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The microenvironment, and thus the activity and selectivity
of an immobilised ruthenium catalyst, was modified in a
controlled way using a transition state analogue as the
catalyst precursor in combination with an imprinting
technique.

Molecular recognition between enzymes and substrates, as well
as subsequent catalytic transformation, is largely controlled by
precisely positioned functional groups within cavities formed
by the protein. The implementation of such cavities into
artificial, biomimetic catalysts is one of the major challenges in
this field. Current approaches are often based on organic host
molecules (e.g. cyclodextrins) covalently attached to catalyt-
ically active groups but the synthetic effort required for the
construction of such systems is generally substantial.1 Alter-
natively, materials with cavities of molecular dimensions can be
obtained by imprinting techniques.2 Here, polymeric materials
are generated in the presence of template molecules, removal of
which creates cavities with complementary shapes. Several
groups have tried to utilise this technology for the synthesis of
catalytically active polymers using transition state analogues as
templates but the observed activities were generally modest.2
Recently, a very nice example of a synthetic esterase which
shows a rate enhancement of 102 was reported by Wulff et al.3
Nevertheless these values are several orders of magnitude lower
than those observed for natural enzymes. Our goal is to produce
highly active and selective enzyme mimics by combining the
power of organometallic catalysts with the methodology of
molecular imprinting.4 Preliminary results are reported below.

The transfer hydrogenation of aromatic ketones catalysed by
ruthenium half-sandwich complexes has recently received
much attention since with certain chiral amine-based ligands
excellent enantioselectivities were obtained.5 In these reactions
propan-2-ol or formic acid serves as the hydrogen source
(Scheme 1). In accordance with all experimental results a six-
membered cyclic transition structure A was suggested for
transformations of this kind.5b To imitate this structure with a
coordinatively fixed pseudo-substrate we propose phosphinato
complexes of the general formula B as organometallic transition
state analogues (TSA). Our strategy for using such a TSA for
the generation of an immobilised catalyst with a form-selective
cavity in proximity to the catalytic centre is summarised in
Scheme 2. A ruthenium complex 1 with a styrene side chain is
synthesised from [(h6-cymene)RuCl2]2 and the respective

amine ligand6 in the presence of NaOMe (Ru+ligand+base =
1+2+2). The chloride ligand is then substituted with a
diphenylphosphinato ligand to give complex 2 in good yield.
The anticipated structure with a monodentate phosphinato
ligand which shows a hydrogen bond to the amine group of the
coligand was confirmed by the results of a single crystal X-ray
analysis (Fig. 1).† To the best of our knowledge this complex
represents the first structurally characterised organometallic
TSA.7 Complex 2 is copolymerised with ethylene glycol
dimethacrylate (Ru+EGDMA = 1+99) in the presence of a
porogen (chloroform) to give the highly crosslinked jet porous
polymer 3.8 To initiate the reaction we employed 2,2A-azobis(4-
methoxy-2,4-dimethylvaleronitrile) (V-70) which allows the
polymerisation to be carried out under very mild conditions.9

The polymer was ground and wet-sieved to obtain uniform
particle sizes of between 25 and 100 mm. The phosphinato
ligand was selectively cleaved off using a solution of BnNEt3Cl
in methanol (0.1 M) to give polymer 4 containing a ruthenium
chloro complex.10 The polymer was finally washed with
methanol and dried in vacuo. To determine the influence of the
cavity generated this way we made the polymer 5 using
complex 1 instead of the TSA 2 following an otherwise identical
protocol.

When tested for their ability to catalyse the reduction of
benzophenone both polymers displayed a high activity indicat-
ing good incorporation and accessibility of the ruthenium

Scheme 2 Reagents and conditions: i, AgO2PPh2, CH2Cl2, room temp., 96 h; ii, EGDMA, CHCl3 (Ru+CHCl3+EGDMA = 1+100+99), V-70 (1.5%), 35 °C,
20 h; then 65 °C, 4 h; iii, [BnNEt3]Cl in MeOH (0.1 M).

Scheme 1 Transfer hydrogenation of aromatic ketones catalysed by
ruthenium half-sandwich complexes (A–B represents an anionic chelate
ligand). The proposed transition structure A is mimicked by the phosphinato
complex B.
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complexes. To quantify the activity the initial turnover
frequencies (TOF) were determined. The experiments revealed
that the molecularly imprinted polymer (MIP) 4 was sig-
nificantly more active than polymer 5 [TOF(4) = 51.4 h21,
TOF(5) = 16.5 h21, Fig. 2]. The rate enhancement of greater
than a factor of three is remarkable considering that both
polymers contain the same amount of ruthenium complexes
having an identical first coordination sphere.

The MIP-catalyst 4 was also expected to display an increased
selectivity for benzophenone, the substrate which was imitated
during the polymerisation process by the pseudo-substrate
diphenylphosphinate. We therefore performed a series of
competition experiments with equimolar amounts of benzophe-
none and a cosubstrate, chosen to differ in size, shape and
reactivity. The selectivity was determined comparing the initial
rates of product formation (Table 1). In all cases catalyst 4
showed a substantially higher specificity for benzophenone than
the control catalyst 5. The relative increase in selectivity was
slightly larger for aliphatic ketones (entries 1–3) as compared to
aromatic ketones (entries 4–6).

These results show that the activity and selectivity of an
immobilised catalyst can be enhanced using organometallic
TSAs as templates in combination with an imprinting tech-

nique. Currently we are trying to apply this methodology to
other catalytic transformations including enantioselective reac-
tions. Further results will be reported in due course.
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Fig. 1 The molecular structure of 2 in the crystal (most hydrogen atoms are
omitted for clarity). Selected bond distances (Å) and angles (°): Ru(1)–N(2)
2.135(3), Ru(1)–O(3) 2.155(3), P(1)–O(4) 1.499(3), P(1)–O(3) 1.518(3),
N(2)–O(4) 2.972(3); N(2)–Ru(1)–O(3) 82.81(12), O(4)–P(1)–O(3)
116.5(2), P(1)–O(3)–Ru(1) 131.9(2).

Fig. 2 Product formation as a function of time for reactions carried out at
70 °C with 500 ml of azeotropic HCO2H/NEt3, 500 ml of MeCN, 100 mmol
of benzophenone and 1 mmol of catalyst 4 (-) or catalyst 5 (8),
respectively. To calculate the amount of catalyst, a quantitative incorpora-
tion of complex 1 and 2 into the polymer was assumed. Every 5 min a
sample of 100 ml was removed from the reaction vessel, quenched with
MeCN/MeCO2H (3+1), filtered and analysed by capillary GC. The data
represent averaged values from two independent experiments; the errors are
< 0.2 %.

Table 1 Substrate-selectivity of the MIP-catalyst 4 and the control polymer
5

Selectivityb

Entrya Cosubstrate 4 5

1 2-Norbornanone 4.3 2.2
2 2-Adamantanone 4.9 2.5
3 Cyclohexyl methyl ketone 14.2 7.4
4 Acetophenone 2.8 1.8
5 a-Tetralone 3.8 2.2
6 Phenyl isopropyl ketone 20.6 13.8

a The reactions were carried out with 50 mmol of benzophenone, 50 mmol
of the cosubstrate and 1 mmol of the respective catalyst. b The selectivity
was calculated by dividing the initial rate of diphenylmethanol formation by
the initial rate of product formation for the reduction of the cosubstrate. For
norborneol the sum of isomers was used.
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