, J=15.7 Hz, 1 H, 5-H); elemental analysis calcd
for C,;H,O (%): C 88.00, H 7.66; found: C 87.89, H 7.76. The minor
diastereomer 6b differs in: '"H NMR (500 MHz, CDCl;): 6=0.95 (d, /=
7.0 Hz, 3H), 2.21 (s, 3H), 3.49 (dq, /=9.7, 7.0 Hz, 1H), 3.99 (dd, J=9.7,
6.4 Hz, 1H), 6.34 (dd, J=16.0, 6.4 Hz, 1H), 6.63 (d, /=16.0 Hz, 1 H).
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Hydrogen-Bonded Analogues of Cavitands™*

Alexander Shivanyuk,* Thomas P. Spaniol,
Kari Rissanen, Erkki Kolehmainen, and
Volker Bohmer

Multiple hydrogen-bonding interactions are widely used for
the design of hollow self-assembled structures capable of
molecular encapsulation.!! In particular, intermolecular hy-
drogen bonds between urea functions are responsible for the
stability of dimeric calixarene capsules,? while the slow
exchange of guests in self-folded caviplexes is caused by a
seam of intramolecular hydogen bonds between amide
groups.P!

Herein we describe a novel type of self-assembled concave
structures 1** -4 X~ in which the shallow socket of a resorcar-
ene is extended by a cyclic hydrogen-bonded array of four
halide ions and four ammonium ions attached to the wide rim
of the macrocycle. We demonstrate also that 1**-4Cl-, but
not 1**-4Br-, is able to complex certain alcohols in CDCl,
through the formation of hydrogen bonds and inclusion into
the m-basic resorcarene cavity.

R1
|
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HN-HL
XX
H H
1 / \ 1
"N\+ +/N—R
H H
- va
o+ -
H\N/H
R

1 X~ (X'=cI,Br)

R=CH, R'=CH, 1a**
R=CH,, R'=C,Hy 16™
R= C,Hs R' = CgHyy 16*

Condensation of resorcarenes!*! with primary amines and
formaldehyde readily gives the corresponding tetrabenzox-
azine derivatives.’l The subsequent cleavage of the benzox-
azine rings with HCl or HBr (n-butanol, 80°C) yields the
tetraammonium salts 14 -4 X~ (X~ =CI-,[ Br~) in 80-90%
yield.

[*] Dr. A. Shivanyuk, Prof. Dr. K. Rissanen, Dr. E. Kolehmainen
Department of Chemistry
University of Jyvaskyld
P.O. Box 35, 40351, Jyviskyléd (Finland)
Fax: (+358)142602-501
E-mail: shivan@jyu.fi
Dr. T. P. Spaniol
Institut fiir Anorganische Chemie und Analytische Chemie
Fachbereich Chemie und Pharmazie
Johannes Gutenberg-Universitét
Duesbergweg 1014, 55099 Mainz (Germany)

Dr. V. Bohmer
Abteilung Lehramt Chemie
Fachbereich Chemie und Pharmazie, Johannes Gutenberg-Universitit
Duesbergweg 1014, 55099 Mainz (Germany)

[**] We are grateful to Mr. R. Kauppinen for his assistance with NMR
measurements. This work was supported by the Finnish Academy.

1433-7851/00/3919-3497 $ 17.50+.50/0 3497



COMMUNICATIONS

Single crystals of 1a*"-4Cl~ were obtained from MeCN/
CH,CL.[" In the crystalline state 1a*" adopts a slightly
distorted cone conformation (Figure 1) which is stabilized

ALl K0S

Figure 1. One of the two crystallographically independent 1a%* -4 Cl-
complexes. Only the first carbon atoms of pendant butyl groups are shown,
and the C-bound hydrogen atoms of the resorcarene molecule are omitted
for clarity. Hydrogen bonds are indicated as dotted lines and heteroatoms
are darkened. Top: top view; bottom: side view. Selected distances [A]:
N104-Cl1d 3.098(2), N104-Clle 3.211(2), N102-Cllc 3.193(2), N102-Cl1b
3.230(2), N103-Cl1d 3.181(2), N103-Cllc 3.227(2), N101-Cllb 3.205(2),
N101-Clle 3.277(2), 0107-Cl1d 2.976(2); 0106-0107 2.722(2), 0104-0105
2.639(2), 0103-0102 2.674(2), 0108-0101 2.646(2), N101-N105 3.149(4),
N104-N105 3.088(3).

by four intramolecular O—H--- O—H hydrogen bonds. Each
ammonium nitrogen atom forms two hydrogen bonds with
two neighboring anions which results in a 16-membered
Cl----H-N*—H---Cl~ array above the wide rim of the
resorcarene molecule. In addition, two hydrogen bonds are
found between the chloride ions and the resorcinol hydroxyl
groups within the same 1a* -4Cl~ unit while two other
hydroxy groups form hydrogen bonds with chloride ions of the
neighboring 1a* -4Cl~ complexes. The structure of la**-
4CI- possesses a cavity of 8.4 x 83 x5.3 A3 in which one
acetonitrile molecule is included. The distances between the
nitrogen atom of the acetonitrile molecule (N105) and two
neighboring ammonium nitrogen atoms (N101, N104) are
rather short (Figure 1), probably because of ion—dipole and/
or weak hydrogen-bonding interactions between the host and
the guest. Thus, the shallow cavity of the resorcarene is

3498 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

significantly extended® by the cyclic hydrogen-bonded array
of ammonium and chloride ions.

The 'H NMR spectra of 1**-4Cl- (500 MHz, 303 K) in
CDCIl; show one set of sharp signals for the protons of the
resorcarene skeleton, which is in accordance with a C,,-
symmetric structure. NOE and 'H-"N GHSQC experiments
prove that the sharp singlet at 6=9.5 and the broadened
resonance at ¢ =7.8 (Figure 2a) correspond to the protons of

a) OH---ClI

b) OH---Br
NH---Br

7
o

c)

®) OH-Cl  OH--Br NH NH
A &
T T T T T T T T T T T
108 100 92 84 76 6.8

3

Figure 2. The lowfield region of the 'H NMR spectra ([1¢*-4Cl =
[1e*-4Br]=10"2m, CDCl;, 500 MHz). The residual signal of CHCl, is
shortened: a) 1¢*-4Cl- at 303 K; b) 1a* -4Br~ at 303 K; ¢) 1a* - 4Br +
Et;NH*Cl- at 303 K; d) 1a* - 4Br~+ Et;NH*Cl- at 223 K; ¢) 1¢* - 4Cl- +
1c¢*-4Br at 303 K.

OH and NH,* groups, respectively. The unusually high
chemical shift for the OH protons can be explained by the
hydrogen bonds to the Cl~ ions which are also observed in the
crystalline state. The 'H NMR spectra of 1" -4 Br~ are similar
to those of the chloride analogues (Figure 2b), which suggests
that the two complexes have the same structure. The OH
resonance of 1¢*" -4 Br~ is shifted upfield by Ad =0.5 relative
to the corresponding signal in 1¢*"-4Cl-. This shift is
probably a consequence of the weaker basicity (and hence
the lower hydrogen-bonding ability) of the bromide ion. The
'"H NMR spectra of 1¢*-4X~ do not change considerably
upon cooling the solution to 223 K. Thus, the O—H--- O and
O—H---X~ hydrogen bonds present in the crystalline state
cannot be distinguished. In general, however, the structure in
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solution is in agreement with the cavitand-like structure found
in the crystal, and represents a rare example of the binding of
four anions!! by a single receptor molecule.[""]

Addition of Et;NH*Cl~ to the solution of 1¢* -4Br~ in
CDCl; at 303 K results in fast anion exchange and broad
average NH and OH signals (Figure 2c). At 223 K the
exchange becomes slow and the OH resonance splits into
two singlets corresponding to the hydroxyl groups hydrogen
bonded to Cl- and Br~ ions (Figure 2d). The ratio between
these signals is close to 1:4, which is in accord with the Cl:Br
ratio.l'! The signal of the NH protons splits into three
broadened peaks presumably because of the formation of
heterocomplexes in which both anions are bound to the same
tetracation. Anion exchange between 1¢* -4 Cl~ and 1c¢#*-
4Br~ is slow on the NMR timescale, even at 303 K (Fig-
ure 2e). This result reflects the high stability of the hydrogen-
bonded array in 1¢**-4X~ which must be broken twice to
exchange one anion. Although the chemical shifts of the OH
signals are the same as in pure 1¢* -4 Cl~ and 1¢*"-4Br, the
four broadened resonances of the NH,* protons suggest that
the equilibrium involves heterocomplexes. Essentially the
same '"H NMR spectroscopic results were obtained for 1a*-
4X- and 1b*-4X".

The 'H NMR spectroscopic studies of 1a* -4Cl- in
combination with the crystal structure strongly suggest that
the complexes 1+ -4 X~ (X~ = Cl-, Br™) keep a firm cavitand-
like structure in CDCI; in which each anion is hydrogen
bonded to two ammonium ions and two neighboring hydroxyl
groups of the resorcinol rings. Therefore, we expected that
small molecules fitting into the resorcarene cavity and capable
of hydrogen bonding with halogen ions and/or NH,* groups
could be included by 1** -4 X~ in apolar solvents.

Indeed, 1** - 4 CI- binds several aliphatic alcohols in CDCl,.
The guest exchange, for example, in the system 1¢* -4Cl-/
nBuOH, is slow on the NMR time scale at 223 K (500 MHz).
The "H NMR spectrum contains three broadened signals for
the complexed butanol molecule at 6 =0.36 (CH,) —0.89
(CH,), and —2.29 (CH;, A6 = —3.1), which is clearly a result
of its inclusion into the st-basic resorcarene cavity (Figure 3 a).

The OH and NH signals of 1¢**-4Cl- shift to higher and
lower field, respectively, upon complexation (Figure 3b). This
effect can be explained by the formation of hydrogen bonds
between the OH group of n-butanol and the polar wide rim of
1¢* -4 Cl-."2 In principle, this could include both O—H--- Cl
and HO --- H,N* interactions, however, definite conclusions
cannot be drawn from the NMR data.

The signals of the complex grow with increasing amounts of
nBuOH, and at a ratio of [nBuOH]:[1¢**-4Cl"]=10:1 no
free 1¢* -4 Cl- is detected (Figure 3b). Integration of appro-
priate signals shows that the inclusion complex has a 1:1
stoichiometry and leads to stability constants of 47 +5m~! at
213K and 29 +£5m! at 223 K.

A similar complexation was also observed with n-propanol,
2-butanol, 2-methyl-2-propanol (fBuOH), and cyclopentanol.
In the presence of a 1:1 mixture of nBuOH and tBuOH both
complexes are formed in a 1:1 ratio, which shows there is no
selectivity for their inclusion into the cavity of 1** -4 Cl~. For
ethanol, 2-propanol, n-pentanol, n-hexanol, and cyclohexanol
only the characteristic changes of the NH and OH signals

Angew. Chem. Int. Ed. 2000, 39, No. 19
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Figure 3. Sections of the '"H NMR spectrum of 1¢*" -4 Cl~ in CDCl, in the
presence of nBuOH at 223 K ([1¢**-4Cl-]=10"2m, CDCl;, 500 MHz):
a) the signals of the shielded butyl chain; b) the aromatic region when
[nBuOH]:[1¢* -4 Cl-] =1:1; ¢) the aromatic region when [nBuOH]:[1¢** -
4Cl"]=10:1. The NH and OH signals of the complex with nBuOH are
marked with an asterisk. The assignment of the signals is based on 'H-"N
GHSQC experiments.

were detected, while no strong upfield shifts could be
observed for the CH protons of the guests. These results can
be explained by an imperfect fit of the alkyl groups into the
cavity of 1¢** - 4 Cl~; while the Et and iPr groups are too small,
the n-pentyl, n-hexyl, and cyclohexyl units are too big to be
efficiently included.

The complexation of alcohols is anion dependent and no
interaction occurs between 1¢*t-4Br- and ROH in CDCl,.
This result could be a consequence of the weaker O—H --- X~
hydrogen bonds and/or to a smaller size of the intramolecular
cavity produced through blocking by bulky bromide ions.

In conclusion, the attachment of four ammonium groups to
the wide rim of resorcarenes leads to an effective complex-
ation of four anions within a remarkably stable hydrogen-
bonded cyclic array. The complexes 14" -4 X~ can be consid-
ered as hydrogen-bonded analogues of cavitands!'®! which are
capable of anion-dependent complexation of certain alcohols
in CDCl;. The almost unlimited structural diversity, the
possible chirality,! and the simple synthesis of 1#* - 4 X~ make
these systems a promising new family of self-assembled
receptors.
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Synthesis of the Square-Planar Gallium Species
K,[Ga(C¢H;-2,6-Trip,),] (Trip = C;H,-2,4,6-
iPr;): The Role of Aryl- Alkali Metal Ion
Interactions in the Structure of Gallium
Clusters™*

Brendan Twamley and Philip P. Power*

Electron-precise one- or two-dimensional, molecular gal-
lium clusters can in principle be reduced to afford species
which may contain Ga—Ga multiple bonds. For example,
reduction of tetraorganodigallanes yields the radical anions
[R,GaGaR,] " 1M1 and 2.1

[R,GaGaR,]"*
2: R = CH(SiMes),

1: R="Trip

The Ga—Ga distances in 1 and 2 are 0.14-0.17 A shorter
than those in the neutral R,GaGaR, precursors, and EPR
data show that the unpaired electron resides in a 7 orbital to
give a formal Ga—Ga bond order of 1.5. However, the
attempted addition of a second electron to 1 results in
rearrangement to the tetrametallic trigallylgallane salt 3,
which has shorter Ga—Ga bonds (av 239 A) than the
unreduced species 4 (Ga—Ga, av 2.47 A) consistent with a
formal Ga—Ga bond order of 1.33.5

Na,[Ga(GaTrip,);] Ga(GaTrip,);
3 4

An important aspect of the structure of 3 is that the shortest
of the three Ga—Ga bonds corresponds to the complexation of
the two Na' ions between the Trip substituents spanning the
bond. Parallel work involving direct reduction of terphenyl-
gallium dihalides has afforded the unprecedented cyclic
trigallyl compounds 5“1 and 61 (Mes = C,H,-2,4,6-Me;), or
the dimeric 70! which also involve similar interactions
between the alkali metal the aryl group across the Ga—Ga
bond(s). However, the description of 7 as a “gallyne” on the
basis of its short Ga—Ga bond (2.319(3) A) has generated
controversy,¥ since the Na* —aryl interactions could also have
caused the shortened Ga—Ga distance.”! Density functional
theory (DFT) calculationsl® on the model compounds for
7-9, Na,[(GaC¢H;-2,6-Ph,),] (8), and Na,[(GaPh),] (9),
suggest that such effects are structurally important since the
Ga—Ga distance in 8 (2.362 A), which has Nat*-aryl inter-
actions, is about 0.1 A shorter than that in 9 (2.461 A) which
has no Nat-aryl contacts.

[*] Prof. P. P. Power, Dr. B. Twamley
Department of Chemistry, University of California
Davis, CA 95616 (USA)
Fax: (+1)530-752-8995
E-mail: pppower@ucdavis.edu
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M,[(GaCH;-2,6-Mes,);]

Na,[ (GaC4H;-2,6-Trip,),]
5:M=Na 6: M=K 7

In an earlier publication® it was suggested that the
structural effects of the Na* ions in 7 could be investigated
by synthesizing a solvent-separated species of the type
[NaL,],[ (GaC¢H;5-2,6-Trip,),] (L =complexing ligand; e.g.,
crown ether or cryptand) with no Na*—aryl interactions.
Unfortunately, no species of this type are known. An
alternative investigative approach involves varying the alkali
metal cations themselves. In essence, if the Ga—Ga moiety
observed in 7 is a stable one, changing or removing the alkali
metal countercations should afford a similar structure. The
observation of essentially identical structures for § and 6
which have Na*—aryl or K™ —aryl interactions similar to those
in 7 lends further support to this hypothesis. Accordingly, the
reduction of Ga(C¢H;-2,6-Trip,)CLI with several alkali
metals has been undertaken and our initial results are given
herein.

Reduction of Ga(C4H;-2,6-Trip,)Cl, in diethyl ether by Li,
Na, K, or Cs initially afforded a green solution. For Li, the
green color was persistent but with the other metals the color
changed to dark red. These solutions possessed considerable
stability in the case of those from Na and K but that from the
Cs reduction rapidly (2 h) changed to brown. To date, X-ray
quality crystals have only been obtained from the reactions
with Na or K. The crystals from the Na reduction afforded
X-ray data to high 26 angles which resulted in a refinement to
a relatively low residual value.'! The structural parameters
derived from this data set (Ga—Ga 2.324(1), Ga—C(av)
2.041(5) A) were similar to those already reported for 7
(Ga—Ga 2.319(3), Ga—C(av) 2.04(2) A)F! although it was
found that the two Ga-Ga-C angles differ by over 8° which
suggests considerable flexibility in the C-Ga-Ga-C array.['”

In contrast to these findings, the reduction of Ga(C4H;-2,6-
Trip,)Cl, with K did not yield K,[(GaC¢H;-2,6-Trip,),]!"*! but
the new tetragallium species 10 (Figure 1). The structure of 10
is centrosymmetric with a planar, almost square, Ga, core. The
Ga—Ga distances are 2.4624(4) and 2.4685(3) A and the
internal angles are 87.228(11)° at Ga(1) and 92.772(11)° at
Ga(2). The Ga(1) and Ga(1A) atoms are each substituted by a
C¢H;-2,6-Trip, group which has a Ga—C bond length of
2.006(2) A. Although Ga(1) and Ga(1A) are planar coordi-
nated, the external C(1)-Ga(1)-Ga(2) and C(1)-Ga(1)-
Ga(2A) angles differ by almost 6°. The structure is completed
by two K™ ions on either side of the Ga, plane. They do not lie
directly above the center of the Ga, array, however, but are
displaced such that the K(1)—Ga(1) and K(1)—Ga(2) distan-
ces (ca. 3.82 A) are somewhat longer than the K(1)—Ga(1A)
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Figure 1. Structure of 10 (H atoms are not shown). Selected interatomic
distances [A] and angles []: Ga(1)-Ga(2) 2.4623(4), Ga(1)-Ga(2A)
2.4685(3), Ga(1)-C(1) 2.0058(19), Ga(1)-K(1) 3.8017(6), Ga(2)-K(1)
3.8330(6), Ga(1)-K(1A) 3.5883(6), Ga(2)-K(1A) 3.4710(6), K(1)-C(10)
3.2636(19), K(1)-C(11) 3.323(2), K(1)-C(16A) 3.327(2), K(1)-C(17A)
3.268(2), C(1)-Ga(1)-Ga(2) 139.33(6), C(1)-Ga(1)-Ga(2A) 133.44(6),
Ga(2)-Ga(1)-Ga(2A) 87.222(11), Ga(1)-Ga(2)-Ga(1A) 92.778(11), C(6)-
C(1)-C(2) 117.82(17).

and K(1)—Ga(2A) distances (ca. 3.53 A). The K+ ions interact
almost equally strongly with the two Trip rings to which they
are coordinated and the closest distances involve C(10), C(11)
(ca. 3.29 A) and C(16A), C(17A) (ca. 3.30 A).

Ky[Gay(CH;-2,6-Trip,),]
10

Compound 10 differs from the known Ga, clusters which
feature either a tetrahedral Ga, array in electron-deficient
(GaR), species,'¥l a trigonal-planar Ga(Ga); framework as in
4Pl or a pyramidal arrangement as in the ion [RGa(GaR),1;]
(R = Si(SiMe;),).[l The Ga—Ga distances in 10 are consistent
with single bonding and are very close to the Ga—Ga bond
length of about 2.47 A in 4.8 Apparently, Ga(1) and Ga(1A)
use their three valence electrons to bond a carbon and two
other gallium atoms. Similarly, Ga(2) and Ga(2A) each
employ an electron to bond to Ga(1l) and Ga(1A) and their
remaining coordination site is occupied by a lone pair—the
extra electrons being provided by the 2 — charge.

The different structures of 10 and 7 are in sharp contrast to
previous results for Na™ and K* salts of related dianions with
bulky terphenyl substituents. That work has shown that there
are no stoichiometric and relatively minor structural differ-
ences between salts of these two alkali metals. Examples
include the dianionic trigallium Na* and K* species, 5 and 64
(see above), the compounds M, [ (M'C,H;-2,6-Trip,),] (M =Na
or K; M'=Ge or Sn),l' which are stoichiometrically and
structurally very similar to 7, and the salts M,(SC¢H;-2,6-
Trip,), (M=Na or K).['l Part of the explanation for the
differences between 10 and 7 may lie in the geometric
constraints caused by the unequal sizes of the Na* and K* ions
and the probable weakness of the Ga—Ga bond in 7
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Theoretical opinion '8 on the nature of this bond is sharply
divided but it is noteworthy that, apart from the DFT work on
8 and 9,1 no other calculations address the role of interactions
between the alkali metal and aryl group in 7 or related species,
and there are no calculations on the strength of the Ga—Ga
interactions in such compounds. It is likely, however, that the
Ga—Ga bonding in 7 is weakened owing to Coulombic and
steric repulsions. This is consistent with the above-mentioned
attemptsP! to synthesize [R,GaGaR,]*~ (also involving sig-
nificant Coulombic interactions) which afforded a rearrange-
ment to the tetrametallic 3 where, presumably, Coulombic
effects are dispersed over four metals as they are in 10. Steric
effects are also significant since a reduction in the size of the
terphenyl group from C¢H;-2,6-Trip, to CsH;-2,6-Mes, results
in the trimeric structures in 5 and 6! instead of the dimeric 7.
The use of the ligand C¢H;-2,6-Ph, in calculations on model
compounds such as 8% does not provide a sufficiently
accurate estimate of the steric effects of the iPr substituents.
However, its use is clearly superior to the ligands H or Me
which neglect the aryl —alkali metal interactions entirely.

In summary it is probable that the alkali metal-aryl
interactions in 7 and 10 play a unique and crucial role in their
stabilization. Theoretical datal'”l have shown that interactions
between alkali metals and aryl rings involve considerable
binding energies (e.g., M—benzene: M = Li, 37.9 kcalmol1;
M = Na, 28 kcalmol~'; M =K, 18.3 kcal mol~") which supports
their potential stabilizing effect.’”l The seemingly integral role
of the Na™ ions in the stabilization of 7 raises the question of
the stability of the solvent-separated dianion [(GaCsH;-2,6-
Trip,),]>~ in the absence of the sodium cations. Interestingly,
perhaps, there do not appear to be any stable species known
that involve multiple bonding between two negatively charg-
ed atoms without contact-solvated counter cations. Clearly,
further experimental data on a range of main group dianionic
species will be required to resolve such questions.

Experimental Section

All work was carried out under anaerobic and anhydrous conditions. Et,O
(60mL) was added to a mixture of freshly cut potassium (1.75 g,
44.8 mmol) and Ga(C4H;-2,6-Trip,)Cl, (3.83 g, 6.15 mmol) with rapid
stirring. After 10—12 h the suspension underwent a color change from
gray to green, and after a further 1-2 h the green color became red-brown.
Stirring was continued for 36 h at which point the stirrer was switched off
and all precipitates were allowed to settle overnight. The supernatant liquid
was decanted, and the red-brown solution was concentrated to about 25 mL
and cooled at about 4 °C overnight to afford red-brown crystals of 10. Yield
0.65 g, 32% (based on Ga). M.p. 226°C (decomp). 'H NMR (400 MHz,
C¢Dg): 0=0.96 (d, Jyu=6.8Hz, 12H; 0-CH(CH,),), 1.19 (d, Jyu=
6.8 Hz, 12H; 0-CH(CH,),), 1.52 (d, *Jyu=6.8 Hz, 12H; p-CH(CH,),),
2.41 (sept, 3y = 6.8 Hz, 4H; 0-CH(CHs;),), 3.87 (sept, *Jyy =6.8 Hz, 2H;;
p-CH(CHs),), 6.71 (s, 4H; m-Trip), 722 (d, 3y = 6.8 Hz, 2H; m-CH,),
7.33 (t, *Jyuu = 6.8 Hz, 1 H; p-CH;); *C{'H} NMR (100 MHz): 6 =24.65 (p-
CH(CH;),), 2543 (0-CH(CH;),), 2598 (o0-CH(CH;),), 30.75 (o-
CH(CH,),), 34.12 (p-CH(CHs),), 119.46 (m-Trip), 127.885 (m-CsHs),
128.15 (p-C¢H;), 142.91 (0-C¢H;), 144.12 (ipso-Trip), 146.28 (p-Trip),
150.24 (o-Trip), 172.54 (ipso-C¢H;); UV/Vis: A (g) =435 (5200), 705
(270). The compound 7- Et,O was synthesized in about 35% yield under
very similar conditions.
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Light-Driven Microfabrication: Assembly of
Multicomponent, Three-Dimensional
Structures by Using Optical Tweezers**

R. Erik Holmlin, Michele Schiavoni, Clifford Y. Chen,
Stephen P. Smith, Mara G. Prentiss, and
George M. Whitesides*

Methods to generate well-defined structures composed of
cells have the potential to be useful in areas where aggregates
of cells are relevant: a) analytical systems that use cells as
sensors; b) systems for fundamental studies of metabolism,
signaling, toxicology, cellular ecology, and the biophysics of
cell—cell interactions; and c) systems that investigate rela-
tionships between cell attachment, development, and growth.
Here, we have used optical tweezers to fabricate ordered, two-
dimensional (2D) and three-dimensional (3D), composite
microstructures in which the components are biological cells
(erythrocytes and lymphocytes) and polystyrene micro-
spheres. This method of fabrication, light-driven microfabri-
cation, provides a method of generating a range of structurally
well-defined arrays of cells in the form of composites
incorporating cells and microspheres.

Figure 1 illustrates the important elements of light-driven
microfabrication. We used erythrocytes, disk-shaped cells
approximately 12 um in width, and lymphocytes, roughly
spherical cells approximately 5 um in diameter, as model
components with which to explore microassembly. The
surfaces of these cells present multiple oligosaccharides that
terminate in N-acetyl glucosamine (GIcNAc) and N-acetyl
neuraminic acid (NeuAc);! these sugars provide well-defined
ligands when biospecific adhesion is required. There are three
potential mechanisms for the attachment of cells to surfaces:
nonbiospecific interactions (e.g. hydrogen bonds,? hydro-
phobic interactions,?! or electrostatic interactions);?! biospe-
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Figure 1. Fabrication of composite structures of cells and polymer micro-
spheres by using optical tweezers. a) The oligosaccharides on surfaces of a
chicken erythrocyte and chicken lymphocyte terminate in N-acetyl
neuraminic acid (NeuAc) and N-acetyl glucosamine (GIcNAc). b) A
polystyrene microsphere (3 um in diameter) is linked with WGA, a lectin
that binds to NeuAc and GIcNAc. ¢) One optical trap is used to support a
WGA-linked microsphere, and two optical trapping beams orient and
transport an erythrocyte. d) Light-driven microfabrication has three steps:
The sequence begins with a cell supported in two traps. 1.) We use a third
trap to bring a microsphere into contact with the surface of the cell. The
sphere adheres to the cell by polyvalent, biospecific interactions between
WGA and the NeuAc and GlcNAc groups. 2.) The two traps focused on the
erythrocyte (with the attached microsphere) move the aggregate of
microsphere and cell into the orientation desired for further steps in
fabrication. 3.) The multiple traps are translated to bring the microsphere
that is attached to the cell into contact with an assembly that is resting on
the glass floor of the sample container. Repetition of this procedure
generates the desired structure.

cific interactions that are exclusively adhesive (for example,
lectins binding to sugars); and biospecific interactions that
are both adhesive and functional (for example, integrins
binding to RGD (peptide sequence Arg-Gly—Asp) or
fibronectin;[! selectins binding to cadherins).’) To connect
cells biospecifically, we used polystyrene microspheres linked
covalently to wheat germ agglutinin (WGA), a well-charac-
terized dimeric lectin that recognizes NeuAc and GlcNAc; 8
to connect cells nonbiospecifically, we used unmodified
polystyrene microspheres. It should also be possible to use
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functional biospecific interactions between cell-adhesion
molecules on the surface of microspheres and receptors on
the surface of mammalian cells; we believe that this mode of
attachment will provide a way to examine the influence of
cell-surface interactions within structured aggregates of
anchorage-dependent cells.”]

The essential feature of light-driven microfabrication is the
application of optical tweezers, focused beams of light that
can be used to hold, orient, and move transparent objects that
have a refractive index greater than that of the surrounding
medium.["”l These optical tweezers are used to bring cells and
microspheres into contact,'] and to control the geometry of
the resulting assemblies (Figure 1c). We used a single beam to
support the polystyrene microsphere. By training two beams
on different parts of the erythrocyte, we are able to control
both its position and orientation. Lymphocytes are roughly
spherical, and settle into the focal region of a single laser
beam. Figure 1d outlines the procedure for light-driven
microfabrication.

Figure 2 shows several 2D structures. In each of these
images, the structures rest on the surface of the glass
microscope slide immersed in buffer. The erythrocytes are
lying on the surface with their flat face facing into the line of
sight. The different shadings of the polystyrene microspheres
reflect the fact that they lie in slightly different positions
relative to the focal planes in each structure; the brighter the
sphere, the closer it is to the focal plane of the camera.

In structures 2a—2c and 2e, the cells are connected by
biospecific interactions between WGA on the surface of the
microspheres and NeuAc or GlcNAc on the surface of the
erythrocytes. On basis of five observations we inferred that
this adhesion was biospecific: a) upon contact, the WGA-
linked microspheres adhered to the surface of the erythro-
cytes and could not be detached with optical forces over the
range of 0.1-10 pN. b) Soluble carbohydrates that bind to
WGA inhibited the adhesion: 15 mm GIcNAc, 0.05 mm N,N'-
diacetylchitobiose (GIcNAc,), or 0.01 mM tetra-N-acetylchi-
totetraose (GIcNAc,) reduced the probability of adhesion
(PAPH) between the sphere and the cell to approximately 0.5
(PAPH js the ratio of the number of times a sphere adhered to
the surface of a cell to the total number of collisions between
cell and sphere); increasing the concentration of the inhibitor
by a factor of approximately 10 blocked the adhesion
completely (PAPH=0). c) Glucose (200 mm), which does not
bind to WGA," 8 had no detectable effect on the adhesion.
d) Microspheres to which oligomers of ethylene glycol were
attached instead of WGA did not adhere to the cells.'
e) Individual WGA-linked microspheres did not adhere to
each other.

Although the interactions between the individual binding
sites of WGA and carbohydrates are relatively weak (dis-
association constant K GlNAc=5 mm;l K NevAc =2 mmli2),
the spheres adhered strongly to the erythrocytes. We believe
the strength of this adhesion reflects polyvalency! in the
interactions between multiple WGA molecules on the surface
of the microsphere and multiple copies of sugar groups on the
cell surface. The observation that these polyvalent interac-
tions can be antagonized biospecifically at values of concen-
trations of sugars close to their values of K, for WGA is also
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Figure 2. Optical micrographs of 2D microstructures fabricated by light-
driven microfabrication. The structures in a)—c) and e) are connected by
biospecific interactions between lectin-coated microspheres and sugars on
the cell surfaces; structures d) and f) are connected by nonbiospecific
interactions in which bare polystyrene microspheres adhere both to the
cells and to one another. a) One microsphere coated with WGA attached
to the surface of a single erythrocyte. b) Triangular network of three
erythrocytes connected by three microspheres. c) Linear array of four
erythrocytes with three bridging microspheres and two terminal micro-
spheres. d) Linear array of four erythrocytes connected by nonbiospecific
interactions. e¢) Hexagonal microstructure of six erythrocytes and six
microspheres. f) Hexagonal structure of six erythrocytes joined by non-
biospecific interactions. We refer to these arrays as 2D because that is an
approximate description of their shape, they do not, however, have an
essential characteristic of 2D assemblies: that is, that one or more nodes
connect to three (rather than two) other nodes. The bar in each image
represents 3 pum.

compatible with polyvalency being the source of the strong
binding between the microspheres and the cells.'* 5] Poly-
valency makes it possible to use relatively weak interactions
to design biospecific interactions to connect micron-scaled
objects; a precondition is that the surface densities of
receptors and ligands are sufficiently large.

By using reversible biospecific interactions to connect the
cells and microspheres enables these structures to be dis-
assembled biospecifically. After generating 2D arrays of
erythrocytes, we introduced a solution of fetuin (ca.
10 mg mL~!)—a glycosylated protein bearing oligosaccharides
that terminate in NeuAc—into the sample suspension. The
connections between cells and spheres dissociated over
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periods of about 45 min to 2 h, and the arrays disassembled.
We believe this disassembly reflects competition of the sugar
groups on fetuin with oligosaccharides on the cell surface for
binding sites of WGA on the microspheres. The use of
biospecific interactions to assemble these structures, and the
consequent ability to disassemble them through competing
interactions, distinguishes this method of fabrication with
optical tweezers from methods that have used optical
tweezers to align microspheres or colloids in 2D arrays and
have frozen the resulting structures by photopolymerizing the
solution that surrounded the particles.['> 17]

Structures 2d and 2 f are held together by nonbiospecific
interactions. In these assemblies, we used unmodified poly-
styrene microspheres, which also adhere to the surface of
erythrocytes. We connected the cells toghether by first
attaching a sphere to each cell and then bringing the two
spheres together. In contrast to the WGA-linked micro-
spheres, the bare polystyrene spheres adhere to one another.
The soluble carbohydrates that inhibited adhesion of WGA-
linked spheres to erythrocytes did not block adhesion of bare
polystyrene spheres. Suspending the polystyrene sphere in a
solution of bovine serum albumin (BSA, 1 mgmL~") prior to
bringing it into contact with the cell or with another sphere did
prevent adhesion. These observations are consistent with the
idea that adhesion with unmodified polystyrene spheres
results from nonspecific (probably hydrophobic) interactions.

Figure 3 shows a microstructure built with two types of
cells—erythrocytes and lymphocytes—connected by WGA-
coated microspheres. Erythrocytes are characterized by their

Figure 3. Optical micrograph and explanatory illustration of a composite
structure with two cell types: erythrocytes and lymphocytes. The cells are
connected by biospecific interactions between WGA-linked microspheres
(gray spheres) and sugars on the surfaces of the cells. The erythrocytes are
oriented perpendicularly to the cells in Figure 2. The bar in the micrograph
represents 3 pm.

disk shape and by the rigidity and elasticity of their
membranes; lymphocytes are globular, and their membranes
tend to deform more easily.'®! In this structure, the eryth-
rocytes were rotated by 90° with respect to the cells pictured
in Figure 2, so their narrow edge is directed into the line of
sight. We believe that the ability to incorporate several
different cell types into one structure will be important in
assays that require interactions among cells mediated by
diffusable signaling molecules, and that address differences in
response of different cell types to drugs, toxins, and environ-
mental factors.

Fabrication of 3D microstructures is difficult. Optical
tweezers should make it possible to assemble a range of
structures. We illustrate this capability by the assembly of two
3D arrays of erythrocytes (Figure 4). The procedure for 3D
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Figure 4. Optical micrographs and schematic illustrations of 3D arrays of
erythrocytes. The micrographs in a) and b) are of the same tetrahedron
imaged at two different focal planes: the image in a) was recorded with the
focal plane near the apex of the assembly and the image in b) was recorded
with the focal plan near the base of the assembly. In a) the apical
microsphere is roughly in focus and in b) the cells and microspheres that
make up the base are roughly in focus. The image in ¢) is that of two square
planes joined perpendicularly along one edge. In the schematic drawings,
the eye and the dotted line establish the line-of-sight used in generating the
micrographs. The bar in each image represents 3 um.

fabrication is analogous to that described for 2D struc-
tures.

The 3D microassembly by using light tweezers is, of course,
not limited to biological components.>?3 The application of
optical tweezers in the fabrication of 2D and 3D structures
should be generalizable to the assembly of a wide variety of
objects with dimensions that range in size from um to a few
hundred nm; the practical size limitation is set by the size of
the focal region of the laser beam, approximately /27 (where
A is the wavelength of the light) or about 150 nm at the
wavelength we have used.? The principal restrictions to the
process are that the objects must have an index of refraction
greater than that of the surrounding medium and that they
must be transparent to the wavelength of the optical beam.?*]
In addition, a wide variety of recognition systems can be
exploited for attachment: examples include protein-ligand
interactions,*>° interactions between complementary
strands of DNA,??7] capillary forces,?* electrostatic forces,!
and hydrophobic interactions.’) The scope of the different
shapes that can be exploited in fabrication has not been
established. Optical tweezers have been employed to trap a
variety of spherical and nonspherical objects, although theory
that describes trapping nonspherical objects is not well
established.?- 3! A limitation of the procedure that we have
described is that it is a serial method. We believe that the
application of acousto-optic devices to generate arrays of
optical traps from a single laser beam is one strategy that
offers the potential to extend light-driven microfabrication
into a parallel method.['"]
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The 2D and 3D structures shown in Figures 2—4 would be
difficult to fabricate by other methods. The ability both to
position and to orient nonspherical objects in 3D by using
multiple light beams is a valuable characteristic of optical
tweezers. We believe that light-driven microfabrication is an
adaptable method that provides a broadly applicable solution
to the problem of assembling micron-sized, optically trans-
parent components into structured arrays. Its use with bio-
logical cells illustrates its capability in manipulating both
nonspherical and fragile components.

Experimental Section

To prepare WGA-linked microspheres, spheres presenting primary amino
groups (0.001 gmL~'; polysciences) were suspended in a phosphate-
buffered solution (ca. pH6) of a dicarboxylic acid linker (HO,C-
(CH,CH,0),CO,H ; n=7-14;0.05 gmL!; Fluka), 1-[3-(dimethylamino)-
propyl]-3-ethylcarbodiimide hydrochloride (EDC; 0.4M), and N-hydroxy
succinimide (NHS; 0.1m). The suspension was agitated gently at room
temperature for 8 h to couple the linker to the sphere. The beads were
separated from the solution of reactants by centrifugation and resuspended
in deionized water. This procedure was repeated three times. The beads
were resuspended in a solution of EDC (0.4M) and NHS (0.1m) and
agitated gently for 15 min. The beads were isolated by centrifugation and
resuspended in a solution of WGA (0.5 mgmL~') in phosphate buffer
(0.1m, pH 8.1); the suspension was agitated gently for 4 h to couple WGA
to active esters on the beads. The beads were isolated from the solution of
WGA and stored in phosphate buffered saline.

The glass cover slips used to support the sample suspension were treated
with tridecafluoro-1,1,2,2-tetrahydrooctyl-1-methyldichlorosilane (United
Chemical Technologies) under vacuum for 3h and then soaked the
silanized slide in a solution of BSA (0.05gmL™!). This procedure
introduced a monolayer of BSA that blocks nonspecific adsorption to the
glass.

We used three optical traps (optical tweezers) that could be manipulated
independently. One trap was created by using a collimated beam from a
Helium-Neon (HeNe) laser (power =22 mW). The beam was expanded in
stages by two telescopes; a steering mirror was placed between these
telescopes to allow us to adjust the position of the optical trap within the
sample. A high power (100 x , numerical aperture =1.2) oil immersion
microscope objective focused the beam into the sample. A lens placed
before the objective converted the collimated telescope output into a beam
with the appropriate size and curvature. A dichroic mirror that transmits
most visible light but reflects the light produced by the HeNe laser
(632 nm) was used to direct the beam into the objective while allowing us to
image the sample with a CCD video camera. The remaining two traps were
generated by two linearly polarized diode lasers (852 nm) whose powers
could be adjusted from 0 to about 100 mW. Each beam was collimated and
passed through an anamorphic prism so that they were both roughly
circular. Telescopes expanded each beam as necessary. We placed mirrors
before each telescope to be used to steer the beams. The polarization of
each beam was adjusted so the beams could be passed through a polarizing
beam splitter. The resulting output was directed through a lens to adjust the
radius of curvature and the size of the beams, then directed through a
dichroic mirror to adjust the wavelength of the beams, and finally directed

through the microscope objective and into the sample. This arrangement
produced three optical traps within the sample. We used the near-infrared
(852 nm) beams to trap the cells and the visible (632 nm) beam to trap the
polystyrene microspheres.
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The cover picture shows the structure, determined crystallographically, of the
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Asymmetric Activation

Koichi Mikami,* Masahiro Terada, Toshinobu Korenaga, Yousuke Matsumoto,
Makoto Ueki, and Rémy Angelaud
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While nonracemic catalysts can gener-
ate nonracemic products with or with-
out the nonlinear relationship in enan-
tiomeric excesses between catalysts
and products, racemic catalysts inher-
ently give only a racemic mixture of
chiral products. Asymmetric catalysts,
either in nonracemic or racemic form,
can be further evolved into highly
activated catalysts with association of
chiral activators. This asymmetric acti-
vation process is particularly useful in
racemic catalysis through selective ac-
tivation of one enantiomer of the

racemic catalyst. Recently, a strategy
whereby a racemic catalyst is selec-
tively deactivated by a chiral additive
has been reported to yield nonracemic
products. However, reported herein is
an alternative and conceptually oppo-
site strategy in which a chiral activator
selectively activates, rather than deac-
tivates, one enantiomer of a racemic
chiral catalyst. The advantage of this
activation strategy over the deactiva-
tion counterpart is that the activated
catalyst can produce a greater enantio-
meric excess in the products—even

with the use of a catalytic amount of
activator relative to chiral catalyst—
than that attained by the enantiomeri-
cally pure catalyst on its own. There-
fore, asymmetric activation could pro-
vide a general and powerful strategy
for not only the use of atropisomeric,
racemic ligands but also chirally flex-
ible and proatropisomeric ligands
without enantiomeric resolution!

Keywords: asymmetric catalysis - chi-
ral poisoning - high-throughput
screening - nonlinear effects

\_
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1. Introduction

Asymmetric catalysis of organic reactions which provide
enantiomerically enriched products is of central importance in
modern synthetic and pharmaceutical chemistry.l! Particular-
ly, enantioselective catalysis is one of the most efficient
processes in terms of chirality economy and environmental
benignity. This technique affords a high proportion of the
enantioenriched product and a small amount of waste
material by taking advantage of a chiral catalyst. Therefore,
the development of enantioselective catalysts is one of the
most challenging and formidable endeavors in modern
science and technology. Highly promising candidates for such
enantioselective catalysts are metal complexes bearing chiral
and nonracemic organic ligands, often in enantiopure form.

In the preparation of homogeneous asymmetric catalysts,
Sharpless and co-workers emphasized the significance of
“ligand-accelerated catalysis”? through the construction of
an asymmetric catalyst from an achiral precatalyst by ligand

[¥] Prof. K. Mikami, Dr. M. Terada, Dr. T. Korenaga, Y. Matsumoto,
M. Ueki, Dr. R. Angelaud
Department of Chemical Technology
Tokyo Institute of Technology
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exchange with a chiral ligand L* (Figure 1a). In heteroge-
neous asymmetric catalysis, the term “chiral modification”® is
coined instead for the process of modifying an achiral
heterogeneous catalyst, particularly on a surface, with a chiral
modifier, called the chiral ligand in homogeneous systems
(Figure 1a). However, in some cases the modifier is
reported to interact preferentially with a substrate (Fig-
ure 1b)l rather than the achiral heterogeneous catalyst
surface (Figure 1¢).0!

The chiral homo- or heterogeneous catalysts prepared
through chiral-ligand acceleration or chiral modification can
be further evolved into highly activated catalysts through
addition of chiral activators (Figure 1a). The term “asym-
metric activation” may be proposed for this process, in close
analogy to the activation process of an achiral reagent or
catalyst to provide an activated but achiral one, for example
an activated zinc reagent.’! This asymmetric activation
process is particularly useful through selective activation of
one enantiomer of a racemic catalyst (Scheme 1, Part 2).

While nonracemic catalysts thus developed can generate
nonracemic products with or without the nonlinear relation-
ship in enantiomeric excesses between catalysts and prod-
ucts,[’l racemic catalysts inherently give only a racemic
mixture of chiral products. Recently, a strategy relying on
one enantiomer of a racemic catalyst, whereby a chiral
molecule selectively deactivates a racemic catalyst, has been

1433-7851/00/11201-3533 $ 17.50+.50/0 3533



REVIEWS

K. Mikami et al.

reported to yield nonracemic products (Scheme 1, Part 1).
However, the level of asymmetric induction does not exceed
that attained by enantiopure catalysts, wherein selective
complexation and deactivation with a chiral poison is indis-
pensable (Scheme 1, Part 1a and 1b).[%% We have reported an
alternative but conceptually opposite strategy to asymmetric
catalysts in which a chiral activator selectively activates one
enantiomer of a racemic catalyst (Scheme 1, Part 2).l% The
advantage of this activation strategy over the deactivation
counterpart is that the activated catalyst can produce a greater

enantiomeric excess (X, % ee) in the products, even with
catalytic use of the activator, than the enantiomerically pure
catalyst on its own (X % ee). A chiral activator may selectively
complex and activate one enantiomer of a racemic catalyst, to
attain an enantioselectivity higher than that achieved with
enantiopure catalysts (% ee,, > % ee), in addition to a higher
level of catalytic efficiency (k,>>k; Scheme 1, Part2a).
Asymmetric activation can also be established even by
nonpreferential complexation, to give activated diastereo-
meric catalysts (Scheme 1, Part 2b), based on the turnover
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Figure 1. a) The principle of asymmetric activation. b), c) Interaction
between a chiral modifier and a substrate or catalyst surface.

frequencies (catalytic activities) between the diastereomers
(ke > kit), Which depend on substrates.'!! Furthermore, an
asymmetric activation/deactivation protocol can achieve
higher enantioselectivity regardless of the substrates
(Scheme 1, Part 3), by maximizing the difference in catalytic
activity between enantiomeric catalysts. The positive non-
linear effect ((+)-NLE) or asymmetric amplification (see
below) is an important phenomenon in asymmetric catalytic
process, in which very high enantioselectivity of the product
can be achieved even if a low enantiopurity chiral ligand is
employed in the catalyst. Therefore, an enantiomerically pure
ligand is not necessarily utilized for getting a high level of
enantioselectivity. Even so, one has to perform a partial
resolution of the racemic catalysts. Asymmetric catalysis can
be carried out with racemic catalysts through in-situ and
partial activation (/deactivation) of the racemic catalysts by
adding easily prepared enantiopure additives (Scheme 1,
Part 4).

2. Positive Nonlinear Effect of Nonracemic Catalysts
A chiral catalyst is not necessarily prepared from an
enantiopure ligand because deviation from the linear relation-

ship between the enantiomeric purity of chiral catalysts and
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Scheme 1. Asymmetric activation and deactivation..

the optical yields of the products, namely the nonlinear effect
(NLE), is sometimes observed (Figure 2).[% 12-14.16,17. 1929 The
convex deviation, which Kagan and co-workers!'?l and Mika-
mi and co-workers!"’! independently referred to as positive
nonlinear effect (abbreviated as (4)-NLE), has attracted
attention and a higher level of asymmetric induction than the
enantiopurity of the nonracemic (partially resolved) catalysts
has now been achieved.'"

y!% ee h

x/ % ee
Figure 2. Possible relationships ((+)-NLE, linear, and (—)-NLE) between
the enantiomeric purity of chiral ligands (x) and the optical yield of
products (y).
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Oguni et al. independently coined the term asymmetric
amplification!”® for (4)-NLE in an asymmetric carbonyl
addition reaction of dialkylzinc reagents catalyzed by chiral
amino alcohols, such as 1-piperidino-3,3-dimethyl-2-butanol
(PDB) [Eq. (1)].['l In the same asymmetric carbonyl addition

pes

(-)-PDB
o 10.7% ee (2 mol%) OH
+ EtyZn : (1)
ph)l\ H hexane, —10 °C PR
(96%) 82% ee

reaction, Noyori and co-workers reported the use of a highly
efficient amino alcohol catalyst, (25)-3-exo-(dimethylamino)-
isoborneol (DAIB) [Eq. (2)].'! They reported a beautiful

NMe,
OH
(-)-DAIB
1) 15% ee (8 mol%) OH
+ EtZn A (2
ph)]\H toluene, 0 °C Ph™ >
(92%) 95% ee

mechanistic investigation on the asymmetric amplification in
view of the stability of the heterochiral dimer of the zinc
amino alcohol compared to the homochiral dimer (Figure 3).
We also reported a positive nonlinear effect in a carbonyl-
ene reaction!'® with glyoxylate catalyzed by a binaphthol
(BINOL) derived chiral titanium complex [Eq. (3)].°! Bolm
reported (4)-NLE in the 1,4-addition reaction of diethylzinc
with catalysis by a nickel complex and a pyridyl alcohol
[Eq. (4)].19

Significant levels of (+)-NLE are also observed in the
asymmetric catalysis by cationic complexes bearing trans-
chelating tridentate ligands. Kanemasa et al. reported an aqua
complex that exhibited a remarkable (+)-NLE; it was
prepared from Ni(ClO,),-6H,0 with 4,6-dibenzofurandiyl-
2,2'-bis(4-phenyloxazoline) (DBFOX/Ph) as a tridentate
ligand (Scheme 2 top).®! Two mechanisms were involved in
the (4+)-NLE: the irreversible formation of heterochiral
[(R,R),(S,S)] 2:1 ligand:metal complexes and the heterochiral
oligomerization of 1:1 ligand:metal complexes with the help
of water bridging (Scheme 2 below).

Evans studied the asymmetric catalysis of carbon—carbon
bond forming reactions with C,-symmetric bisoxazoline — Cu'!
complexes.? 22 In an asymmetric aldol reaction catalyzed by a
bis(oxazolinyl)pyridine (PYBOX)-Cu complex [Eq. (5)],
the (+)-NLE observed was explained as a result of the relative
stabilities of the heterochiral [(S,S),(R,R)] and homochiral
[(5,9),(S,5)] 2:1 ligand — metal complexes.

Negative nonlinear effect (abbreviated as (—)-NLE)!2 13l
stands, in turn, for the opposite phenomenon of concave
deviation (Figure 2).[14mnzadagab. 231 The partially resolved
catalyst provides the product in lower enantiomeric excess
than calculated by linearity. In a conjugate addition reaction
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Figure 3. Mechanism of asymmetric amplification shown by Noyori et al.

Br,Ti(Oi Pr), (1.0 mol%)/

e
= OH
son
/K 1) 33.0% ee (1.0 mol%) J\/(')\H
+
Ph HJ]\COZMe 4A MS Ph COzMe

CH,Cl,, —30 °C
(92%)

91.4% ee

[Ni(acac)z] (1 molo)/
g
tBu N
i
OH
o 10% ee (20 mol%) o K

Ph)J\/\Ph + EtyZn Ph)]\)*\Ph 4)

CH4CN, —30 °C
(61%) 44% ee

with an organocopper reagent, an interesting shape of NLE
was found. The (+)-NLE was observed with a more enantio-
pure chiral ligand, whilst a less enantiopure ligand led to (—)-
NLE (Scheme 3).?4 Kagan and co-workers suggested a
tetrameric complex was the reactive species, by simulation
of a mathematical model system of four chiral ligands.'?] We
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Ni(ClO4)2°6H20 (20 mol%)
(R,R)-DBFOX/Ph 4
20% ee (20 mol%)

i j)\

@ o SA 0N
\_/ CHoClp, —40 °C

(95%) 0”0

96% ee (97% endo)

o (R,R)-DBFOX/Ph
0N, Nd Q

Ph Ph

(R,R)-DBFOX/Ph + (S,5)-DBFOX/Ph

(RR)>(S9)
l Ni(CIO4)6H50
AL

N
Ph,oy| = |
o\ >> o>

= N'\OHQ S
O — | /\/O
Ph 0H2 H,0 Ph

(R,R)-DBFOX/Ph-Ni*3H,0 (S,5)-DBFOX/Ph-Ni*3H,0
active catalyst

N
DBFOX/T/ \
(S,5)-DBFOX/Ph-Ni*3H,0
O\NI Il
‘O hydrogen bonding

I
(R,R)-DBFOX/Ph-Ni-3H,0
Ph)?,h
(_\
o)
(R,R)-(S,S) heterochiral

ligand:metal 2:1 complex
More stable and inactive precipitate

heterochiral oligomer

More stable and
inactive species in solution

Scheme 2. Above: An asymmetric Diels— Alder reaction catalyzed by a
DBFOX/Ph-Ni complex. Below: Mechanisms for the observed (+)-NLE.

PYBOX-Cu
o) OTMS  25% ee (10 mol%) OH O
BnO BnO (5)
\)LH StBuU CH,Cl,, -78 °C Msr Bu
74% ee

AN —|2+

o N =)

'S ) IJ 2 ShFg™
YN—Cu—N /
Ph Ph

(S,S)-PYBOX-Cu

could also reproduce the intriguing shape of the nonlinear
curve on the basis of Kagan’s equation for a tetrameric
catalyst species (Figure 4).

Significantly, the mode of preparation of a catalyst some-
times determines not only the presence of a nonlinear effect
(NLE) but also the direction (positive or negative) there-
of.[14. al ag. 23.25.26] The BINOL - Ti catalyst 1 is prepared from
partially resolved BINOL and Cl,Ti(OiPr), in the presence of
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Q%NH/@ /
OH N

0 MPATH o

| Meli / cul | Meli

Me

(CH2)5

76% ee (82%)
26% ee (96%)

PhCH3 / THF, -78 °C
(CH2)5

MPATH (60% ee)
MPATH (40% ee)

Scheme 3. Influence of ligand enantiopurity on the NLE during conju-
gated addition with organocopper compounds. The reagents were added in
the following quantities: 367 mol% MPATH, 734 mol% MeLi, and
183 mol % Cul.
100 1
90 1
80
701
60
50 A
v/ % ee 40 4
30 A
20f
10

0 10 20 30 40 50 60 70 80 90 100

X/ % ee ——

Figure 4. Relationship between the ee values of the ligand (x) and the
product (y) for the reaction shown in Scheme 3. The complete line was
calculated according to the method of Kagan and the experimental data are
shown as points. The dotted line shows the expected result for a linear
relationship.

4 A molecular sieves, which are filtered off prior to the
reaction;! when this catalyst is utilized in the asymmetric
Diels— Alder reaction shown in Figure 5, a (+)-NLE is
observed (Table 1, entry 1). The combined use of enantiopure
(R)-1 and racemic (+)-1 catalysts in a ratio of 1:1 results in a

AcO BINOL-Ti 1 AcQ
y CHO (10 mol%) .~CHO
N ¥ \”/ toluene, RT
endo
100 -
90 -
80 -
70
60 A
50 |
y 1% ee 40 {
30 ] o (R)-1 + M(x)-1
20 ] o (R)-1+(5)-1
m (R)-1+ (£)-1
10 in the presence of 4A MS

0 10 20 30 40 50 60 70 80 90 100
x (BINOL) / % ee

Figure 5. The graph shows the relationship of the NLE to the catalyst
system for the asymmetric Diels — Alder reaction shown at the top. y =ee
value of the product.
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Table 1. Dependence of the NLE on the catalyst system used for the asymmetric Diels— Alder reaction shown in Figure 5.

Entry Preparation of the catalyst system ee [%] Yield [%] endo [%] ee [%]
of the catalyst system
1 partially resolved BINOL (52 % ee) and CL,Ti(OiPr), 52 41 98 76
2 (R)-1+(£)1 (1:1) 50 50 99 74
3 (R)1+(S)1 (3:1) 50 62 99 40
4 (R)-1+(5)-1 (3:1)+4 A molecular sieves 50 67 99 60
(removed prior to the reaction)
5 (R)-1+ (£)-1 (1:1)+4 A molecular sieves 50 62 95 29
6 only 4 A molecular sieves - 20 - -
7 (R)-1+(S)-1 (3:1) in CH,CL, 50 52 99 53
similar (+)-NLE (entry 2). By contrast, mixing enantiopure OOH R0
BINOL -Ti catalysts, (R)- and (S)-11in a ratio of 3:1 leads to a S ve DET-Ti S,
linearity (entry 3; no NLE!). However, when (R)- and (S)-1 * ©/ Me
catalysts are mixed in the same ratio of 3:1, but in the presence Me Me
of molecular sieves, which are then filtered off prior to the DET % ee
reaction, a (+)-NLE was observed (entry 4). Moreover, in Ti(0i Pr), : (R,R)-DET 50% ee 26% ee
dichloromethane, the combined use of (R)- and (5)-1 catalysts = 1:4 (100 mol%) 100% ee 82% ee ] (5)-NLE
(3:1), even without prior treatment with molecular sieves, Ti(Oi Pr); : (R,R)-DET :iPrOH  50% ee 74% ee ] (NLE
exhibits a (+)-NLE (entry 7). These experimental results can = 1:4:4 (100 mol%) 100% ee 90% ee
be explained by the fact that the complex consists of Ti(QiPr)s : (RR)-DET - iPrOH  50%ee  39%ee |
P y P = 1:4:4 (10 mol%s) 100% ee  89%ee ] linear dependence

oligomers, which do not interconvert in the absence of
molecular sieves in toluene but do interconvert in dichloro-
methane (compare entries 3, 4, and 7). When the reaction is
carried out in the presence of molecular sieves, however, a
(—)-NLE is observed (entry 5), because the sieves act as an
achiral catalyst for the Diels— Alder reaction (entry 6).

Keck et al. reported that BINOL-derived titanium catalysts
prepared in the presence or absence of 4 A molecular sieves
showed a (+)-NLE or a linearity, respectively [Eq. (6)].2% In
the presence of 4 A sieves, the enantiopurity of the allylated
product exceeded that of the BINOL used.

Ti(Oi Pr)s (10 mol%) /

QI
<on

o 50% ee (10 mol%)

\O/ Ht )Vsms%

BINOL : Ti(Qi Pr)g=1:1 /4AMS ; reflux for 1 h
BINOL : Ti(Oi Pr)y=1:1; 23°C, 1h

OH

(6)

\/

88% ee (99%)
50% ee (56%)

CH,Cl,

Kagan et al. pointed out the NLE as an indicator for
distinction of closely related chiral catalysts (Scheme 4).231 In
the asymmetric oxidation of sulfides with hydroperoxides
promoted by chiral diethyl tartrate (DET)-Ti complexes, a
wide diversity of titanium species was observed by minor
modifications in the catalyst preparation step. Stoichiometric
use of a 1:4 mixture of Ti(OiPr), and DET exhibited a (—)-
NLE. Addition of iPrOH to this mixture (1:4:4 mixture of
Ti(OiPr),, DET, and iPrOH) provided a (4)-NLE, while
catalytic use of this ternary system led to the disappearance of
the NLE.

The study of the NLE in asymmetric catalysis can be useful
for getting mechanistic insight and information about the

3538

Scheme 4. (4)-NLE, (—)-NLE, and linear relationships can be obtained
by variation of the catalyst preparation.

active species involved in the catalytic cycle, and their
behavior in solution.?’”! Jacobsen and co-workers used the
NLE as a mechanistic probe for the asymmetric ring opening
of epoxides with trimethylsilyl azide catalyzed by a chiral
Cr(salen)-type complex (Scheme 5).%! The observation of

o] (salen)Cr HO N3

© +  TMSN, d

monomeric complex 93% ee
dimeric analogue (n =5) 93% ee

monomeric complex ::i i::

(1 mol%, 24 h, 100%)
(0.05 mol%, 24 h, 100%)

O O
N -
dimeric
analogue: N Cr\
tBu t Bu t Bu tBu

Scheme 5. The NLE as a mechanistic technique.

significant (+)-NLE coupled with a second-order Kkinetic
dependence on the Cr(salen) catalyst led to a mechanistic
proposal for simultaneous activation of both the epoxide and
the azide by two different Cr(salen) complexes. On the basis
of this cooperative mechanism they designed dimeric ana-
logues of the Cr(salen) complex. Covalent linkage of the
Cr(salen) complex unit with a suitable tether length and

Angew. Chem. Int. Ed. 2000, 112, 3532-3556
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position resulted in catalysts between one and two orders of
magnitude more reactive than the monomeric analogues
without any loss of enantioselectivity (Scheme 5).

On the basis of NLE studies coupled with kinetic analyses,
Denmark et al. disclosed that the mechanism of rate accel-
eration by chiral phosphoramides in asymmetric aldol reac-
tions of trichlorosilyl enolates with aldehydes stemmed from
the ionization of the enolate by the phosphoramides
[Eq. 7].%" Sterically demanding phosphoramides (R =Ph),

R
Ph,

I3

AEN
pr” N N
0SiCls R
o (10 mol%)
« @)
H” “Ph
CH,Cly, 78 °C

O OH O OH
é/\Ph + é/'\}:’h

which exhibit a linear relationship, bind to the enolate in a 1:1
fashion. The resulting pentacoordinated cationic siliconate
favors a boatlike transition state. In contrast, sterically less
demanding phosphoramides (R=Me) with a (+)-NLE can
bind in a 2:1 fashion. The resulting hexacoordinated cationic
siliconate favors a chairlike arrangement.

Recently Blackmond demonstrated®®” a detailed analysis of
the experimental reaction rate in these nonlinear catalytic
systems; this analysis can give an independent confirmation of
the mathematical models developed by Kagan and co-work-
ers.l'?] Consideration of the kinetic behavior of nonlinear
catalytic reactions can provide valuable mechanistic insights
into the NLE by comparison of the predictions of the models.

3. Autocatalysis

Another aspect of NLE is asymmetric autocatalysis as an event
following symmetry breaking in nature. On the origin of chirality
in nature, two major mechanisms have been proposed:F'11) A
chance mechanism to generate an optically active molecule
followed by self-replication; 2) a determining mechanism to
favor one enantiomer. Some physicochemical elements are
determining factors which provide a nonequivalence of enan-
tiomers. Nonconservation of the parity of weak interactions may
lead to small differences in energy between two enantiomeric
forms.?2 A solid chiral adsorbent, such as quartz, can be
another factor.’>34 Circular polarized light®! and geophys-
ical fields, such as the rotation of the earth and magnetic
fields,**! have long been proposed as determining factors.

Pasteur showed an autocatalytic crystallization process (“spon-
taneous enantioresolution”) from a racemic mixture of the
double salt sodium ammonium tartrate to give a conglomerate
of one enantiomer.””] Later, Havinga reported dynamic crystal-
lization of one enantiomer from an interconverting mixture of
antipodest®! under two “bistable” states.*”! A racemic chiral
compound can crystallize in three different forms: As a racemic
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compound, a pseudoracemate (solid solution), or, preferably, as
a conglomerate.[* In the crystallization of a pseudoracemate,
preferential enrichment!*!! of one enantiomer may occur in
the mother liquid. However, spontaneous enantioresolution
to give a conglomerate is rather difficult in fluid systems, such
as liquid crystals, due to thermal fluctuations and/or molecular
diffusion. Indeed, no one has succeeded in observing the same
phenomenon in a fluid phase rather than in a static crystalline
phase or on a surface; a monolayer film on a mica plate has
shown two-dimensional conglomeration.*”l A similar two-
dimensional conglomerate has been observed from a racemic
liquid-crystalline molecule, however, on a crystalline graphite
surface, rather than in a fluid smectic phase.}l We have
reported spontaneous enantioresolution (Scheme 6) of race-
mic CF;-containing liquid crystalline molecules with large
spontaneous polarization (P,) into a three-dimensional con-
glomerate, which exhibits an electrooptic response.*Y This
success is the result of accurate discrimination between the
enantiomers of the racemate through the double stereogenic
part of the molecule, even in the fluid condensed matter!

The nonequivalence of enantiomers through the sponta-
neous breaking of mirror symmetry in nature is amplified with
asymmetric autocatalytic reactions*! (Frank’s spontaneous
asymmetric synthesis;“* 47l see Figure 6). Alberts and Wyn-
berg reported an enantioselective autoinduction in which a
chiral lithium alkoxide product might be involved with the
reactant to increase the enantioselectivity [Eq. (8)].148 The
enantiomeric excess of the product, however, did not exceed
the ee value of the catalyst. In the asymmetric hydrocyanation
catalyzed by cyclic dipeptides, the S-cyanohydrin product
made a complex with the cyclic peptide which increased the
enantioselectivity in the S-cyanohydrin product in the course
of the reaction up to 95.8 % ee (Scheme 7).1! In the presence
of an achiral amine, (R)-1-phenylpropan-1-ol catalyzed the
carbonyl-addition reaction of diethylzinc to benzaldehyde,
with the product showing a lower ee value than that of the
catalyst employed."]

CF3
N /) CHs
Y

() racemic !

R

ontaneous enantioresolut
fluid liquid crystalline phé

Cha CHs

CF3 /,,.(:\/\/\/ \M_\\\CF3
? ?
¢=0 0=¢
R R

) G)

Scheme 6. Spontaneous enantioresolution in the fluid liquid crystalline phase.
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(R)-catalyst

(R)-product

L~ [ (S)-product

Figure 6. Spontaneous asymmetric synthesis.

D OLi
Ph>\/ _
H OLi
o) 70% ee (100 mol%) )‘\/
A+ e Ph ®
Ph H benzene 17%
(86%) b ee
/=N
N —
(e} OH
PhO -
N
o f | CN
H P
PhO
H
100% ee (2.2 mol%)
+ toluene, 5°C
HCN OH

t(h)

in the absence of cyanohydrin 0.5 34.4% ee (S) (21%)
1 66.2% ee (S) (39%)
2 91.6% ee (S) (92%)

. ) 92.0% ee (S) (94%)
in the presence of cyanohydrin
92.0% ee (S) (8.8 mol%) 0.5 95.8% ee (S) (55%)

Scheme 7. Autocatalysis in the asymmetric hydrocyanation catalysed by
cyclic dipeptides.

Soai etal. have reported the remarkable example of
asymmetric autocatalysis in carbonyl-addition reactions of
diisopropylzinc.b'- Usually, zinc alkoxide forms an inactive
tetramer. However, the use of pyridyl aldehyde as a substrate,
to give a pyridyl alcohol product, can loop the catalytic cycle
without formation of the inactive tetramer.’" In this autoca-
talytic system the ee value of the product does not exceed the
level of the catalyst ee value,” while the use of a chiral
quinolyl alcohol as the catalyst, instead of the pyridyl
counterpart, gives the product without any loss of enantio-
purity.?* A (4)-NLE is also observed when the quinolyl
alcohol is used as the catalyst.’*®! A significant improvement
of (+)-NLE is achieved, however, by Soai in a similar
carbonyl-addition reaction to pyrimidylcarbaldehyde.[5
Starting from the S alcohol in 2% ee (20 mol %), the first
reaction provides the S alcohol in 10 % ee and after the fourth
reaction the value is 88% ee (by way of 57 and 81 % ee,
Scheme 8).°%1 Soai and co-workers have also investigated an
enantioselective autoinduction in the reduction of a-amino
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(20 mol%)

toluene, 0 °C

mixture of catalyst
and product
10% ee (46%)
57% ee (75%)
81% ee (80%)
88% ee (75%)
88% ee (79%)

catalyst
1st 2% ee
2nd 10% ee
3rd 57% ee
4th 81% ee
5th 88% ee

Y

N

product
16% ee (26%)
74% ee (55%)
89% ee (60%)
90% ee (55%)
88% ee (59%)

Scheme 8. Autocatalysis in the addition of diisopropylzinc to pyrimidinyl-
carbaldehyde.

ketones with lithium aluminum hydride modified with a chiral
1,2-amino alcohol and an achiral amine [Eq. (9)].5% Recently,
they demonstrated amplification of a quite small nonequiva-
lence of enantiomers on the basis of asymmetric autocatalysis
[Eq. (10)].5% Thus, a small nonequivalence of enantiomers

Ph
LiAH, / HO N / H
Q PhNEt
Ph . . . Ph
>/ (2.5 equiv) >99.5% ee (2.5 equiv) (5 equiv) )

90.1% ee

Et,0, -78 °C /-100 °C
(82%)

N
ﬁ%@ N *
N=— OH

extremely low ee value
0.005% ee (10)

F={D
N= OH

extremely high ee value
>99.5% ee

caused by symmetry breaking can be amplified through
asymmetric autocatalysis to a large enantiomeric nonequiva-
lence in molecules, as found in nature.

4. Asymmetric Deactivation of Racemic Catalysts

Whilst nonracemic catalysts can generate nonracemic
products, with or without the NLE or asymmetric autocatal-
ysis, racemic catalysts (0% ee) inherently produce only
racemic (0% ee) products. A strategy whereby a racemic
catalyst is enantioselectively deactivated by a chiral molecule
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acting as a catalyst poison has recently been shown to yield
nonracemic products (Scheme 1, Part 1a).¥l A unique reso-
lution of racemic CHIRAPHOS has been attained with a
chiral iridium complex to give a deactivated form, which leads
to a chiral rhodium complex in association with the remaining
enantiomer of CHIRAPHOS.®4 This process eventually
results in a nonracemic hydrogenation product (Scheme 9).

IPth

PPh,

(£)-CHIRAPHOS
(2 mol%)

O 0=
+R*
H“\l/ I e
(1.2 mol%)
[(nbd),Rh]* BF4~
(0.8 mol%)
N
4 A
, Ph2 th
X
): \ Rh+
T
inactive complex active catalyst
Ph Ph
Pl —— 1
)J\N CO,Me CH,Cl, N~ ~Cco,Me
H H
87% ee
cf. (R,R)-[(chiraphos)Rh(nbd)]* 90% ee

Scheme 9. Asymmetric deactivation by a chiral iridium complex.

More recently, chiral poisoning,>" in such a deactivating
strategy, has been named as a factor in the context of
hydrogenation by asymmetric catalysis with a similar CHIR-
APHOS -Rh complex [Eq. (11)].*"! A chiral amino alcohol,

(*)-[{(chiraphos)Rh},]?* /
(6.7 mol%)
NMe,
Ph,PO
(4.7 mol%)

SMe

/'\/cone (11)
MeO,C Lcone MeO,C
49% ee

cf. (R,R)-[{(chiraphos)Rh},]>* >98% ee

Ha, THF

(1R,25)-ephedrine, is also employable as a poison in the
kinetic resolution of cyclic allylic alcohols using racemic
BINAP [Eq. (12)].*<] However, the level of asymmetric
induction does not exceed the level attained by the enantio-
pure catalyst (see Scheme 1, Part 1a). A racemic aluminum
reagent has been discriminated using chiral unreactive
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[RUCL{(+)-binap}(dmf),] /

(0.3 mol%)

(1R,2S)-ephedrine

OH OH (3 mol%)
: H, (10 atm
CH,Cl, / MeOH

>05% ee (23%) (77%)
cf. [RUCL{(S)-binap}(dmf),] >95% ee (40%) (60%)

ketones to yield hetero Diels— Alder products in a reaction
catalyzed by the remaining enantiomer of the aluminum
reagent [Eq. (13)].%

SiPh
O, !

N
Al-Me
e / Br
OMe SiPhg o
Me ~ o 0%ee (10mol%)  (10mol) HiO*
+
TMSO™ H” > Ph CH,Cl,, 78 °C
Me (97%) 13)
Me 0 Me o
+
07 ™" “Ph 0 “Ph
Me Me
80 (82% ee) 20
cf. (S)-catalyst 90 (95% ee) 10

Enantiomerically pure diisopropoxytitanium tartrate
(DIPT) can also be used as a poison for racemic binaph-
thol —titanium complexes (Scheme 10).°4¢ The ee value of the
product increases with an increase in the amount of DIPT
employed.

Ti(Oi Pr)4 (30 mol%) /
(+)-BINOL (20 mol%) /

o ©)-DIPT (X molo) OH
+ SnBu
)]\ /\/ 3 /k/\

Ph™ "H 4AMS,CHCl, D N
X
15 39% ee (40%)
20 81%ee (47%)
30 91%ee (63%)

CI,Ti(Oi Pr); (30 molo)/
(2)-BINOL (20 mol%) /
(9)-DIPT (30 mol%)

G
* HJ\CC|3

4A MS, CH,Cl,
(87%)
: + “~ :
CCl3 CClz
64% ee 24% ee
91 : 9

Scheme 10. DIPT as a poison for racemic binaphthol — titanium complexes.
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S. Asymmetric Activation of Racemic Catalysts

We have reported an alternative but conceptually opposite
strategy to asymmetric catalysis by racemic catalysts: a chiral
activator selectively activates one enantiomer of a racemic
catalyst. A higher level of catalytic efficiency by more than
two order of magnitude (k,. >k x 10%), in addition to a higher
enantioselectivity, than that achieved by an enantiopure
catalyst might be attained (X, % ee> X% ee; Scheme 1,
Part 2).

The ene reaction is one of the simplest methods for C—C
bond formation; it converts readily available olefins, with
C—H bond activation at an allylic site and allylic transposition
of the C=C bond, into more functionalized products. The ene
reaction encompasses a vast number of variants in terms of
the enophile used.l's® ¥ Amongst these, the ene reactions of
carbonyl enophiles, aldehydes in particular, which we refer to
as carbonyl-ene reactions,!'¥! should in principle constitute a
more efficient alternative to the carbonyl-addition reaction of
allylmetals for stereocontrol.’”! Catalysis of carbonyl-ene
reactions with racemic BINOLato-Ti(OiPr), (2) achieves
extremely high enantioselectivity by adding another enantio-
pure diol for the enantioselective activation [Eq. (14)]
(Table 2).1%! Significantly, a remarkably high enantioselectivity
(89.8 % ee, R isomer) was achieved adding (R)-BINOL activator
to the racemic (4)-BINOLato - Ti(OiPr), complex (2).

Table 2. Enantioselective activation of racemic (+)-2 [Eq. (14)].

Entry Chiral activator Yield [%] ee (%]
1 - 59 0

OH OH
00

3 Q Q 38 80.8
Cl

Cl (R)

52 89.8

OH
O 35 80.0
(R

a] Only 2.5 mol % of (R)-BINOL was used as a chiral activator.

slal

\ /
O/ \OI Pr

O O, Oi Pr

(+)-BINOLato-Ti(Oi Pr), 2

(10 mol%) (14)

chiral activator

(5 mol%)

/K i — M
+
Ph H)J\COZHBU Ph CO2nBu

toluene
0°C, 1h (R)
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The activation of the enantiopure (R)-2 catalyst can also be
synthetically useful, by further addition of (R)-BINOL
[Eq. (15)] (Table 3). The reaction proceeded quite smoothly
to provide the carbonyl-ene product in higher chemical yield
(82.1%) and enantioselectivity than without additional BI-
NOL (entries 2 and 1, respectively). Comparing the results of
enantioselective activation of the racemic catalyst (Table 2,
entry 4) with those of the enantiopure catalyst with or without
activator (entries 2 and 1), the reaction catalyzed by the (R)-
BINOLato-Ti(OiPr),/(R)-BINOL complex (R/Rxy)-2" was
calculated to be 26.3 times faster than that catalyzed by the
(5)-2 in the racemic case (Scheme 11a). Indeed, kinetic
studies showed that the reaction catalyzed by the (R)-2/(R)-
BINOL complex (R/R.)-2" was 25.6 times (=k,./k) faster
than that catalyzed by (R)-2. These results imply that the
racemic (+)-(2) and half-molar amount of (R)-BINOL
assemble preferentially into the (R/R.)-2' and the (S)-2
remains unchanged. In contrast, the enantiomeric form of the
additional chiral ligand ((S)-BINOL) activates the (R)-2 to a
smaller degree, which provides the carbonyl-ene product in
lower optical and chemical yields than (R)-BINOL does
(Table 3, entry 3).

Another possibility was explored using racemic BINOL as
an activator. Racemic BINOL was added to (R)-2, giving
higher yield and enantioselectivity than that obtained without

Table 3. Asymmetric activation of enantiopure (R)-2 [Eq. (15)].

Entry BINOL Yield [%] ee [%]
1 - 19.8 94.5
2 R 82.1 96.8
3 S 48.0 86.0
4 + 69.2 95.7
(R)-2
(10 mol%)
BINOL
(10 mol%) 15
/K i u
+
Ph HJ\COZnBu toluene Ph COznBu
0°C, 1h (R)
) kact
a — (R/Rac)-2' === (R)-product
(R)-BINOL (96.8% ee)
(5 mol%)
(#)-2 Kact!/ k = 25.6 89.8% ee (R)
(10 mol%) (x 26.3)
— > (S)-2 — (S)-product
(94.5% ee)
b) Kact
> (R/IRpct)-2' g (R)-product
(#)-BINOL (96.8% ee)
(10 mol%)
(R)-2 Kact/ K'act = 9.2 95.7% ee (R)
(10 mol%) (x 8.8)

K'act
— (R/Spcp)-2' — (R)-product
(86.0% ee)

Scheme 11. Kinetic features of the asymmetric activation of BINOLato-
Ti(OiPr),.
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additional BINOL (compare entries4 and 1 in Table 3).
Comparison of the results from the racemic activator with
those of enantiopure catalysts (R/Rpy)-2" or (R/Sxy)-2
(entry 4 compared with entries2 and 3) shows that the
reaction catalyzed by the (R/R,.)-2' complex is 8.8 times
faster than that catalyzed by (R/Sx.)-2' (Scheme 11b). Kinetic
studies also showed the reaction catalyzed by (R/R.)-2 to be
9.2 (=k,/k,) times faster than that catalyzed by (R/Sa)-2'.

The great advantage of asymmetric activation with the
racemic complex 2 is highlighted in a catalytic version
(Table 2, entry5). High enantioselectivity (80.0% ee) is
obtained by adding less than the stoichiometric amount
(0.25 mol % based on (+)-2) of additional (R)-BINOL. A
similar phenomenon of enantioselective activation has been
observed in aldol'® and hetero Diels— Alder reactions,!'%!
catalyzed not only by a racemic but also by an enantiomeri-
cally pure BINOLato-Ti(OiPr), catalyst 2 (Scheme 12).
Asymmetric activation of (R)-2 by (R)-BINOL is essential
to provide higher levels of enantioselectivity than those
attained by the enantiopure catalyst 2 (84 instead of 5% ee) in
the hetero Diels— Alder reaction of glyoxylates with the
Danishefsky diene (Scheme 12 bottom).

Activation of 2 by phenolic alcohols as achiral rather than
chiral activators!'®®l is also effective for providing higher
levels of enantioselectivity than those attained by the parent
enantiopure catalyst 2 in the Mukaiyama aldol reaction of
silyl enol ethers (Scheme 13).15]

Catalytic asymmetric hydrogenation has been shown to be
one of the most efficient processes for the asymmetric
functional group transformation of organic molecules. Noyori
and co-workers have reported a remarkable example of
enantioselective catalysis by the enantiopure [RuCl,(bi-
nap)(dmf),] complex 3¢ together with an enantiopure
diamine and KOH to provide hydrogenation products of

(R)-2
(10 mol%)
OSiMes (R)-BINOL
(10 mol%)
t BuS
HCI / MeOH O OH
* tB s)]\/kc H
u 817
o toluene )
J\ 0°C, 4h
H™ CeHyr 97% ee (66%)
without (R)-BINOL 91% ee (53%)
(R)-2
(10 mol%)
OMe

(R)-BINOL

=
(10 mol%)

~
. >
_1‘/5'0 TFA m
+
toluene (0] CO,nBu

0 0°C (R)

JJ\ 48 h

H CO,nBuU

84% ee (50%)
without (R)-BINOL 5% ee (40%)

Scheme 12. Enantioselective activation of aldol and hetero Diels — Alder
reactions.
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(R)-2
(10 mol%)
OSiMes ArOH (10 — 20 mol%)
4A MS
tBuS
(e} OH
HCI/ MeOH
+ AN
toluene tBuS CeHy
Q 0°C, 4h )
H CaHwr ArOH
(20 mol%) 93% ee (55%)
OH
R F
(20 mol%) 97% ee  (40%)
F OH
(10 mol%) 97% ee (62%)
F_F

@m (10 mol%) 96% ee  (61%)

without ArOH 91% ee (53%)

Scheme 13. Enantioselectivity in the Mukaiyama aldol reaction of silyle-
nolethers is improved by achiral activation.

carbonyl compounds with high enantioselectivity.''l We
examined a variety of amines for asymmetric activation of a
racemic BINAPs-RuCl, catalyst (3) for the enantioselective
catalysis of the carbonyl hydrogenation (Scheme 14).°'1 The
hydrogenation was performed in a mixture of racemic 3al®l or
3b,*) an enantiopure diamine, such as (S,S)- or (R,R)-1,2-
diphenylethylenediamine (DPEN),%! and KOH in a ratio of
1:1:2, in a modification of the reported procedure with the
enantiopure 3¢ (Table 41?1 and Scheme 14[°1),

O (+)-BINAPs-RuCl, 3 / (5 5)-DPEN / KOH OH

Ar)J\ e iPrOH Ar/i\
O
Ph>_/Ph O O OMe NH> L—),\

HN  NHp O NHz N NH2
(5,9-DPEN HoN'  NH» O (8)-Aminomethyl-
(5)-DAIPEN (S)-DABN pyrrolidin

(0 F

(0]
O AA O AN
Scheme 14. Asymmetric activation of the racemic BINAPs-RuCl, catalyst
3 in the hydrogenation of carbonyl compounds. a: Ar=4-methylphenyl
(ligand = ToIBINAP) Il b: Ar=3,5-dimethylphenyl (ligand = Xylyl- or

DM-BINAP),® ¢: Ar=phenyl (ligand=BINAP). AA and AN are the
ketones used in the asymmetric hydrogenation (see Tables 4 and 6).

A chiral diamine leads to a nonracemic hydrogenation
product, supporting the importance of chirality in the diamine
activator for selective activation of one enantiomer of (+)-3a
(compare entries2 and 3). Thus, even the asymmetric
activation of the racemic catalysts (4)-3a by the chiral
diamine affords higher levels of asymmetric induction and
catalytic activity than those attained by the enantiopure
catalyst (+)-3a alone (compare entries 1 and 3). The enan-
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Table 4. Asymmetric activation of racemic BINAPs-RuCl, catalyst 3 by
enantiopure DPEN (Scheme 14).1%

Entry 3 T[°C] t [h] Yield [%] ee [%)]
1) (R)-3a 28 18 2 29 (S)
21 (£)-3a 28 18 <1 0
3 (£)-3a 28 18 28 80 (R)
4 (£)-3a 80 10 99 80 (R)
5 (R)-3a 80 10 99 81 (R)
6 (5)-3a 80 10 91 40 (R)
7 (£)-3b 28 4 99 80 (R)
8 (£)-3b ~35 7 95 90 (R)
olel (£)-3b ~35 7 90 90 (R)

10 (5)-3b 28 4 99 >99 (R)

11 (R)-3b 28 4 99 56 (S)

[a] Under an H, atmosphere (8 atm). Catalyst 3a was used in reactions with
ketone AA, catalyst 3b was used in reactions with ketone AN (see
Scheme 14). Ketone:3:(S,S)-DPEN:KOH =250:1:1:2. [b] In the absence
of (S,5)-DPEN. [c] 0.5mol% of (S,5)-DPEN was used based on the
quantity of (+)-3b. AN:3b:DPEN:KOH =250:1:0.5:2.

tioselectivity obtained by the (4)-3a and (S,S)-DPEN is very
close to that obtained by the matched pair® of (R)-3/(S,S)-
DPEN complex (A; compare entry 4 with 5 and 6). However,

Ar Ar Ar Ar H
\/ cl EZ Ph }D/ cl N Ph
s EH s
R SN—H R71LSIN—H
\Cl H, 'Ph /\Cl H, °Ph
2 2
Ar Ar Ar Ar

(R)-BINAPs-RUCI,/(S,S)-DPEN A (S)-BINAPs-RuCI,/(S,S)-DPEN B

the matched pair is dramatically changed over on going from
9-acetylanthracene (AA) to 1’-acetonaphthone (AN; en-
tries 7—11); in the latter case, the (S5)-3/(S,S)-DPEN complex
B is the more enantioselective combination (entries 10 and 11).

The dichotomous sense in enantioselectivity is determined
by the ratio (which is 1:1 in this case though) and catalytic
activity (turnover frequency) of mono- or dihydrido com-
plexesll A’ and B’, which are derived from diastereomeric
complexes A and B, respectively, under hydrogenation
conditions (Scheme 15). It should be noted here that the
catalytic activity critically depends on the nature of the carbonyl
substrates. Interestingly, the use of a catalytic amount of
diamine affords an equally high level of enantioselectivity to
that obtained by an equimolar amount of diamine (Table 4,
compare entries 9 and 8). Indeed, the 3'P NMR spectrum of a
mixture of (4)-3a and a catalytic amount of (§,S)-DPEN
(0.5 mol % based on Ru) is identical to that of the 1:1 mixture,
except for the remaining (+)-3a (entry 2).

6. The Continuum from Preferential Activation to
Substrate Dependence

The asymmetric activation can be interpreted through a
continuum from the preferential complexation with one
enantiomer of the catalyst selectively giving the single,
activated diastereomer, to the 1:1 complexation giving the
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PrOH
(#)-BINAPs-RuCl, + (S,S)-DPEN
(%)-3
A + B + (#)-3
1 : 1
N J
Y
l KOH, H,

-

N
(S)-BINAPs-RuHX
/(S,S)-DPEN B'
CL S
Sa

Scheme 15. Dichotomy in enantioselectivity shown by the diastereomeric
BINAPs-RuHX/(S,S)-DPEN complexes A’ and B’ (X=H, Cl) for the
conversions shown in Table 4.

activated diastereomeric mixture (1:1) of which the catalyst
efficiency (turnover frequency) depends critically on the
substrates employed.

For the sake of simplicity, the formation of the activated
complexes can be discussed starting from the complexation of
the chiral activator with racemic parent catalyst in monomeric
form; this follows the thermodynamic and/or kinetic features
(Scheme 16). 1) Under equilibrium conditions between the

Kisisa

a) ML,S ———> ML, -(S)Act
(8)-Act

I —

Kirrsae)

ML, -(8)-Act

K(siSh

M,
Krise)

b) ML, S ML, -(S)-Act

ML, -(9)-Act

Scheme 16. Formation of activated diastereomeric catalysts under ther-
modynamically (a) or kinetically (b) controlled conditions.

activated catalyst and the parent catalyst (Scheme 16a), the
ratio of the activated diastereomeric catalysts depends on the
thermodynamic stability. 2) Under nonequilibrium condi-
tions, the ratio reflects the relative rate of the reaction of
the enantiomeric catalyst with the chiral activator
(Scheme 16b). Of course, the use of 1.0 equivalent of the
activator per parent catalyst leads to a 1:1 mixture of the
diastereomeric complexes. The kinetic or thermodynamic
features described above are more apparent after treatment
with less than 1.0 equivalent of the activator. Even with
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0.5 equivalents of the activator, once a 1:1 mixture is formed,
the relative activity of these activated diastereomeric catalysts
to the substrate is the factor which determines the outcome, in
terms of enantioselectivity, of the asymmetric reaction. In
other words, the turnover efficiency of these activated
diastereomers should be dependent on the complex with the
substrate used.

Figure 7, for example, shows the variation of the relative
rate K, ... (logarithms from 0.01 to 100). In the case where

(S)-Act
ML.S + ML.P #’ MLS-(S-Act + ML,R-(S)-Act
racemic chiral activator
j"m jk'am

Krel-act = Kact/Kact
product product

(100% ee R) (50% ee S)

——

100 Krel-act = 100

y 1% ee

]
|
-100 +——V"++—7—"7—"—7—"*+——"r—+—1r—+—1+—
-100 60 20 0 20 60 100
ML, -(S)-Act ML,S -(S)-Act

x'1% de ———
Figure 7. Influence of the de value of an activated diastereomeric catalyst
(x') on the ee value y of the products in an asymmetric reaction with
dependence upon K. .-

one activated diastereomeric complex provides the product in
100% ee (R) and the other diastereomer provides the
opposite enantiomeric product in 50% ee (S), if the relative
rate of the two activated diastereomers is 100 (1og K,cj.oce = 2),
the product with more than 98 % ee can be attained even when
two activated diastereomer complexes are formed in 1:1 ratio
(dotted line at 0% de). In a similar case, K., =100, the
product in more than 90% ee can be attained even in the
presence of only 12.5 % of the favorable diastereomer (dotted
line at —75 % de). Thermodynamically unstable and, hence,
catalytically more active complexes may often be found.’®! An
alternative representation of a similar phenomenon can be
drawn for the 1:1 formation of diastereomers. A relative rate
of 14 (logK,. . =1.15) is sufficiently high to provide the
desired product in more than 90 % ee (Figure 8).

7. Asymmetric Activation/Deactivation of Racemic
Catalysts

In an asymmetric deactivation strategy for racemic catalysis
(Scheme 1, Part 1), enantioselective complexation and deac-
tivation of a racemic catalyst with a chiral poison is
indispensable (Scheme 1, Part 1a). Asymmetric activation is
an alternative but conceptually opposite strategy to racemic
catalysis, in which a chiral activator selectively activates one
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(S)-Act
ML,® + ML,R - - ML,S -(S)-Act + ML, -(S)-Act
. chiral activator
racemic 1 : 1
l Kac l Kic
Kret-act = Kact/ k‘act
product product
(100% ee R) (50% ee S)

(R) 100,
80
60 ]
40 4
20 -
0]
o 20 -
y!% ee _401]
—60
-801

(8) -100 T . . .

- -1 0 1 2

Ig Krel-act

Figure 8. Influence of the relative rate K., on the ee values of the
products for an asymmetric reaction (shown above) catalyzed by an
activated 1:1 diastereomeric mixture.

enantiomer of a racemic chiral catalyst (Scheme 1, Part 2).
Significantly, asymmetric activation can also be established by
nonpreferential complexation, to give activated diastereo-
meric catalysts (Scheme 1, Part2b), when the turnover
frequencies (catalytic activities) between the diastereomers
(ko> k) are critically dependent on the substrates. In
combination, an asymmetric activation/deactivation protocol
can achieve higher enantioselectivity, regardless of the sub-
strates (Scheme 1, Part 3), by maximizing the difference in
catalytic activity between enantiomeric catalysts.[*’)

In Ru-catalyzed hydrogenation, the preferential complex-
ation of (S)-BINAP-RuCl, with (5)-3,3"-dimethyl-2,2"-diami-
no-1,1"-binaphthyl (DM-DABN) was highly predictable by a
modeling study (Figure 9a); the structure was confirmed by

I
0
C

L0

[RUCI{(R)-binap}( A)-dmdabn}] [RUCI{(S)-binap}{(R)-dmdabn)]

[RUCIL{(R)-binap}{(R)-dmdabn}]

Figure 9. a) Model studies of the relative stability of diastereomeric
[RuCl,(binap){(S)-dmdabn}] complexes. The (R)-BINAP isomer is favored
over the (S)-BINAP isomer. b) X-ray crystal structure analysis of
[RuCl,(binap){(R)-dmdabn}].
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single-crystal X-ray analysis (Figure 9b). The addition of a
racemic DM-BINAP-RuCl, species to one equivalent of (R)-
DM-DABN resulted in preferential complexation into the
single  diastereomeric  (R)-DM-BINAP-RuCl,/(R)-DM-
DABN complex. The remaining (S)-DM-BINAP-RuCl,
enantiomer gave a different complex with the sequential
addition of enantiopure (S,5)-DPEN. The two dichloro
complexes with DM-DABN and DPEN may be further
converted into mono- or dihydrido Ru species under hydro-
genation conditions, while the DM-DABN complex is far less
catalytically active under such conditions.

A racemic BINAP - Ru catalyst achieves higher enantiose-
lectivity in carbonyl hydrogenation [Eq.(16)] using an
activation/deactivation protocol (sequential addition of two
different types of chiral diamines) than is attained by simple
activation. The resultant (R)-DM-BINAP-RuCl,/(R)-DM-
DABN and (S)-DM-BINAP-RuClL/(S,S)-DPEN complexes
give higher chiral efficiency than the racemic (+)-BINAP-

[RuClx{(+)-dmbinap}(dmf),] (0.4 mol%)
(R)-DM-DABN (0.22 mol%)

0 5,5)-DPEN (0.2 mol% OH
/U\ +H, 53 (0.2 mot%) Py (16)
A 8 atm KOH (0.8 mol%) Ar
2-propanol
RT, 4-6h

RuCl,/(S,S)-DPEN (diastereomeric (S)-DM-BINAP-RuCl,/
(S5,5)-DPEN and (R)-DM-BINAP-RuClL/(S,S)-DPEN) mix-
ture. This asymmetric activation/deactivation strategy is also
better than the simple asymmetric activation of the racemic
BINAP - Ru catalyst, in terms of the wide scope of the ketonic
substrates which can be accomodated by tuning the chirality
of the activator employed. The enantioselectivity is higher
than that obtained using the (4)-DM-BINAP-RuCL/(S,S)-
DPEN complex at the same temperature and pressure
(Table 5). Thus, the present asymmetric activation/deactiva-
tion protocol can be regarded as a paradigm shift in racemic
catalysis by maximizing the difference in catalytic activity
between enantiomeric catalysts.

8. Asymmetric Activation of Catalyst with Chirally
Flexible Ligands!™!

An advanced strategy for asymmetric activation can be
seen in using chirally flexible ligands that achieve higher
enantioselectivity than that attained by chirally rigid and,
hence, racemic ligands. As described in Section 5, combina-
tion of a racemic BINAPs - RuCl, 3 species with even half an
equimolar amount of an enantiomerically pure diamine gives
a 1:1 mixture of two diastereomeric 3/DPEN complexes.
When the chirally rigid BINAPs is replaced by a flexiblel™!
and proatropisomeric BIPHEPs ligand (to form complex
4),7? the diastereomeric complexes are formed, in principle,
in unequal amounts (Scheme 17).731 When the major diaster-
eomer shows higher chiral efficiency than the minor isomer,
this strategy becomes more effective than the use of similar,
but chirally rigid, analogues. The initially formed mixture of
(S)- and (R)-4b/(S,S)-DPEN in [Dg]2-propanol (CDCl;:
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Table 5. Asymmetric activation/deactivation of DM-BINAP-RuCl, com-
plex in Equation (16).

Entry Ar ee [%]1

1 1-naphthyl 96 (R), 80 (R)
2 2-naphthyl 91 (R), 45 (R)
3 phenyl 95 (R), 70 (R)
4 2-tolyl 95 (R), 82 (R)
5 3-tolyl 95 (R), 60 (R)
6 4-tolyl 93 (R), 60 (R)

[a]The ee values printed in bold were obtained with (R)-DM-DABN and
those in normal type were obtained without. The yields for all the reactions
were over 99 %.

PAr,
! PAr,

O A\r/Ar H O Ar Ar
2 Ph \ H, Ph
cly :é“ / ¢ N

BIPHEPs

P. [
\RU “H ~—

/\ ClH, 'Ph /\ ClH, 'Ph
Ar Ar Ar Ar

(R)-fixed 4/(S,S)-DPEN (S)-fixed 4/(S,S)-DPEN
Scheme 17. Stereomutation of BIPHEPs-RuCL/DPEN complexes 4.
a: Ar=phenyl (ligand =BIPHEP), b:Ar=3,5-dimethylphenyl (ligand =
Xylyl- or DM-BIPHEP).

(CD;),CDOD =1:2), when allowed to stand at room temper-
ature (or at 80°C), was found to give a 1:3 mixture of
diastereomers, with (S)-4b/(S,S)-DPEN as the major compo-
nent (Scheme 17). The equilibration occurred readily due to
the conformational flexibility of the 4/diamine complexes.
The dichloro complexes may further be converted into active
mono- or dihydrido Ru species under hydrogenation con-
ditions.[*”]

The significant effect of the chirally flexible 4/diamine
complexes, in comparison with the enantioselectivity obtained
using the 3b catalyst, can be seen in the hydrogenation of 1'-
acetonaphthone (AN; see Scheme 14). The enantioselectivity
obtained with 4b is higher than with the analogous 3b
(Table 6, compare entries1 and 2). Further increase in
enantioselectivity was attained at a lower reaction temper-
ature (entry 3). The enantioselectivity attained with 4b/(S,S)-
DPEN was higher than with 3b/(S,S)-DPEN complex at the
same low temperature and high pressure (entry 4). Thus, (R)-
1-(1-naphthyl)ethanol was obtained in quantitative yield with

Table 6. BIPHEP ligand for enantioselective hydrogenation of AN.1?I

Entry Ligand H, [atm] T[°C] t [h] ee [%]
1 4b 8 28 4 84

201 (£)-3b 8 28 4 80

3 4b 40 -35 12 92

4ib] (£)-3b 40 -35 7

[a] 4/(S,S)-DPEN in 2-propanol was preheated at 80°C for 30 min; 3 was
used without preheating. Ketone:ligand:(S,S)-DPEN:KOH =250:1:1:2.
Yields were greater than 99 % in all cases.
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a 92% ee value. 4b/(S,S)-DPEN was also useful in the
reduction of ortho-methylacetophenone [Eq. (17)].

Brunner and Hammer have already reported the use of
(5,5)-DPEN to control the chirality of the octahedral
[Co"(acac),]/diamine complex." This chiral complex [Co-
(acac),{(S,S)-dpen}] catalyzes the Michael addition reaction at
—50°C to give the product in up to 66 % ee (Scheme 18).4
The S,S configuration of the DPEN ligand means the 4
conformation of the cobalt complex is thermodynamically
more stable than the A conformation.[®’! Thus, the forma-
tion of R product is rationalized on the assumptions that the
ketone group occupies an axial position and the ester group an
equatorial one, and that methyl vinyl ketone is directed to the
Si face of the ketoester complex by hydrogen bonding of the
vinyl ketone oxygen to one of the NH groups (Scheme 18).

DM-BIPHEP-RuCI; 4b

o ! (S,S)-DPEN
/ KOH
+ Hy a7
(8 atm) iPrOH, 0°C, 4h

88% ee (quant. yield)

cf. (¥)-DM-BINAP-RuCI, 3b/(S,S)-DPEN 86% ee (quant. yield)

o)
0 [Co(acac),]
/(S,S)-DPEN 0 o
OMe | (3 mol% each) ©:1§/\)J\
+ - - o/

o) toluene, —50 °C CO,Me

\)J\ (50%)

66% ee

(0]
M, Ph
N H
N H
Ha
Ph

A configuration as a
thermodynamically stable form

Scheme 18. Function of (S,5)-DPEN in the asymmetric Michael addition
catalysed by [Co''(acac),].

Self-organization of ligands in multicomponent titanium
catalysts’®! with conformationally flexible biphenols (BI-
POLs) is also found in the enantioselective glyoxylate-ene
reaction!® to give significantly higher enantioselectivity
(Scheme 19).71 Some molecular modeling studies reported
that the hexacoordination of the titanium atom would make
the central titanium atom a center of chirality and that the A
isomer was more favorable than the A4 isomer (Figure 10).

Katsuki and co-workers extensively studied the asymmetric
epoxidation of nonfunctionalized olefins catalyzed by chiral
Mn(salen) complexes. Recently they proposed that the
ligands of Mn(salen) complexes take a nonplanar, stepped
conformation and the direction of the folding ligands is
strongly related to the sense of chirality in the asymmetric
epoxidation.” On the basis of this proposal for conforma-
tional control by the achiral Mn(salen) complex, two enantio-
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(R)-2 BIPOLs
(10 mol%) (10 mol%)
N J
'

Ly

i J\/k
+
Ph/K HJ\ — Ph CO,nBu

toluene
0°C, 2h (R)
(18 — 33%)
R (BIPOLs)=H 95.4% ee

=ClI 96.7% ee
=Br 96.3% ee
=tBu 97.3%ee
cf. (R)-BINOL 91.6% ee

Scheme 19. Influence of the conformationally flexible biphenol BIPOLs
on the enantioselectivity of the glyoxylate-ene reaction.

(R)-BINOL (S)-BINOL

(R)-BINOLato o (R-BINOLato L (R)-BINOLato
o, |_ L Ll
CO ~ | \O CO/ 1|-I\O
o\) L
(R-BINOL

A A A
—2.84 kcal mol™' 0.00 kcal mol™! —1.31 kcal mol™’
(S)-BIPOL
(R)- BINOLato (R)-BINOLato L
oT|L
Co/ - |I\O
Q
(S)-BIPOL
A A
—1.81 kcal mol™ 0.00 kcal mol™

Figure 10. Relative energies of the /4 and 4 isomers of the complexes of
(R)-BINOLato-Ti(OiPr), with BINOL or BIPOL (R =rBu), L= OiPr.

mericforms can be obtained by the use of chiral axial ligands
AL*[® 1n actual fact, the achiral Mn(salen) complex gave the
epoxides in high enantiopurity in the presence of chiral
bipyridine N,N’-dioxide which acts as an axial ligand
(Scheme 20).

Chiral ansa-metallocene complexes have become useful
catalysts in asymmetric polymerization reactions.®) While
enantioresolution of ansa-metallocene racemates cannot yield
more than 50% of a particular enantiomer, the readily
accessible racemate of a biphenyl-bridged metallocene BI-
PHECp-M (M =Ti, Zr) has quite recently been reported to
give enantiopure ansa-titanocene and -zirconocene com-
plexes through BINOL-induced asymmetric transformation
(Scheme 21).81 In the presence of nBulLi, the (R)-BIPHECp-
TiCl, complex obtained was an efficient asymmetric catalyst
of imine hydrogenation (Scheme 22).

Thus, the chirally rigid ligands can be replaced by flexible
and, hence, proatropisomeric ligands to give preferentially the

3547



REVIEWS

K. Mikami et al.

(] (¢}
@N% NC,UI»:NC@
—MN =T — ~-Mn
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Scheme 20. Asymmetric activation of achiral Mn(salen) complexes.

(R)-BIPHECp-MMe, M = zr, Ti
N J

(S)-BIPHECp-MMe,

~

1HO

Re®

(R)-BINOL

(R)-BIPHECP-M-(R)-BINOLato (S)-BIPHECp-M-(R)-BINOLato
2 : 1

J

PhCH3, 100 °C

(R)-BIPHECp-M-(R)-BINOLato

Scheme 21. BINOL-induced asymmetric transformations of biphenyl-
bridged metallocene complexes.

favorable diastereomer with higher chiral efficiency than the
minor isomer. This strategy with flexible and proatropiso-
meric ligands becomes more beneficial than the use of
structurally similar, but chirally rigid, ligands.
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1) MelLi
2) HCl gas

(R)-BIPHECp-Ti-(R)-BINOLato

(R)-BIHPECp-TiCl,
(0.1 mol%)

\ nBuLi (0.2 mol%)

L en — L D

N 148 atm H, N
toluene, 80 °C
(96%) 98% ee

Scheme 22. Hydrogenation of imines with the titanium complex formed in
Scheme 21 as a catalyst precurser.

9. High-Throughput Screening of Chiral Ligands
and Activators

Combinatorial chemistry has been well recognized as a
useful strategy for the discovery and optimization of bioactive
drugs, coordination complexes, and solid-state materials.[*
Between the split-and-mix and parallel-matrix methodologies
for combinatorial chemistry, the latter is more employable for
lead optimization, wherein the high-throughput screening
(HTS) is an essential technique for tuning a variety of
modulation.®®3 However, only a limited number of investiga-
tions has so far been reported, even on chiral ligand
optimization for coordination complexes,®! due to the lack
of HTS methods. In particular reactions, UV/Vis spectroscopy
can be used; however, this gives only a rough estimation of
hits.®] IR thermography can also be used for qualitative
analysis.[* Quite recently, mass spectroscopy has been used to
determine the enantiomeric excesses of limited types of
samples.’’l In the quantitative determination of ee values,
high-performance liquid chromatography (HPLC) has long
been used in combination with chirally modified columns to
separate enantiomers. If the ee value can be determined using
achiral columns, the separation of enantiomers using chiral
columns would no longer be necessary. A circular dichroism
method can be applied in the combinatorial search for
enantioselective catalysts through asymmetric activation,
using a JASCO-CD-995 (1595) instrument with achiral
columns.®! This method involves the simultaneous monitor-
ing of the CD signal (A¢), the absorption (¢), and their ratio to
each other, called the dissymmetric or anisotropy factor g
(=Aé¢le), at a fixed wavelength in a flow system. The g-factor
was introduced by Kuhn®! in 1930, refined by Mason and co-
workers™ in 1980, and further developed by Salvadori
et al.”y and Mannschreck.’ The g-factor is independent of
concentration and is linearly related to the enantiomeric
excess.”l With this technique, the ee value of the product
could be determined within a minute on achiral stationary
phases without separation of the enantiomeric products.
Therefore, application of HPLC-CD provides a “super high
throughput screening” (SHTS) system for finding the most
effective catalyst through asymmetric activation.[®¥! Chiral
catalysts obtained by ligand exchange with chiral ligands (L'*,
L?*, etc.) may be further developed, in parallel combination
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with chiral activators (A!*, A%* etc.), to form the most
catalytically active and enantioselectively activated catalyst
(Scheme 23).

M LZ*Al* PP
ML2*A2*

MLl*Al*
ML 1*A2*

L1x Alx
LZ* AZ*
ML + . + .

Scheme 23. General principle for the creation of a catalyst library of
asymmetric activation catalysts.

The super high throughput screening (SHTS) of parallel
solution libraries of activated catalysts by HPLC-CD is
demonstrated for diol-Zn catalysts in the addition of
diethylzinc to aldehydes. Amongst asymmetric catalysis of
C—C bond forming reactions, enantioselective addition of
diorganozinc reagents to aldehydes constitutes one of the
most important and fundamental asymmetric reac-
tions.'>:7% % Since the initial report by Oguni,* various
chiral ligands, including 3-amino alcohols, have been used for
this type of reaction. However, less attention has been paid to
C,-symmetric binaphthol (BINOL) derivatives,* despite
their wide application as chiral ligands for B,’] A1,1%I Ty,
Zr,'% and Lnl'%Y catalysts in, for example, enantioselective
aldol and ene reactions. This is due to their lower catalytic
activity and enantioselectivity for the organozinc addition
reaction.l'®? Only very recently, some modified BINOLs!*!
were reported to be effective but the simple BINOL itself is
less effective in the reaction.”

Itis reasonable to assume that the active catalyst species is a
monomeric zinc alkoxide in the addition of diethylzinc to
aldehydes; the cleavage of the higher aggregates could result
in activation of the overall catalyst system (Scheme 24).[14p 104

RoN

* R

2

OH Et,Zn (o} RoN o, N
*[ _ = *[ 'Zn _ = *[ 7n :l*

o /o A o N

Rz

L* ZnlL* ZnL*A*
OH
R'=Ar ? % ee determined
AT by g- or e-factor
Et,Zn / R'CHO
OH )
. . H % ee determined
R' Ar RN by e-factor

Scheme 24. Asymmetric activation of chiral diol-zinc catalysts by chiral
nitrogen ligands.

The addition of chiral nitrogen activators should be one of the
most efficient ways for activation of the BINOL —zinc catalyst
system because of the strong coordinating ability of the
nitrogen towards the zinc cation; this would facilitate the alkyl
transfer. As a result, a monomeric zinc complex is expected to
be formed in a similar manner to that of chiral salen—zinc
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complexes.'®! Furthermore, bimolecular combination of
chiral activators with the diol-zinc complexes should be
more convenient than the unimolecular combination. Thus,
the primary combinatory library of chiral ligands L'*—L5*
and chiral activators A'*— A>* was initially examined, from
which the leads can be further optimized for the next
generation of the chiral ligands and activators.

An activation effect was actually observed in the random
screening of chiral ligand/activator combinations. Enantiose-
lectivity of the reaction is also increased by matched
combinations of diol ligands and nitrogen activators. Sub-
stitution at the 3 and 3’ positions with bulky phenyl groups,
such as 3,3-diphenyl-1,1-bi-2-naphthol (L), may further

[ |
1 H 1 P\T/(h:ﬂ"'-\_,-ﬂ
R
- —

M
H ':|.-'—\- -
L= o #l EL‘\LL,J
oH . E
'\-\.\,.fH'\-\..-"_ |'_'|
H

-

P P
Ph JH -
L* ) nt w}—‘u
= =,
P H o Fh
P
< n g
X, OH . 4

prevent the aggregation of BINOLato—Zn because of their steric
demands and may increase the enantioselectivity; (S)-1-phen-
ylpropanol was obtained in quantitative yields with up to 65 % ee.

On the basis of the results collected from the primary
combinatorial library, we then created the next generation
library of diimine activators with twelve members A** — A5*,
All library members significantly activate the L3 -Zn

Ph Ph Q

Ar/_ Ar Ar/_ Ar
Ar Ar

A*:Ss  Ph A% ss  Ph
A*:RR Ph All*: RR Ph
Ab*: 55 26-Cl,CoHg Al%: 55 26-Cl,CgHs
A™*: RR  2,6-Cl,CeHs Al% . RR  2,6-Cl,CH3
AB*: SS  2,4,6-MesCeH, A% : sS  246-MesCeH,
A%: RR  2,4,6-MesCgH, Al RR  2,4,6-MesCgH,

complex and produce 1-phenylpropanol in higher yields and
with higher enantioselectivities than those obtained by only
using the ligand. The steric hindrance of the chiral activators is
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crucial, and hence the activator A%* provides the best results.
The reaction catalyzed by the best combination L>*/A%* is
further optimized by lowering the reaction temperature. (S)-
1-Phenylpropanol is obtained in quantitative yield and with
99% ee [Eq. (18)]. Even if only 2 mol % of L>*/A’* is used in
the reaction, (S)-phenylpropanol can be obtained in quanti-
tative yield and with 97 % ee.

The best combination of chiral ligands and activators can
easily be found in an efficient way by super high throughput
screening (SHTS). The dissymmetry or anisotropy factor (g-
factor) can be employed for UV-active aromatic com-
pounds,®! and the optical rotation per refractive index unit
or the enantiomeric factor (e-factor)!'® can be used not only
for UV-inactive aliphatic compounds or carbohydrates but
also for UV-active aromatic compounds.

( | Ph Ph,  Ph
x O oH =N N=
and
OH

o Q1

)J\ Ph
Ph” H Lo A% OH

+ /-\/ (18)

CH,Cl,, —78 °C to —20 °C Ph

Et,Zn

L5*/A% (10 mol% each)
L5*/A% (2 mol% each)

99.0% ee (100%)
97.0% ee (100%)

10. Smart Self-Assembly into the Most
Enantioselective Catalyst

Sharpless and co-workers demonstrated the significance of
ligand accelerated catalysis® through the construction of an
asymmetric catalyst from an achiral precatalyst by ligand
exchange with a chiral ligand. By contrast, an achiral precatalyst
combined with several chiral ligand components (L'*, L?*,
etc.) may selectively assemble into the most catalytically
active and enantioselectively activated catalyst (ML™*An*)
possible from the combinatorial library by association with
chiral activators (A'*, A%*, etc.; Scheme 25).1]

* . ML

ML + L

achiral precatalyst chiral ligand chiral catalyst

lA*
-

L 4 L2 4+ oo
ML+ {

Alx + AZ% 4 0.

_ o the most
achiral precatalyst chiral ligands enantioselective
and catalyst

chiral activators

Scheme 25. General principle of ligand exchange based on smart self-assembly.

Two patterns of self-assembly are conceivable for an achiral
precatalyst Ti(OiPr), and couples of chiral diol components
to form a single chiral titanium complex. In one case
(Scheme 26a), a combination of acidic (R)-BINOL and a
relatively basic diol, such as TADDOL,[""l in a molar ratio of
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1:1:1 suggests a push-pull assembly into a single (R)-BINO-
Lato-Ti-(R)-TADDOLato complex 6a; no isopropanol was
observed after azeotropic removal with toluene. This complex
6a, in the case of matched chirality, is obtained from (R)-
TADDOLato-Ti(OiPr), 5a with (R)-BINOL or from (R)-
BINOLato-Ti(OiPr), 2 with (R)-TADDOL. In the other
pattern (Scheme 26b), upon addition of (R)-BINOL and a
more acidic diol (R)-5-CI-BIPOL to Ti(OiPr),, the (R)-2/(R)-
BIPOL complex 6b is obtained. This complex is derived not
only from 209! with 5-CI-BIPOL!®! but also from 5-ClI-
BIPOLato-Ti(OiPr), 5b with BINOL.

The role of multicomponent ligand assembly to form a
highly enantioselective catalyst was exemplified in the inves-
tigation of enantioselective catalysis of the carbonyl-ene
reaction [Eq. (19)]. The catalyst was prepared by mixing an

OH OH
RP{ + RZ’/{ +  Ti(0i PP,
OH OH

!
Ph ) HJ\COZnBu JJ\H
Ph CO,nBu

PhCH3,0°C,4 h

(19)

achiral precatalyst Ti(OiPr), with a combination of BINOL
and various chiral diols, such as TADDOL and 5-CI-BIPOL,
in a molar ratio of 1:1:1 (10 mol % with respect to the olefin
and glyoxylate) in toluene (Table 7). A quantum jump in

Table 7. Asymmetric catalysis by multicomponent ligand-cooperation in
the reaction shown in Equation (19).

R'*(OH), R**(OH),

Entry

Ph.__Ph
ST o
1 0— ", ,OH 50 91

P~ “Ph

Yield [%] ee [%]

Ph

o
OH
? ><Oj?<OH - 0 B

i)
/<Ph

PH

o

66 97

Q

Q

ResvaRetes

OH
OH

20 95

(Y
YV,
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Scheme 26. Smart self-assembly of the highly activated Ti catalysts 6a (a) and 6b (b). The o
values refer to the '*C (normal text) and 'H (italicized text) NMR spectra. It is important in the
characterization of 6a that the /PrO signals are absent from the NMR spectra.

chemical yield from 0% to 50 % was attained, in addition to a
high enantioselectivity (91.0 % ee, R), when a combination of
(R)-TADDOL and (R)-BINOL was employed (compare
entries 1 and 2). With a combination of (R)-BIPOL and (R)-
BINOL, the reaction proceeded quite smoothly to produce
the carbonyl-ene product in the highest chemical yield and
with the highest enantioselectivity (entry 3). This finding is in
direct contrast to the lower enantiomeric excesses and
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chemical yields obtained with (R)-5b or (R)-
2 (entries 4 and 5, respectively).

Hill and Zhang reported the results of an
elegant study in which smart self-assembly
resulted in the creation of an achiral, “immor-
tal” catalyst.['] We have reported an example
of asymmetric catalysis through smart self-
assembly into the most enantioselective chiral
catalyst by virtue of multicomponent ligand
cooperation. Thus, the present work repre-
sents chiral evolution from the studies of Hill
and Zhang on an achiral catalyst.

11. Future Perspectives

Molecular chirality (handedness) is a prin-
cipal element in nature that plays a key role in
science and technology. Among various ap-
proaches to generate optically active mole-
cules, asymmetric catalysis of organic reactions
is the most efficient process. The candidates
for such enantioselective catalysts are metal
complexes bearing chiral and nonracemic
organic ligands, often in enantiopure form.
Therefore, tuning the catalysts to achieve the
perfect match among chiral ligand, metallic
ion, substrate, and chiral activator is the key
for achieving the maximum chiral discrimina-
tion.

Catalytic systems that permit precise recog-
nition among enantiotopic atoms, groups, or
faces in prochiral substrates must be created
efficiently by employment of chiral activators.
Kagan stated that one must no more ignore the
modern methods of combinatorial chemistry
and high-throughput screening for finding the
new catalyst or best catalyst tuned for asym-
metric reactions.!'!”]

Asymmetric activation (Scheme 1) will pro-
vide a general effective strategy for asymmet-
ric catalysis involving even racemic or chirally
flexible ligands without optical resolution. Not
only chiral organic molecules but also chiral
metal complexes can be used as chiral activa-
tors through heteromultimetallic activation.
Asymmetric activation will be further em-
ployed as a new chiral doping technique in
liquid crystalline material science. Further-
more, a chiral command surface might be built
up as an alignment layer in the interface
between liquid crystalline and solid phases. Asymmetric
activation may also be extended to solid-state processes or
cluster chemistry. For example, the spontaneous crystalliza-
tion (spontaneous resolution) of racemic mixtures could be
facilitated by seeding with the crystals of one enantiomer. This
could be done by a different but enantiopure molecule in the
same, or a similar, crystalline structure as the seed. Asym-
metric activation will be effective in molecular biology
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processes. External chiral molecules may accelerate signal-
transduction processes!''!! through association with a ligand/
receptor complex. In the model system with the mutants of
human growth hormone (hGH) and the hGH receptor,
achiral indole analogues were employed as exogenous small
molecules to activate growth hormone signaling.!'?!
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Enantioselective hetero-Diels—Alder reactions of carbonyl compounds and imines
catalyzed by chiral Lewis acids. A painting by the Danish female artist Jo Dam
Kaergaard provides the background for an overview of the described reactions and
their catalysts.



REVIEWS

Catalytic Asymmetric Hetero-Diels — Alder Reactions of Carbonyl

Compounds and Imines

Karl Anker Jorgensen*

s

Asymmetric catalysis is a challenge for
chemists: How can we design catalysts
to achieve the goal of forming optically
active compounds? This review pro-
vides the reader with an overview of
the development of catalytic asymmet-
ric hetero-Diels— Alder reactions of
carbonyl compounds and imines. Since
its discovery, the Diels — Alder reaction
has undergone intensive development
and is of fundamental importance for
synthetic, physical, and theoretical
chemists. The Diels—Alder reaction
has been through different stages of
development, and at the beginning of
the 21st century catalytic Diels— Alder

tions to carbonyl compounds and
imines. There are several parallels
between the reactions of carbonyl
compounds and those of imines, which,
however, begin to vanish on entering
the field of catalytic reactions. Why?
From a mechanistic point of view some
similarities can be drawn, but the
synthetic development of catalytic
enantioselective hetero-Diels— Alder
reactions of imines are several years
behind those of the carbonyl com-
pounds. For hetero-Diels— Alder reac-
tions of carbonyl compounds there a
number of different chiral catalysts,
and great progress has been achieved

tive hetero-Diels— Alder reactions of
imines is in its infancy and only few
catalytic reactions have been publish-
ed. This review will focus on the most
important developments, and discuss
the synthetic and mechanistic aspects
of enantioselective hetero-Diels—
Alder reactions of carbonyl com-
pounds catalyzed by chiral Lewis acids.
For the hetero-Diels— Alder reactions
of imines, the diastercoselective reac-
tions of optically substrates catalyzed
by Lewis acids will be presented first,
followed by the catalytic enantioselec-
tive reactions.

reactions are one of the main areas of
focus. The preparation of numerous
compounds of importance for our
society is based on cycloaddition reac-

\

in developing enantioselective reac-
tions for unactivated and activated
carbonyl compounds. In contrast the
development of catalytic enantioselec-

Keywords: asymmetric catalysis
carbonyl compounds - Diels— Alder
reactions imines reaction

mechanisms - synthetic methods

J

1. Introduction

The Diels— Alder (DA) reaction has, since its discovery in
1928 by Otto Diels and Karl Alder,! been one of the
cornerstone reactions in organic chemistry for the construc-
tion of six-membered rings. The various types of DA reactions
have contiuned to further developed and their spectrum of
application in chemistry is enormous. The use of DA reactions
covers compounds of academic and industrial interest and
several compounds of importance for our society are synthe-
sized based on this approach.

Two major developments have taken place with regard to
DA reactions over the last 50 years. With the introduction of
the theory of conservation of orbital symmetry by Woodward

[*] Prof. Dr. K. A. Jgrgensen
Center for Metal Catalyzed Reactions
Department of Chemistry
Aarhus University
8000 Aarhus C (Denmark)
Fax: (+45)86-19-61-88
E-mail: kaj@kemi.auu.dk
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and Hoffmann, a lot of attention focused on the synthetic and
mechanistic aspects of DA reactions—based on the Wood-
ward - Hoffmann rules—in the 1960s and 1970s.” In the last
two decades the focus has changed to the development and
application of DA reactions leading to optically active
compounds. The reason for the interest in obtaining optically
active compounds using the DA methodology is that the
reactions normally are easy to perform and proceed generally
in a highly regio- and diastereoselective manner. Further-
more, the DA reaction can give up to four new chiral centers.
The enantioselective version, especially when promoted by
chiral Lewis acid complexes has further enhanced its power in
the synthesis of optically active compounds.t!

This review focuses on the development of catalytic
asymmetric hetero-Diels — Alder (HDA) reactions of carbon-
yl compounds and imines with conjugated dienes [Eq. (1)].
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There are two basic strategies for asymmetric HDA
reactions in order to control the absolute configuration of
the product: 1) the use of a diene and/or a dienophile with a
chiral auxiliary, and 2) the use of a chiral catalyst. The most
efficient and economic way to effect an enantioselective
reaction is probably the use of a chiral catalyst. This approach
allows the direct formation of chiral compounds from achiral
substrates under mild conditions and requires a substoichio-
metric amount of chiral material. To achieve -catalytic
enantioselective HDA reactions of carbonyl compounds and
imines, coordination of a chiral Lewis acid to the carbonyl and
imine functionalities is necessary. This coordination activates
the substrate and provides the chiral environment that forces
the approach of a diene to the substrate from the less sterically
hindered face, introducing enantioselectivity in the reac-
tion.

When a chiral Lewis acid catalyst is designed for a reaction,
many parameters must be taken into account. The substrate
should have a certain reactivity and be able to coordinate to a
metal. The choice of the metal in combination with a chiral
ligand is of particular importance. Furthermore, the Lewis
acidity, the structural properties of the metal complex, and the
electronic and structural properties of the chiral ligand all
need to be considered.

The main group metals such as aluminum, boron, the hard
early transition metals titanium and zirconium, and some
lanthanide elements are all oxophilic metals which have been
widely used in combination with chiral ligands containing
oxygen as the coordinating atoms. Among the most common-
ly used chiral ligands of this type are the 1,1’-binaphthol
(BINOL)- and a,a,a',a’-tetraphenyl-2,2-dimethyl-1,3-dioxo-
lan-4,5-dimethanol (TADDOL)-based ligands. However,
problems such as aggregation may arise due to the high
oxophilicity of these metals which can lead to a deactivation
of the catalyst. Designing a ligand in such a way that catalyst
aggregation is prevented has become a topic of current
interest and includes the introduction of sterically demanding
groups around the oxygen atoms, attachment of monomeric
catalysts to a polymer, and synthesis of rigid polymeric chiral
catalysts. Chiral ligands containing nitrogen as the coordinat-
ing atoms show a broad flexibility towards both hard and soft
metals. Ligands containing phosphorus as the coordinating
atoms, for example, the 22’-bis(diphenylphosphanyl)-1,1"-
binaphthyl (BINAP) ligands, are soft ligands, and great

success has been achieved by applying these ligands in
combination with soft metals, such as copper(i).

The discovery and development of a highly efficient catalyst
system rely on the knowledge of the possible reactive
intermediates and, not least, on extensive screening. The
conformational preferences of the complex between the
substrate and the Lewis acid are responsible for the stereo-
chemical outcome of a given reaction. The understanding of
asymmetric induction requires a knowledge of the structure
and the relative reactivity of the substrate—Lewis acid
complex(es) formed in the reaction solution. In some cases,
solvents and/or additives may also play an important role in
the stereochemical outcome since they can also coordinate to
the Lewis acid leading to a change of the geometrical
structure of the catalyst. All these factors must be kept in
mind during the interpretation and prediction of the stereo-
chemical outcome of a reaction promoted by a chiral Lewis
acid catalyst.

Catalytic asymmetric HDA reactions have been intensively
developed in recent years with the main focus on the synthetic
aspects, while the number of mechanistic studies has been
limited. In this review, the main attention will be on the
development and understanding of HDA reactions in which
Lewis acid catalysts are used for preparing optically active six-
membered ring systems. For the HDA reactions of carbonyl
compounds the focus will be on enantioselective reactions
catalyzed by chiral Lewis acids. The section dealing with
imines will be devoted to reactions leading to optically active
HDA adducts obtained from Lewis acid catalyzed reactions
starting from either optically active imines or dienes. Finally,
catalytic enantioselective reactions of imines will be descri-
bed. The reason for including the HDA reactions of optically
active imines and dienes is that the use of these substrates has
been intensively studied recently, while the development of
catalytic enantioselective reactions is still in its infancy.

1.1. The Mechanistic Aspects and Concepts of Activation
by Lewis Acids

One cannot discuss HDA reactions in the present context
without trying to understand the reaction course from a
mechanistic point of view. The majority of the reactions
discussed can be classified into two types of [,2s+,4s]

-
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cycloadditions, the normal and inverse electron demand HDA
reactions, based on the relative energies of the frontier
molecular orbitals (FMOs) of the diene and the dienophile
(Figure 1).2-4

A La - _I_.k'_w;.-'.
—— L, [ I
A i L* —

Figure 1. A FMO diagram of the normal (left; HOMO . — LUMO gicnophite-
controlled) and inverse electron demand HDA reaction (right;
LUMO e m HOMO igyopnite-controlled) in the absence and the presence of
a Lewis acid. X = O, NR; LA = Lewis acid; EDG = electron-donating group.

The normal electron demand reaction is a

for example, an f,y-unsaturated a-keto ester with ethyl vinyl
ether there are four possible approaches leading to four
diastereomers, as the f3,y-unsaturated a-keto ester can be both
E- and Z-configured. These four possibilities are outlined in
Scheme 1 and it appears that the cis adduct can be formed by
either an endo-E-syn or exo-Z-syn orientation, whereas the
trans adduct is obtained by either an exo- E-anti or endo-Z-anti
orientation.

The diastereoselectivity of the HDA reaction of, for
example, carbonyl compounds is affected by the presence of
Lewis acids. The uncatalyzed reaction of aldehydes usually
show endo-selectivity for the carbonyl substituent.C! In the
presence of Lewis acids as catalysts, it has been proposed that
the Lewis acid is oriented trans to the carbonyl substituent and
that the modest endo-selectivity observed in most cases is due
to a preference for the solvated Lewis acid being exo because
of its size.l’! However, when discussing the stereochemical
course of HDA reactions, it is important to note that the
configuration of the diene in the ground state does not
necessarily have to be the same as that of the reacting diene.["]

EIDOC, 0 Exd EOC, 0., JOE! N0, 0 o
HOMOy;ee = LUMO giepopnire-controlled HDA reac- h] - L J —_— L. R |T
tion which predominantly occurs between elec- T
tron-rich dienes and electron-deficient dienophiles A
(Figure 1, left, dashed line). The inverse electron g E-A) i adduct awd-Z-5j
demand HDA reaction is primarily controlled by a
LUMOy;¢p. —HOMO icnopnite interaction which can EIQOC., 0 OF B0, 0 OB EOC, 0 B
be found, for example, in reactions of enones and | = | i L. @i I]
heteroanalogues with alkenes having electron- T -
donating groups (Figure 1, right, dashed line). .

fxo-E-ant frava mcddoc] BRI T AV

The basic concept of activation in HDA reac-
tions is to utilize the lone pair of electrons of the
carbonyl and imine functionality for coordination
to the Lewis acid. The coordination of the dien-
ophile to the Lewis acid changes the FMOs of the dienophile
and for the normal electron demand reactions a decrease of
the LUMO and HOMO energies is observed leading to a
better interaction with the dienophile (Figure 1, left, solid
line). The energy difference between the HOMOy,. and the
LUMOicnophile i thus reduced compared with that for the
absence of a Lewis acid, and can therefore account for the
activating effect of the Lewis acid. The catalytic properties of
the Lewis acid for the inverse electron demand HDA reaction
is due to the coordination of the Lewis acid to a heteroatom of
the 1,3-diene, leading to a decrease of the LUMOy;,. and
HOMO jicnopnile €nergies, and thus, based on a FMO way of
reasoning, a more favorable interaction with the electron-rich
alkene takes place (Figure 1, right, solid line). Furthermore,
the coordination to the Lewis acid alters also, to some extent,
the distribution of the atomic orbital coefficients of the
dienophile and the 1,3-diene. For a carbonyl compound an
increase in the magnitude of the LUMO atomic orbital
coefficient at the carbonyl carbon atom is observed making it
more susceptible to the diene. However, this polarization may
also influence the reaction mechanism.

The stereochemistry of a product formed in the HDA
reaction depends on the approach of the substrate; the HDA
reaction can proceed endo or exo. For the HDA reaction of,
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Scheme 1. The four different approaches for the HDA reaction of an f,y-unsaturated
a-keto ester with ethyl vinyl ether.

Compared to the numerous theoretical calculations on the
normal DA reaction, only very few theoretical studies of
HDA reactions have been performed,”® and even fewer on
Lewis acid catalyzed HDA reactions. It has been pointed out
that the HDA reaction can change from a concerted non-
synchronous mechanism to a stepwise mechanism depending
on the substituents on the reacting species and on the reaction
conditions.

The transition state of the HDA reaction is generally found
to be unsymmetrical. For the reaction of formaldehyde with
1,3-butadiene, Houk et al. have calculated the C—C and C—O
bond lengths to be 2.133 and 1.998 A, respectively, in the
transition state 1 by using ab
initio  calculations  (Sche- [
me 2).%] The reaction of for-
maldimine follows the same . .n__t
trend for the transition-state = . .
1908 & -

structure. s R2AEA
An investigation of the HDA .‘ - t A
reaction of formaldehyde with e

Scheme 2. The transition state
1 (ab initio calculations) of the
HDA reaction of formalde-
hyde with 1,3-butadiene is un-
symmetrical.

1,3-butadiene, in which the oxy-
gen atom of the aldehyde was
coordinated to BH; as a model
for a Lewis acid,® gave two
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transition states, in which BH; adopts either an exo al
or an endo position relative to the diene. The
transition state with the BH; in the exo position
has the lowest energy and the calculated transi-
tion-state structure is much less symmetrical than
1; the C—C bond length is calculated to be 0.42 A
longer, while the C—O bond length is 0.23 A
shorter than in 1. The transition state of the Lewis
acid catalyzed reaction has significant zwitterionic
character, with a partial positive charge of 0.37 on
the diene and a negative charge on the form-
aldehyde oxygen atom of —0.65 and —0.28 on
BH;. The coordination of the carbonyl oxygen
atom to BH; makes the carbonyl group an accept-
or of negative charge, and the O—B bond length in
the transition state is 0.12 A shorter than that in
the BH;-formaldehyde complex, indicating a
tighter complexation in the transition state.

By coordination of the formaldehyde oxygen
atom to BHj; the activation energy of the reaction
with 1,3-butadiene drops considerably. This is in
agreement with the experimental results, since
Lewis acid catalysis in general are required for
reactions of carbonyl dienophiles to proceed
and/or are found to enhance the reaction rate.
Houk et al. have found that at the highest level of
calculations (MP2/6-31G*), the activation energy
is 8.9 kcalmol~!, which is 12.0 kcalmol~! lower in
energy than the uncatalyzed reaction.®®! The
calculations indicate that the exo position is
favored due to the greater electrostatic repulsion
between BH; and the butadiene fragment in the endo
transition-state structure.

Two mechanistic pathways have generally been taken into
account for the HDA reaction when Lewis acid catalyzed
reactions are considered. The two pathways are formulated as
1) a traditional DA cycloaddition or 2) formation of the HDA
adduct by a Mukaiyama-aldol reaction pathway in the case of
a carbonyl compound, or a Mannich-type reaction for an
imine (Scheme 3).

There are only few mechanistic studies of Lewis acid
catalyzed HDA reactions with carbonyl compounds and
imines. Danishefsky et al. concluded that the reaction of
benzaldehyde 2 with trans-1-methoxy-3-(trimethylsilyloxy)-
1,3-dimethyl-1,3-butadiene (3b) in the presence of BF; as the
catalyst proceeds by a stepwise mechanism, whereas a
concerted reaction takes place when ZnCl, or lanthanides
are the catalysts.'”! The evidence of a change in the
diastereomeric outcome of the reaction is that trans-4b is
the major HDA adduct in the BF;-catalyzed reaction, while
cis-4b is the major adduct, for example, for the ZnCl,-
catalyzed reaction—the latter resulting from an exo addition
[Eq. @)].

The influence of Lewis acids on the reaction pathway is also
dependent on the reactant structure. The HDA reaction of
monosubstituted dienes have shown that, for example, BF;
catalysis can give the HDA adduct by a mechanism in which
the Mukaiyama aldol and Michael cyclization pathway does
not seems to operate.['!]
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The reaction course of the HDA reaction can also be
dependent on the Lewis acid complex used as the catalyst.
When the substrate contains an allylic C—H bond, both a
HDA and an ene reaction can take place. For the reaction of
glyoxylate 5a with 2,3-dimethyl-1,3-butadiene (6a) both the
HDA adduct 7a and ene adduct 8a can be obtained [Eq. (3)].
In the presence of BINOL —titanium(iv) complexes as the
catalyst, the ene adduct 8a is the major product with a 7a:8a
ratio of up to 1:9,[) while using bisoxazoline —copper (i) as the
catalyst, a nearly 1:1 ratio of 7a:8al"®l is obtained. However,
the HDA adduct 7a is the major product when a BINOL -
aluminum(imn) catalyst is applied.™ The mechanism of the
reaction of Sa with 6a leading to the ene adduct 8 is outlined
in Scheme 4.

For the HDA reaction of imines a similar observation has
been made. The reaction of the N-tosyl a-imino ester 9 with

Angew. Chem. Int. Ed. 2000, 39, 3558 —-3588
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Scheme 4. The mechanism for the ene reaction of ethyl glyoxylate with a
diene having an allylic C—H bond.

6a catalyzed by a BINAP —copper(1) complex gives the HDA
and ene adducts 10 and 11, respectively, in a 9:1 ratio

(Eq. (4)].1)
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The mechanistic picture of the HDA reactions which
appears after this brief description of the aspects and concepts
of activation of the substrate by Lewis acids indicates that
many parameters have influence on reaction course.

2. Hetero-Diels - Alder Reactions of Carbonyl
Compounds

The HDA [rn2+ mt4] cycloaddition reaction of aldehydes
and ketones with 1,3-dienes is a well-established synthetic
procedure for the preparation of dihydropyrans, which are
attractive substrates for the synthesis of carbohydrates and
other natural products.®! Carbonyl compounds are in general
of limited reactivity in HDA reactions with dienes since only
electron-deficient carbonyl groups as in glyoxylates, chloral,
ketomalonate, 1,2,3-triketones, and related types of com-
pounds, react with dienes having electron-donating groups.
However, the use of Lewis acids or high-pressure conditions
have led to a new era for HDA reactions. In particular, the
application of chiral Lewis acid catalysts has provided new
opportunities for enantioselective cycloadditions. The first
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part of this section will be devoted exclusively to the
development of enantioselective HDA reactions of carbonyl
compounds catalyzed by chiral Lewis acids.

2.1. Reactions of Unactivated Aldehydes

Some of the developments of catalytic enantioselective
HDA reactions have their origin in the DA chemistry where
many of the catalysts have been applied. This is valid for
catalysts which allow a monodentate coordination of the
carbonyl functionality, such as the chiral aluminum and boron
complexes. However, new chiral catalysts for HDA reactions
have also been developed.

2.1.1. Chiral Aluminum and Boron Complexes

The first reliable and highly efficient chiral aluminum(tir)
catalyst for HDA reactions of aldehydes was reported by
Yamamoto et al.'®l The use of the chiral BINOL-AIMe
complexes (R)-12 was found to be highly effective for the
HDA reaction of various aldehydes with activated Danishef-
sky-type dienes. For example, the reaction of benzalde-
hyde 2a with trans-1-methoxy-3-(trimethylsilyloxy)-1,3-buta-
diene (Danishefsky’s diene) and trans-1-methoxy-2-methyl-3-
(trimethylsilyloxy)-1,3-pentadiene 3a and 3b, respectively,
affords cis-dihydropyrones cis-4 as the major product in high
yield with up to 97 % ee [Eq. (5)]. The reaction proceeds well

ke
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in nonpolar solvents such as toluene, where higher enantio-
facial selectivity is observed compared to polar solvents such
as CH,Cl,, where a significant retarded reaction rate is found.

The choice of the bulky triarylsilyl moiety in catalyst (R)-
12b is crucial for the success of the reaction, and in contrast to
this, the catalysts derived from AlMe; and (R)-3,3'-disubsti-
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tuted binaphthol (substituent =H, Me, Ph) were only effec-
tive in stoichiometric amounts and gave fewer satisfactory
results with regard to reactivity and enantioselectivity. The
reason for this change might be that the catalyst bearing the
sterically hindered auxiliary forms a complex with the
aldehyde which is readily liberated from the catalyst after
reaction with the diene to release steric repulsion, resulting in
the regeneration of catalyst.

For the HDA reaction in Equation (5), it was found that
chiral ketones such as 3-bromocamphor can bind selectively
to one enantiomer of the complex.l'”l Thus, if the HDA
reaction is performed in the presence of the racemic catalyst
12 and 3-bromocamphor (0.3 molar equivalents each), cis-4 is
isolated with up to 80% ee compared to 95% ee for the
reaction catalyzed by (R)-12b.

The use of the chiral BINOL — AlMe catalysts for the HDA
reactions has also included ligands which have the possibility
to form hypercoordinated aluminum complexes.'® 1] Per-
forming the reaction of benzaldehyde 2a with Danishefsky’s
diene 3a leads to the formation of the HDA adduct 4a in the
presence (R)-12¢—f in up to 97 % yield and 99.4 % ee using
(R)-12e as the catalyst [Eq.(6)]. A clear trend appears:
ligand (R)-12¢, which has neither the steric bulk, nor the
coordinating ether oxygen atoms characteristic of (R)-12e,
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catalyzes the reaction, but only modest chemical and optical
yields of 4a are obtained. Ligand (R)-12d, having methoxy
groups, is almost as efficient as (R)-12e, but with a modest
chemical yield. Ligand (R)-12 f, which should be expected to
have steric properties similar to those of (R)-12e, proved to
fall somewhere in between (R)-12¢ and (R)-12e with 87 % ee
for 4a. The lack of the ether oxygen atoms in 12 ¢, which are
capable of coordinating to the metal, significantly affects the
enantioselectivity compared to (R)-12e and (R)-12d. These
results indicate that hypercoordination can be an important
factor for the design of HDA catalysts for carbonyl com-
pounds.[*’]

Based on the absolute configuration of the HDA adduct 4a,
formed in the reaction which was catalyzed by (R)-12 e, model
calculations using (R)-12d show that the preferred geometry
for the intermediate is one in which the two oxygen atoms
from the BINOL ligand and the methyl substituent are
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located in the equatorial plane with one of the ligand
hypercoordinating ether oxygen atoms and the benzaldehyde
oxygen atom as the two axial ligands (Scheme 5).' The 2,5-
dimethoxyphenyl substituent which is not coordinating to
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Scheme 5. A model for the intermediate in the HDA reaction of
benzaldehyde with activated dienes catalyzed by chiral BINOL - alumi-
num(iif) complexes that are able to form hypercoordinating aluminum
complexes.

aluminum is oriented perpendicular to the BINOL ligand,
while the 2,5-dimethoxyphenyl substituent which hypercoor-
dinates aluminum is twisted towards the metal. This twisting
creates a chiral environment as the nonhypercoordinated
2,5-dimethoxyphenyl substituent shields the Si face of ben-
zaldehyde, while the Re face is available for approach by the
diene.

The mechanism for the HDA reaction of benzaldehyde 2a
with Danishefsky’s diene 3a catalyzed by aluminum com-
plexes was investigated from a theoretical point of view using
semiempirical calculations.?! The reaction was studied in the
absence, and presence, of (MeO),AlMe as a model catalyst
for the BINOL — AlMe system. The change in energy for the
concerted HDA reaction, and formation of the HDA adduct
by a Mukaiyama-aldol reaction, is shown in Figure 2. The
conclusion of the study was that in the absence of a catalyst
the concerted reaction is the most likely one with a transition-
state energy of 27 kcal mol~!, while for the reaction catalyzed
by (MeO),AlMe, a two-step mechanism is found with a
transition-state energy of 10 kcalmol~! for the first step (the
C—C bond being formed) leading to the Mukaiyama-aldol
intermediate, followed by a 3 kcalmol™! transition-state
energy for the ring-closure step. The aldol intermediate seems
to be stabilized by an interaction of the cation with the oxygen
atom of the Lewis acid.

With regard to the asymmetric aluminum-catalyzed HDA
reactions it should finally be mentioned that small ee values
have been obtained in reactions with menthoxydichloroalu-
minum as the chiral catalyst.[!]

Chiral boron(1r) Lewis acid catalysts have been successfully
applied for enantioselective HDA reactions of carbonyl
compounds.??l The chiral acyloxylborane catalysts (CAB I)
13a-d, were the first class of efficient chiral boron catalysts
for asymmetric DA reactions.’> 2] The arylboron catalysts
13b and 13c¢ which are air and moisture stable have been
shown by Yamamoto et al. to induce excellent chiral induction
in the HDA reaction between aldehydes such as 2a and

Angew. Chem. Int. Ed. 2000, 39, 3558 —-3588
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Figure 2. A schematic presentation of the energies of the transition states in the concerted reaction
of benzaldehyde with Danishefsky’s diene and the (MeO),AlMe catalyzed Mukaiyama-aldol like
pathway.

The characteristic structural feature of
the CAB 1 catalysts is a dioxaborolidi-
none formed with a tartaric acid deriva-
tive and a borane reagent. Following this
concept, catalysts were prepared from, for
example, N-sulfonyl a-amino acids.*!
The chiral (S)-tryptophan-derived oxaza-
borolidine catalyst 15 developed by
Corey etal. has been applied for the
conversion of aldehydes to the HDA
adduct 4a by reaction with Danishefsky’s
diene 3a.?" The reaction of benzalde-
hyde 2a affords mainly the Mukaiyama-
aldol product 14 which after isolation was
converted to 4a by treatment with tri-
fluoroacetic acid (TFA) [Eq. (9) ]. It was
observed that no HDA adduct was pro-
duced in the initial step providing evi-
dence for the two-step process.

2.1.2. Chiral Transition and Lanthanide
Metal Complexes

Different chiral transition- and lantha-
nide metal complexes can catalyze the
HDA reaction of unactivated and acti-
vated (vide infra) aldehydes with espe-
cially activated dienes. For the chiral
titanium catalysts the focus has been on
the use of BINOL -titanium(v) com-
plexes for the HDA reactions. These
catalysts have been widely used as chiral
catalysts in enantioselective C—C bond-
forming reactions of aldehydes.['> 24

Danishefsky’s dienes such as 3a with up to 95% yield and
97 % ee of the HDA adduct cis-4b [Eq. (7)].”2
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The HDA reaction catalyzed by complex 13d proceeds well
for several aromatic and a.f3-unsaturated aldehydes and has,
for example, been used for an enantioselective route to the
carbon-branched pyranose derivative cis-d¢ [Eq. (8)].[2
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Keck et al. reported that a catalyst generated from (S)- or
(R)-BINOL 16 and Ti(OiPr), in a 2:1 ratio is more selective
than the catalyst formed from a 1:1 mixture.?* The former
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catalyst was shown to catalyze the HDA reaction of aldehydes
2 with Danishefsky’s diene 3a affording the dihydropyrones 4
with moderate to excellent ee values (up to 97 % ee)

[Eq. (10)].
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The dihydropyrones are not produced directly in the initial
BINOL -titanium(1v) catalyzed reaction. The major product
at this stage is the Mukaiyama-aldol product which subse-
quently was cyclized by treatment with TFA.?*1 The formal
HDA adduct 4d (97 % ee) obtained from a-(benzyloxy)ace-
taldehyde is an important intermediate for compactin and
mevinolin (lovastatin), whose structural subunit 17 is avail-
able in three steps by applying the HDA approach
[Eq. (11)].24

o 1. MeOH
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A Dbis[3-(heptafluorobuturyl)camphorato]oxovanadium(1v)
complex (5 mol %) was shown by Togni to catalyze the HDA
reaction of mainly benzaldehyde with dienes of the Dani-
shefsky type.”) Moderate to good enantioselectivities were
observed if the reactions were carried out at low temperature.
A thorough investigation was performed with benzaldehyde
and various activated dienes, and reactions involving double
stereodifferentiation using a chiral aldehyde.

The salen ligand has been used in catalytic enantioselective
HDA reactions of carbonyl compounds with dienes in
combination with metal salts such as chromium and cobalt
(H,salen = bis(salicyliden)ethylenediamine). Jacobsen et al.*®!
have shown that the chiral salen—chromium(ii) complexes
18a, and 18b can catalyze the HDA reaction of different
aldehydes 2 containing aromatic, aliphatic, and conjugated
substituents with Danishefsky’s diene 3a [Eq.(12)]. The
reaction proceeds in good yield (up to 98 %) and 62-93 % ee.
It was found that the presence of oven-dried powdered 4 A
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molecular sieves (MS) led to an increased yield and enantio-
selectivity. The lowest enantioselectivity (62% ee, catalyst
18b) was obtained for hexanal, while the highest (93 % ee,
catalyst 18a) was obtained for cyclohexylaldehyde. The
mechanism of the HDA reaction was investigated in terms
of a traditional HDA-type cycloaddition, or formation of the
HDA-adduct by a Mukaiyama-aldol-reaction path (Sche-
me 3a]. In the presence of the chiral salen—chromium()
catalyst system, 'H NMR spectroscopy of the crude reaction
mixture of the reaction of benzaldehyde with 3a revealed the
exclusive presence of the HDA-pathway adduct. The Mu-
kaiyama-aldol condensation adduct was prepared independ-
ently and subjected to the conditions of the chiral salen—
chromium (i) catalyzed reactions. No detectable HDA adduct
could be observed and these results point towards a [2+4]
cycloaddition mechanism.

An important step in the development of a more general
catalytic enantioselective HDA reaction has also been
achieved by Jacobsen et al. by the introduction of chiral
tridentate  Schiff base chromium() complexes 19
[Eq. (13)].27 These complexes, which are highly diastereo-
and enantioselective catalysts for the reaction of unactivated
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aldehydes, can catalyze the reaction of less nucleophilic
dienes bearing fewer than two oxygen substituents. The
adamantyl-substituted catalysts 19a and 19b gave the best
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results, and both aliphatic and aromatic aldehydes underwent
HDA reactions. It was found that use of the hexafluoroan-
timonate chromium catalyst 19b resulted in a faster and more
enantioselective reaction and that the reaction can proceed
without solvent. The reaction was tested for various dienes,
for example 1-methoxy-1,3-butadiene reacts with TBSOCH,-
CHO (TBS =rBuMe,Si) in the presence of only 0.5 mol %
catalyst 19a to give the corresponding HDA adduct in
>99 % ee. This latter reaction provides, after hydrolysis and
oxidation to the corresponding lactone, an efficient access to
interesting natural product structures.

Danishefsky et al. were probably the first to observe that
lanthanide complexes can catalyze the HDA reaction of
aldehydes with activated dienes.?® The reaction of benzalde-
hyde 2a with activated conjugated dienes such as 3d was
found to be catalyzed by [Eu(hfc);] (20) (hfc = 3-(heptafluoro-
propylhydroxymethylene)camphorate) giving up to 58 % ee
[Eq. (14)]. For other substrates the HDA adducts were
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obtained with 20—40 % ee when the reaction was performed
in CHCl; at room temperature with 1mol% of 20. A
significant improvement was obtained when the reaction
was performed in the absence of a solvent and at reduced
temperature. Catalyst 20 has also been applied for diaster-
eoselective HDA reactions using chiral O-menthoxy-activat-
ed dienes, derived from (—)-menthol, giving up to 84 % del>*
and has been used for the synthesis of optically pure
saccharides.

More recently, Inanaga et al. have shown that ytterbium
tris[ (R)-(—)-1,1'-binaphtyl-2,2’-diyl|phosphonate can catalyze
the HDA reaction of aromatic aldehydes with Danishefsky’s
diene to give the HDA adduct in good yield and with up to
93 % ee at room temperature.?’! The addition of 2,6-lutidine
improved the catalytic properties of the complex.

2.2. Reactions of Activated Aldehydes

Different main group, transition, and lanthanide metal
complexes can catalyze the HDA reaction of activated
aldehydes with activated and nonactivated dienes. The chiral
metal complexes which can catalyze these reactions include
complexes that allow substrates to coordinate in a mono- or
bidentate fashion.

Angew. Chem. Int. Ed. 2000, 39, 3558 —-3588

2.2.1. Chiral Aluminum and Boron Complexes

Chiral BINOL-AIMe complexes can catalyze a highly
chemo- and enantioselective HDA reactions of activated
aldehydes with conjugated dienes.'*! The reaction of ethyl
glyoxylate (5a) with simple dienes, such as 2,3-dimethyl-1,3-
butadiene (6a), in the presence of (R)-BINOL - AlMe 12¢g as
the catalyst gives the HDA 7a adduct as the major product in
73 % vyield with up to 97 % ee and with only 7% of the ene
adduct 8a [Eq. (15)]. This is a significant change in chemo-
selectivity towards the HDA reaction pathway compared with
the use of chiral titanium(v) as well as chiral copper(i) and
zinc(i1) complexes, which give mainly the ene adduct, and a
mixture of HDA and ene adducts, respectively (vide infra).
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The reaction in Equation (15) was further developed to be
the first catalytic enantioselective HDA reaction catalyzed by
a chiral polymeric Lewis acid complex.%3U The use of the
chiral polybinaphthyl polymer 21 in combination with AlMe;
in the reaction of 5a with 6a gave the HDA adduct 7a in 67 %
yield and up to 95% ee, and a 7a:8a ratio of 5:1. The most
important aspect of the using 21 is that it can easily be
recovered by simple filtration with MeOH and reused without
significant change in yield, chemo-, and enantioselectivity.

Mikami et al. have shown that chiral boron(ii1) complexes
can catalyze the HDA reaction of glyoxylates with Danishef-
sky’s diene [Eq. (16)].”? Two classes of chiral boron catalysts
were tested, the f-amino alcohol derived complex 22 (Tf=
SO,CF;) and bis-sulfonamide complexes. The former catalyst
gave the best results for the reaction of methyl glyoxylate (5b)
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with diene 3a, where the HDA adduct 7b was isolated in 69 %
yield and 94 % ee, while the chiral bis-sulfonamide boron
complex gave only 62 % ee.

Based on the absolute configuration of 7b [Eq. (16)], it was
postulated that Sb coordinates in a monodentate fashion to
the chiral catalyst 22 as outlined in 23 by which the Re-face of
the activated carbonyl functionality is shielded by the triflate
group allowing the diene to approach in an endo-fashion to
the Si-face of the carbonyl functionality.[*

2.2.2. Chiral Transition Metal and Lanthanide Complexes

The interest in chiral titanium(1v) complexes as catalysts for
reactions of carbonyl compounds has, for example, been the
application of BINOL —titanium(1v) complexes for ene reac-
tions.'> 21 When isoprene 6b was employed as the diene for
reaction with methyl glyoxylate 5b in the presence of catalyst
24 prepared in situ from [Ti(OiPr),X,] and an optically pure
BINOL, both the HDA and ene products 7c¢ and 8b,
respectively, [7¢:8b ratio 1:4] were obtained with excellent
enantioselectivity (97 % ee) [Eq. (17)].1%
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Mikami et al. have also shown that a BINOL - titanium(1v)
complex in which the 6 and the 6'-position of the BINOL
ligand is substituted with bromine catalyzes a selective HDA
reaction of methyl glyoxylate with 1-methoxy-1,3-diene in up
to 81 % yield and 97 % ee.?!
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The remarkable change in reaction course is notable when
changing the metal from aluminum to titanium for HDA
reactions using BINOL as the chiral ligand. When the chiral
aluminum(11) catalyst is applied the HDA adduct is the major
product, while for the chiral titanium(iv) catalyst, the ene
adduct is the major product. The reason for this significant
change in reaction course is not fully understood. Maybe the
glyoxylate coordinates to the former Lewis acid complex in a
monodentate fashion, while in the latter case, the glyoxylate
coordinates in a bidentate fashion and these two coordination
modes promote the two different reaction courses.

Chiral salen-cobalt(iil) complexes can also catalyze the
reaction of glyoxylates with activated dienes to give the HDA
adduct in moderate yield and enantiomeric excess.?!

In 1995, it was demonstrated that chiral C,-symmetric
bisoxazoline — copper (i) complexes® ! are efficient catalysts
for HDA and ene reactions of glyoxylates with simple
dienes!! leading to an intense activity in the use of these
catalyst for different HDA reactions.

For the reaction of ethyl glyoxylate (5a) with, for example,
2,3-dimethyl-1,3-butadiene (6a) in the presence of Ph-BOX-
CuX, (R)-25a or tBu-BOX-CuX, (5)-25b (BOX = bisoxazo-
line) catalysts, ratios of 1:0.6 to 1:1.8 of the HDA adduct 7a
relative to the ene adduct 8a were obtained [Eq. (18)]. These
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results show that the chiral BOX—copper(l1) system gives a
higher ratio of HDA products than the chiral BINOL —tita-
nium (1v) catalyst. The absolute configuration of the product
in these HDA reactions catalyzed by the chiral BOX -cop-
per(11) complexes led, according to the best of our knowledge,
to the first report with the interesting observation that the
4-tert-butyl-BOX ligand and the 4-phenyl-BOX ligand in
combination with copper(ll) salts give opposite asymmetric
induction in the product. Using the copper catalysts derived
from the R enantiomer of the phenyl-BOX ligand and the §
enantiomer of the fert-butyl-BOX ligand in combination with
copper(i)) afforded the same S enantiomer of the cyclo-
addition product.

The enantioselective HDA reaction catalyzed by chiral
BOX - copper(i1) complexes can be used for conjugated cyclic
dienes, such as 1,3-cyclohexadiene (6¢) (Scheme 6a).[!3 4]
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Scheme 6. a) Catalytic enantioselective HDA reaction of ethyl glyoxylate
(5b) with 1,3-cyclohexadiene (6¢) leading to a synthetic approach for the
formation of the optically active bicyclic lactone 26a. b) The catalytic
enantioselective HDA approach for the formation of the optically active
sex phereomone (R)-dihydroactinidiolide.

The HDA reaction of glyoxylates with conjugated dienes is
dependent on solvent, and counterions have significant effects
on the rate and enantioselectivity of this reaction.*!! The
reaction of 6¢ was much faster when less coordinating SF¢~
was used instead of F;CSO,0~ (OTf, triflate) as the counter-
ion, and the reaction was carried out in a more polar solvent
such as MeNO, instead of CH,Cl,; in this way the HDA
adduct 7d was isolated in 98 % yield with >97 % ee. It was
rationalized that the reactive BOX —copper() catalyst is the
dicationic species. Therefore, the dissociation of the two
counterions from copper is important in order to activate the
catalyst, and the more polar solvents will stabilize the
dissociated ligand —copper cations. The potential of this
reaction is illustrated by the enantioselective synthesis of a
bicyclic lactone 26a by treatment with base followed by a
rearrangement reaction under acidic conditions (Scheme 6a).
This approach has been used for the synthesis of (R)-
dihydroactinidiolide (Scheme 6b),[*! which is one of the main
components of the pheromone for the queen recognition of
the workers of the red fire ant, Soleneopsis invicta. The total
synthesis, which starts from ethyl glyoxylate (5a) and 2,6,6-
trimethyl-1,3-cyclohexadiene (6d) shows for the HDA reac-
tion the highly regio, diastereo- and enantioselective catalytic
properties of the (§)-‘Bu-BOX-CuX, (X =SbF,) complex
25b. The catalytic enantioselective approach to the formation
of the bicyclic lactones outlined in Scheme 6 seems to work
only for 1,3-cyclohexadiene derivatives. However, the corre-
sponding optically active bicyclic lactone containing a cyclo-
pentene ring can easily be prepared by a catalytic enantiose-
lective ene reaction catalyzed by chiral BOX-copper(ir)
complexes of glyoxylate with cyclopentene, followed by an
iodolactonization reaction.[**l
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Ghosh etal. have also investigated the HDA reaction
catalyzed by chiral BOX - copper(i1) complexes between ethyl
glyoxylate (5a) and Danishefsky’s diene 3a by applying
catalyst systems derived from Cu(OTf), and ligands (S)-Ph-
BOX (S5)-25a, (S)-1Bu-BOX (§)-25b, and the conformation-
ally constrained BOX ligand 25¢ in order to compare the
properties of the latter ligand with the two others
[Eq. (19)]“l. The HDA adduct 7 f was obtained in 70 % yield
and 72% ee by using 25¢ and Cu(OTf),, which for this
particular reaction was a significant improvement compared
with the two other catalysts.
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The methodology in Equation (19) has been used for 