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Abstract: New methods that allow the generation of transition metal-based catalysts and receptors are discussed.
It is shown that heterobimetallic, halogeno-bridged complexes are well-suited for screening assays in combinato-
rial catalysis. Metal catalysts with a structurally defined second coordination sphere can be obtained by molecu-
lar imprinting with pseudo-substrate conjugates as exemplified by the substrate-, regio- and stereoselective re-
duction of ketones, catalyzed by immobilized ruthenium and rhodium complexes. Macrocyclic complexes, formed
by self-assembly of organometallic complexes, are shown to act as highly specific receptors for small cations and

anions.
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The following article provides a brief
overview about the different research pro-
jects that are currently being pursued in my
laboratory at the Ecole Polytechnique
Fédérale de Lausanne. It is based on a talk
given on the occasion of the Fall Meeting
2003 of the Swiss Chemical Society.

Combinatorial Catalysis with
Bimetallic Complexes

Combinatorial methods are increasing-
ly being used for the discovery and the op-
timization of new catalysts. In the field of
homogeneous catalysis, most efforts have
focused on mononuclear complexes using
combinatorial libraries of ligands [1]. It
would be interesting, however, to include
polynuclear complexes. First of all, be-
cause the presence of two or more metal
ions would allow the diversity of the library
to be increased further and secondly, be-
cause of the potentially superior perform-
ance of polynuclear catalysts as compared
to their mononuclear counterparts. A pre-
requisite for a fast screening assay is the
availability of a library of potential catalyst
precursors. For polynuclear complexes one
is thus faced with the problem to synthesize
a structurally diverse set of compounds on
a reasonable time scale.

Over the last years, we have developed
very efficient and versatile methods, which
allow the synthesis of bimetallic complex-

es, in which two different metal fragments
are connected by either two [2-5] or three
[6-8] halogeno-bridges [9]. Some of the
complexes, which are suited for the synthe-
sis of asymmetric complexes with three
halogeno-bridges are shown in Scheme 1.
Various transition metals such as rutheni-
um, rhodium, iridium, rhenium, molybde-
num or tungsten can be incorporated and a
variety of different ligands can be em-
ployed. Importantly, it is possible to com-
bine every complex of type A with every
complex of type B. As a consequence, the
structural diversity that is accessible is very
large, even for the small subset of starting
materials that is shown in Scheme 1. For ap-
plications in the field of combinatorial
catalysis, it is also of importance that
bimetallic, halogeno-bridged complexes
can be synthesized in situ without prior pu-
rification. This facilitates the screening as-
says to a considerable extent. One should
note, however, that this class of compounds
is less suited for catalytic reactions with
substrates which represent strong donor lig-
ands, because cleavage of the halogeno-
bridge can occur.

Recently, we have reported a first appli-
cation in homogeneous catalysis [10]. A 1i-
brary of 66 catalyst precursors was generat-
ed in situ in a highly parallel fashion by
mixing chloro-bridged complexes of Rh!,
RhL ], Ir, P Rul, Ru'™, Ru!V, and Pt
with the three different Rull-phosphine
complexes. As a benchmark reaction for
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Scheme 1. Synthesis of bimetallic complexes in which two different metal fragments are connected
by three halogeno-bridges. Every complex of type A can be combined with every complex of type B.
Only a subset of potential starting materials is shown.

atom transfer radical additions (ATRA) we
have used the addition of CCl, to styrene.
Based on this assay, we have been able to
identify two heterometallic, chloro-bridged
Rh-Ru complexes which show an excep-

mum TON of 4500 and an initial TOF of
1200 h™!, they rank among the best ATRA
catalysts described so far. Furthermore,
these new catalysts tolerate the use of wa-
ter-containing solvents and give excellent

tionally high activity (Fig. 1). With a maxi- yields for ‘difficult’ substrates such as
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Fig. 1. Two chloro-bridged Rh-Ru complexes are identified as highly active catalysts for the atom
transfer radical addition of CCl, to olefins using a fast screening assay with in situ generated polynu-
clear complexes
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octene. These results clearly demonstrate
the potential of mixed halogeno-bridged
complexes in homogeneous catalysis. Oth-
er reactions such as atom transfer radical
polymerizations are currently being investi-
gated in our laboratory.

Biomimetic Catalysis by Molecular
Imprinting

The fact that bimetallic complexes are
potentially superior catalysts is a lesson that
chemists have learned many years ago by
studying metalloenzymes. Another feature
of metalloenzymes is that the selectivity is
often controlled by a structurally defined
second coordination sphere of the metal
complex. For the design of synthetic cata-
lysts, the second coordination sphere is
generally neglected, mostly due to a lack of
suited methods to make such complexes.
Nevertheless, the implementation of a
structurally defined microenvironment in
synthetic organometallic catalysts would be
of interest for several applications. Due to
specific molecular recognition between
substrate and catalyst an enhanced regio-,
stereo-, and substrate-selectivity should be
possible. In order to reach this goal we use
a simple and flexible method that is based
on self-assembly, called molecular imprint-
ing (MI) [11]. The strategy how this tech-
nique can be employed to control the mi-
croenvironment of a transition metal cata-
lyst is outlined in Scheme 2. A catalytically
active metal complex having one (or more)
polymerizable side chain(s) is coordinated
to a pseudo-substrate (step a). In terms of
size and functionality this pseudo-substrate
should be similar to the real substrate used
in the catalytic transformation. Ideally, the
resulting complex should mimic the transi-
tion state of the catalytic transformation.
The catalyst-pseudo-substrate conjugate is
subsequently co-polymerized with a large
excess of a crosslinking monomer (e.g. eth-
ylene glycol dimethacrylate) in the pres-
ence of a porogen following the standard
protocol of MI (step b). Selective removal
of the pseudo-substrate from the resulting
polymer gives an immobilized catalyst with
a specific cavity in proximity to the catalyt-
ically active metal center (step c). Alterna-
tively, the metal ion is also removed from
the polymer (step d). The catalyst is then as-
sembled in a final step on the support (step
e). The advantage of the latter method is
that it is possible to switch metal ions (e.g.
a Cu complex for imprinting and a Rh com-
plex for catalysis). It is important to point
out that the highly crosslinked polymers
generated in such a procedure are ideally
suited for immobilized catalysts. Due to
their high surface area — typically between
100 and 500 m?/g are observed — the acces-
sibility of the catalyst within the polymer is
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Scheme 2. Basic concept to generate an immobilized catalyst with a well-defined second coordina-
tion sphere (‘substrate pocket’) by molecular imprinting

very good. Furthermore, the permanent
pore structure allows the use of a large va-
riety of solvents for catalysis, even water.

We have employed the methodology
outlined in Scheme 2 for different transition
metal catalysts, in particular for transfer hy-
drogenations catalyzed by organometallic
ruthenium and rhodium complexes [12]. If
immobilized catalysts with and without
substrate pocket are compared, one can
generally observe an increased activity for
the imprinted catalysts by up to one order of
magnitude. But more importantly, it is pos-
sible to modulate the substrate- [13][14],
stereo- [15] and regioselectivity [14] in a
controlled fashion. Apart from an increased
selectivity, imprinted metal catalysts dis-
play two additional advantages: a) Destruc-
tive intermolecular reactions are dimin-
ished by site isolation in the polymeric ma-
trix. As a result, the stability of the catalyst
may be enhanced [16]. b) The polymers dis-
play the classical advantages of heteroge-
neous catalysts such as easy recovery by fil-
tration, which may be of interest for appli-
cations in organic synthesis.

Self-Assembled Receptors for
Small Cations and Anions

Compared to specific catalysts, the
structural requirements for selective
ionophores are slightly different. Whereas
for catalysts with a substrate pocket a cer-
tain flexibility in the binding site can be tol-
erated and may even be needed, a good
ionophore with a high selectivity needs to
be very rigid and preorganized. This is nice-
ly illustrated by the ‘spherands’ developed
by Cram [17]. Here, the oxygen donor-
atoms are ideally preorganized to bind
small alkali metal ions and a remarkable
binding constant combined with an excel-

lent selectivity is observed. But the draw-
back — from a synthetic point of view — is
obvious: it’s very hard to make these mole-
cules. A very attractive alternative for the
construction of macrocyclic ionophores is
the utilization of transition metal based
self-assembly processes. These reactions
often give rather rigid structures in a single
step and in good yields. First reports about
so-called metallacrown complexes were
published by Pecoraro et al. at the begin-
ning of the 90s [18] but in recent years,
many other research groups have con-
tributed to this area (for some selected ref-
erences see [19-22]).

The class of compounds that we are fo-
cusing on are macrocycles which are ob-
tained by reaction of tridentate ligands with
organometallic complexes of (arene)Rul!
[23-32], Cp*I'  [31-33], Cp*Rh!!
[24][30] and (CO)3ReI [34] (Fig. 2). All
these metal fragments possess three avail-
able facial coordination sites. If sufficiently
rigid ligands are employed, tri- or tetranu-
clear complexes can be formed in excellent
yields (Fig. 3).

Several of these complexes were found
to display an interesting host-guest chem-
istry [35][36]. Trinuclear complexes build
with 2,3-dihydroxypyridine ligands, for ex-
ample, represent analogues of 12-crown-3.
Similar to their organic counterparts they
can bind lithium and sodium ions, although
with much higher affinity and selectivity
[23-25]. This was used to develop a specif-
ic chemosensor for Li* [28] and to stabilize
the unusual molecular forms of LiF [31]
and Na,SiF, [26]. If 2,3-dihydroxypyridine
ligands with amino-substituents are em-
ployed, it is possible to generate trinuclear
macrocycles, which are soluble in water at
neutral pH. The corresponding (cymene)Ru
complex is among the best and selective re-
ceptors for lithium ions in water which have
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been described so far [29]. Due to the phar-
macological interest of lithium salts, biomed-
ical applications can be envisioned [37].

In an extension of this work, we have
been able to construct a specific receptor for
the fluoride anion [33]. The basic concept is
schematically shown in Fig. 4. A lithium
ion, which serves as a fluoride-binding site,
is coordinated inside a trimeric Cp*Ir com-
plex. The accessibility of the Li* center is
limited by the steric requirements of the -
ligand. Since the radius of the fluoride ion
is significantly smaller than that of most
other anions and since the hard Lewis acid
Li* has a high intrinsic affinity for the hard
Lewis base F-, a highly specific receptor is
obtained. An important feature of this re-
ceptor is the fact that the binding of fluoride
can be transduced into an electrochemical
signal. The system can thus be used as a
specific chemosensor.

Currently, we are investigating the dy-
namic behavior of these macrocyclic
ionophores. It was shown that in polar sol-
vents, the complexes undergo scrambling
reactions. If a trimeric Cp*Rh complex is
mixed with a trimeric (arene)Ru complex,
for example, heterometallic Rh-Rh-Ru and
Ru-Ru-Rh macrocycles are obtained rapid-
ly. This offers the opportunity to generate
dynamic combinatorial libraries (DCL) of
receptors [38]. A DCL represents a chemi-
cal network that is able to adapt to the envi-
ronment. If a target molecule is added to
such a system, it will re-equilibrate until the
new thermodynamic minimum is estab-
lished. Several groups have shown that the
re-equilibration can lead to the amplifica-
tion of molecules with high affinity to the
target [38]. This amplification can be used
to discover new receptors or —depending on
the target molecule — new catalysts and sub-
strates.
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Fig. 2. The combination of tridentate ligands with
organometallic complexes having three available
binding sites can lead to the formation of macro-
cyclic complexes with interesting host-guest
properties
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Fig. 3. Molecular structures of organometallic macrocycles containing a) (arene)Ru-, b) (CO);Re-, c)
Cp*lr- or d) Cp*Rh fragments. The (arene)Ru complex can act as a highly selective receptor for lithi-
um and sodium salts whereas the (CO);Re complex can be used to stabilize an unusual silver-arene
complex.
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Fig. 4. A lithium ion, coordinated to a receptor comprised of three Cp*lr complexes with bridging di-
hydroxypyridine ligands, acts as a highly specific binding site for the fluoride anion.
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In a combined theoretical and experi-
mental study, we have recently identified
some previously unnoticed limitations of
the DCL approach [39][40]. But these lim-
itations are only valid for certain boundary
conditions, as numerical simulations have
shown [40]. Based on this knowledge, we
are now using DCLs of metallamacrocycles
for the detection of new high-affinity re-
ceptors.
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