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1. Introduction

Enzymes catalyse reactions with remarkable regio and
stereoselectivity under very mild conditions. They are a
source of inspiration to chemists, demonstrating what
could be achieved with a full understanding of the under-
lying principles of the subject, and have long provided a
stimulus for research into synthetic equivalents. The basic
principle behind enzyme catalysis: molecular recognition
and stabilisation of the transition state of a reaction, was
originally proposed by Pauling over 50 years ago1and later
expanded upon by Jencks.2 However, despite some impres-
sive advances in the ®eld of arti®cial enzymes, chemists
have yet to fully put this theory into practice to produce
a synthetic equivalent which can rival enzymes in rate
acceleration, turnover and speci®city.

Enzymes have had billions of years to evolve into the
sophisticated three-dimensional structures of today. As
chemists, we need to concentrate this period into a feasible
timescale for research. In recognition of this fact, recent
developments in the ®eld of arti®cial enzymes have tended
to move away from the rational design and multistep syn-
thesis of complex molecules where the smallest ¯aw in
conception can have catastrophic results. Instead, current
strategies have tended to focus on selection approaches.
Advances in the ®elds of molecular biology, biochemistry
and more recently combinatorial and polymer chemistry
have all furnished unique and often co-operative solutions
to the synthesis of arti®cial enzymes, and it is the aim of this
overview to discuss some of the more recent and diverse
approaches taken by organic chemists towards the creation
of effective enzyme mimics.

In general these different approaches can be divided into
three categories;

The `design approach'. A host molecule is designed with
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salient functionality (often also present in the natural
enzyme counterpart) which is expected to be involved in
catalysis of the chosen reaction. Catalytic cyclodextrins
are one such example.

The `transition state analogue-selection approach'. A
library of hosts is generated in the presence of a transition
state analogue (TSA) and the best host is then selected from
the library. This latter approach has been employed with
considerable success in the ®eld of catalytic antibodies
and has more recently inspired the process of `molecular
imprinting' (vide infra).

The `catalytic activity-selection approach'. This takes
advantage of the combinatorial chemistry revolution
wherein a library of possible catalysts is generated and
screened directly for enzyme-like activity.

Although a review on arti®cial enzymes would not be
complete without mention of the more established enzyme
mimics such as cyclodextrins and catalytic antibodies, these
areas are justi®ably deserving of review articles in their own
right,3,4 and only selected examples will be discussed here.
Equally, much research into enzyme mimetic systems has
been carried out in the ®eld of bio-inorganic and co-ordi-
nation chemistry and has been summarised elsewhere.5 This
review, written from the perspective of the organic chemist,
will instead concentrate on less developed areas and will
conclude with a discussion of some of the more recent
developments in `selection approaches' towards arti®cial
receptors. In particular, dynamic combinatorial libraries
(DCLs) and related research will be described with refer-
ence to possible applications in the ®eld of enzyme mimics.

2. Transition state theory

The currently accepted view is that catalysis rests on the
enzymes ability to stabilize the transition state of a reaction
relative to that of the ground state. This principle is illus-
trated (Fig. 1) for a unimolecular example where the
enzyme±substrate complex is stabilised relative to the free
species in solution. The activation barrier to reaction is
represented by the difference DGcat and DGuncat for the
enzyme catalysed and the uncatalysed reactions respec-
tively.

It is clear from this picture that, for catalysis to work, the
difference DGETS# must be larger than DGES. In other words,
the enzyme must stabilise the transition state of the reaction
more than it stabilises the ground state of the substrate.6 For
true catalysis, a system also needs to exhibit turnover. If the
product binds to the enzyme in a signi®cantly stronger way
than it binds to the substrate (E.S,E.P), then product
inhibition of the reaction can result. In this case substrate
binding can be bene®cial. The most important consequence
of this picture of enzyme action is that the design of an
enzyme mimic must not only consider transition state bind-
ing relative to substrate binding, but also ensure that the
active site is designed such that product release is a thermo-
dynamically favourable process.

The discussion above is a simpli®cation of the real situation
since enzyme catalysis of a transformation often involves an
alternative reaction pathway from that taken in the non-
catalysed process, usually taking advantage of the enzymes
ability to reduce the molecularity of multistep sequences.
The situation also becomes more complicated for bimolec-
ular processes and reactions involving covalent enzyme-
bound intermediates,7 such as the intermediate 1, invoked
in the initial step of the mechanism for amide bond cleavage
by serine proteases (Scheme 1).8

In these more complex systems, application of the above
model of transition state stabilisation is less straightforward.
However, the foregoing discussion is suf®cient to appreciate
the basic principle behind many of the various approaches to
arti®cial enzymes.

Perhaps the biggest obstacle to the synthesis of enzyme
mimics is that in order to design an arti®cial enzyme it is
necessary to understand how enzymes achieve this selective
binding of the transition state. Many studies have been
carried out in attempts to quantify the contributions of the
many weak intermolecular forces involved. In general the

Figure 1.

Scheme 1.
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overall binding is a product of electrostatic forces, hydrogen
bonding, and cumulative hydrophobic and Van der Waals
in¯uences.7 Since enzymes operate in water, desolvation
effects and the resulting entropy changes are also very
important factors.9,10

Hydrogen bonding and electrostatic interactions contribute
signi®cantly to the binding af®nity between the substrate or
transition state and the enzyme, although, since enzymes
operate in water, the contribution of these effects is greatly
moderated by solvation. In fact, in some cases, desolvation
of both the polar group on the ligand and the complementary
group in the enzyme may cost as much in enthalpy as is
gained by bringing the two groups together.7 Many studies
into the in¯uence of hydrogen bonding in particular have
been carried out, in an attempt to quantify the energy differ-
ence gained upon the formation of a ligand±host hydrogen
bond in water.11±13 The value for a neutral±neutral hydro-
gen bond has been generally found to be in the order of
1.5 kcal mol21, which represents a perhaps surprisingly
modest energy gain.14 As a result it has been suggested
that such interactions `may play less of a role in enhancing
association of the correct ligand than they do in creating a
penalty for binding the wrong ligand, i.e., in determining
ligand speci®city'.7

By way of contrast, the contribution of charged hydrogen
bonds to binding enthalpy is more signi®cant. This differ-
ence between neutral and charged hydrogen bonding is
elegantly illustrated by comparison of the two model recep-
tors 2 and 3 for glutaric acid (Fig. 2).15,16

Both receptors create the same number of hydrogen bonds
with glutaric acid. However, although the neutral diamide 2
binds glutaric acid strongly in choloroform (Kass�
60000 M21), in DMSO binding is not observed,15 whilst
the receptor 3 which incorporates two charged electrostatic
hydrogen bond interactions is almost as good a receptor in
DMSO (Kass�50000 M21) containing 5% THF, moreover,
binding is still measurable in the presence of 25% water.16

In quantitative terms, the presence of a charged hydrogen

bond has been estimated to contribute up to 4.7 kcal mol21

to the stability of an enzyme±ligand interaction.12,14

More recently the importance of the hydrophobic effect in
selective binding has been highlighted.14 This stabilising
in¯uence arises from the transfer of a hydrophobic surface
out of water and into contact with a complementary hydro-
phobic region of a ligand or receptor. The driving force
behind this favourable interaction is the bene®cial change
in free energy as ordered water molecules surrounding the
hydrophobic surfaces are released into bulk solvent. The
signi®cance of this phenomenon has been beautifully exem-
pli®ed in a recent review into molecular recognition in drug
design.14 A wide range of examples where hydrophobic
interactions play an important role in binding is discussed.
Most importantly, the concept of an `induced ®t' in which
the receptor undergoes a conformational change in order to
optimise hydrophobic interactions with the ligand is empha-
sised. The fact that the shape of a molecule, rather than it's
polar functional groups, is of vital import, has often been
overlooked in drug design.

An example can be found in the interactions involved in the
complexes of inhibitors 4 and 5 with the matrix metallo-
proteinase stromelysin.17 Replacement of the N-methyl
amide group in 4 by a phenyl ring 5 (Fig. 3) was accom-
panied by an unpredicted conformational shift of a loop in
stromelysin which allowed an unexpected Leu residue to
bind to the hydrophobic benzhydryl moiety. This elegantly
demonstrates the inherent ¯exibility of enzymes, which are
able to undergo conformational change in order to accom-
plish binding.

All of the above effects, as well as p-stacking and Van der
Waals interactions,7,18,19 involve binding between discrete
ligand and receptor moieties. Perhaps the most dif®cult
binding effects to understand are those interactions at the
catalytic centre of the enzyme site between the transition
state and the host. This is because the system, and hence
the bonding interactions, are dynamic in nature. It is these
binding phenomena, termed `dynamic binding' interactions,

Figure 2.

Figure 3.
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which distinguish between an active arti®cial enzyme and a
synthetic receptor. To revisit the acyl transfer step in the
serine proteases discussed earlier (Scheme 1), Kirby20 has
used this example to illustrate the concept of dynamic bind-
ing. The transition state for this step is illustrated in Fig. 4
below, in which at least six bonds are being made and
broken.

Although the exact nature of the transition state is unknown
the important feature is that the ªbindingº of this transition
state by the enzyme involves more than ordinary molecular
recognition. The partially formed covalent bonds at the
reaction centre represent ªdynamicº binding interactions
which have no conveniently modelled ground state counter-
part. It can also be expected that these interactions must
make a major contribution to transition state binding and
stabilisation, not least because they clearly represent a
difference between substrate and transition state recog-
nition.

All of the factors described above contribute to the overall
binding of the transition state. Despite the many reviews
available on the factors which in¯uence molecular recog-
nition and binding in enzyme systems,19 the practical appli-
cation of these hypotheses remains the true test of our
understanding. It is thus of relevance to investigate the
design and synthesis of arti®cial enzymes since this will
hopefully also lead to a better understanding of molecular
recognition itself.

3. The `design approach'

The traditional approach to enzyme mimics has focused on
the de novo design of macromolecular receptors with appro-
priately placed functional groups. These catalytic groups are
usually chosen to mimic the amino acid residues known to
be involved in the enzyme catalysed reaction. The reali-

sation of ideas in such a process can be an arduous affair
and although there are some impressive successes (vide
infra), ef®cient catalysis rivalling enzyme rate accelerations
still seems a long way down the line.

3.1. Cyclodextrins as enzyme mimics

One of the most prodigious aspects of enzyme mechanism is
the functional group cooperation often displayed in the
active site. The electrostatic environment in the binding
site maintains the delicate balance of pKas required for the
various groups to participate in a catalytic fashion. In par-
ticular, histidine is often able to function as both an acid and
as a base in simultaneous bi or multifunctional catalysis.
Intrigued by the challenge of imitating this phenomenon
Breslow and co-workers chose to mimic the enzyme ribo-
nuclease A.21 This enzyme uses His12 and His119 as its
principle catalytic groups in the hydrolysis of RNA.

To mimic this enzyme, two imidazole rings were attached to
the primary face of b-cyclodextrin as depicted below in
Scheme 2. This mimic 7 catalyses the hydrolysis of the
cyclic phosphate 8 with a kcat 120£1025.s21 compared to
kuncat 1£1025.s21 for the uncatalysed reaction and shows
greater than 99:1 selectivity for 9. This is in comparison
to the simple solution reaction with NaOH which gives a
1:1 mixture of both products. Isotope effects showed that the
two catalytic groups were operating simultaneously and the
pH rate pro®le, which was almost identical to the enzyme
itself,21a shows that one imidazole functions in its proto-
nated form whilst the other is unprotonated.

The relative positioning of the imidazole groups on the ring
of the b-cyclodextrin was found to be crucial. Only when
the imidazole groups were attached to adjacent sugars was a
single product 9 detected. This regioisomer of b-cyclo-
dextrin was not only more selective but also provided the
fastest rate of hydrolysis and displayed the strongest binding
to the substrate 8. Importantly, this result gave information
about the mechanism involved since the imidazolium ion in
this isomer would be better placed to protonate the phos-
phate anionic oxygen, which it can access more easily than
the other catalyst isomers (Scheme 3).

This observation, when coupled with the evidence that the
imidazoles function in a simultaneous co-operative way,
allowed the group to postulate that the mechanism was as
depicted in Scheme 3 and hence was the same as used by the
enzyme, ribonuclease itself.3a

Figure 4.

Scheme 2.
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The use of cyclodextrins as enzyme mimics has been
extended to incorporate dimers and trimers of cyclodextrins,
as well as a range of transition metal complexes.3,22 An
example demonstrating both these features is the cyto-
chrome P450 mimic 11 (Fig. 5).23±26 When used with
iodosobenzene as co-oxidant the b-cyclodextrin tetramer
is capable of the selective epoxidation of stilbene
substrates,24,25 aswell as the hydroxylation of dihydro-
stilbene 12 at the benzylic position (Fig. 5). 23,26

However, perhaps most impressively, this mimic is also
capable of selectively oxidising the 6-CH2 position in the
B-ring of steroid derivative 13 (Scheme 4).23,26 Molecular
modelling indicated that the two tert-butylphenyl groups in
the substrate 13 bind into two trans b-CD rings of 11 thus
placing the steroid B-ring directly above the porphyrin ring.
The reaction is carried out with 10 mol% of catalyst 11 and
iodosobenzene as co-oxidant. The ester groups are hydro-
lysed in situ to afford 40% of the oxidised product 15 along
with unreacted starting material. This yield corresponds to
at least 4 turnovers and although this may be considered

Scheme 3.

Figure 5.

Scheme 4.
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modest, the example nevertheless demonstrates the power
of using designed binding constraints to in¯uence the selec-
tivity of a reaction.

3.2. Cyclophane enzyme mimics

Another impressive application of the design approach is
Diederich's pyruvate oxidase mimic.27 Pyruvate oxidase
employs two co-factors ThDP 16 and Flavin 17 (Fig. 6) to

catalyse the transformation of pyruvate 18 to acetyl phos-
phate 21 (Scheme 5). The thiazolium group of ThDP forms
an activated aldehyde 19 which is oxidised by the ¯avin to
give an electrophilic intermediate 20. This is then attacked
by the inorganic phosphate nucleophile to release the
product and regenerate the thiazolium ylide 22 (Scheme
5). In an analogous fashion aldehydes are oxidised by either

water or alcohols to carboxylic acids or esters respectively
by simple thiazolium ions in the presence of ¯avin.

Diederich's pyruvate oxidase mimic 23 combines a well
de®ned binding site with both the ¯avin and thiazolium
groups attached in covalent fashion (Fig. 7).27 The prox-
imity of the groups to the binding site and the intramolec-
ularity of the oxidation step was therefore expected to
improve catalysis relative to previous two component
systems.28 It should also mimic the situation in the enzyme
where the cofactors are bound in the enzyme active site thus
increasing the effective molarity of the reagents.

The transformation of naphthalene-2-carbaldehyde 24 to
methyl naphthalene-2-carboxylate 25 in basic methanol is
indeed catalysed by 23 with a kcat 0.22 s21 (Scheme 6). In
order to demonstrate true catalysis the attached ¯avin
derivative needs to be reoxidised in situ. This was achieved
by regeneration at a working electrode potential of 20.3 V
vs Ag/AgCl. Under these conditions the enzyme mimic 23 is
able to act as a catalyst on a truly preparative scale with a
catalytic turnover of up to 100 cycles.

3.3. Reversibly self-assembled dimers as enzyme mimics

In a different approach, Rebek et al. have investigated the
in¯uence of a designed binding cavity on the rate of the

Figure 6.

Scheme 5.

Figure 7.

Scheme 6.
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Diels±Alder reaction.29 In this case, no catalytic groups are
required. Furthermore, although a Diels±Alderase is
known,30 no natural enzyme catalyst has been isolated or
is available for synthetic applications as yet. This is impor-
tant, since the desirability of designing arti®cial enzymes
for reactions which have no convenient natural enzyme
equivalent is self evident.

Rebek and co-workers have carried out much research into
the synthesis of reversibly self-assembled dimers.31 The
extended polycyclic system in 26 (Scheme 7) exists as a
hydrogen-bonded dimer in organic solvents and adopts a
pseudo spherical structure (described as a `hydroxy-soft-
ball') which is able to form and dissipate on a timescale
of milliseconds. This dynamic behaviour, coupled with the
microenvironment provided by the `softball' led Rebek et
al. to investigate the catalytic potential of 26 towards the
Diels±Alder reaction of thiophene dioxide 28 and benzo-
quinone 27 (Scheme 7).29

Earlier attempts at Diels±Alder catalysis for a different
reaction were hindered by product binding, necessitating
stoichiometric amounts of host.32 However, in this case,
binding studies with product 32 showed that the adduct is
an unwelcome guest and is driven out of the cavity by

benzoquinone. This strong preference for benzoquinone is
however, also a problem since the resting state of the species
in solution is 29. However, true catalysis and turnover were
observed in the desired Diels±Alder transformation when
compared to a reference reaction in the presence of an
isomer of 26 which was unable to form a dimer.

That the reaction was taking place in the capsule was
con®rmed by the addition of the competitive inhibitor 33,
known to be an excellent guest for the `softball' 26 (Fig. 8).
Several other examples of both inter and intra-molecular
Diels±Alder catalysis have been reported with designed
enzyme mimics including b-cyclodextrin catalysis33 and
the porphyrin trimers of Sanders et al.34 These along with
many other highlighted examples of the design approach
have been discussed in greater depth in several excellent
reviews on the subject.35

4. The `transition state analogue-selection approach'

The traditional approach to enzyme mimics is the design
approach described above. Whilst this has furnished us
with much information on the recognition processes
involved in binding and the criteria required for successful
catalysis, the realisation of a project from original con-
ception to experimental studies on an enzyme mimic
can be a long and laborious process. A case in point is
Diederich's pyruvate oxidase mimic (Section 3.2) which
required an 18 step synthesis of the host 23. In an attempt
to move away from this linear approach, several techniques
have been developed which make use of a selection strategy.
This allows for the simultaneous screening of a wide range
of possible candidates thus signi®cantly reducing the time
required and hopefully allowing for the detection of better
hosts.

The earliest examples of a selection approach chose af®nity
for a transition state analogue (TSA) as the screening
criteria. The logic behind this is that any macromolecule
which shows strong binding to a molecule resembling
the transition state of a reaction, should also bind to and
stabilise the real transition state. As this stabilisation of
the transition state is the basis behind enzyme catalysis,
the hosts selected should behave as enzyme mimics for
the chosen transformation.

More recently, it has been recognised that TSA binding
alone may not be enough to obtain the rate accelerations
needed to rival enzyme catalysis. Nowadays, the incorpo-
ration of catalytic groups in the host is often a designed
aspect of the selection process and it is this, in combination
with the TSA host selection, which has led to some of the
most impressive advances described below.

4.1. Catalytic antibodies

The most established applications of the above TSA selec-
tion strategy lie in the ®eld of catalytic antibodies, pioneered
by Lerner36 and Schultz37 in the mid eighties. The immune
system generates a natural library of hosts, known as anti-
bodies, in response to the introduction of a foreign molecule
into the bloodstream. Advances in molecular biology

Scheme 7.

Figure 8.
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techniques, notably the process of isolating monoclonal
antibodies, allow the selection of a chosen antibody library
member on the basis of function.

Traditionally, catalytic antibody technology focussed on a
purist TSA approach: the TSA was designed, synthesized
and then used as a hapten in immunisation (a hapten is a
small molecule attached to a carrier protein which is used to
stimulate the immune response). The desired monoclonal
antibody was then selected from the polyclonal population
on the basis of binding af®nity to the TSA. Early efforts
produced a range of successes in various synthetic trans-
formations, affording arti®cial antibody catalysts for ester
hydrolysis,36,37 the Diels±Alder reaction,38 cationic cycli-
sations,39±41 cyclopropanation,42 elimination reactions,43

the oxy-Cope rearrangement,44 and an allylic sulfoxide±sul-
fonate rearrangement,45 amongst others. However, rate
accelerations have always fallen short of their enzyme
catalysed equivalents. Furthermore, detailed mechanistic
investigations often revealed that a mechanism other than
that originally assumed for the design of the TSA was
involved.46 This has important consequences. Since the selec-
tion event is based on binding to the TSA and not on the basis
of catalytic activity, the antibody selected may not be the best
catalyst. The transition state is after all, not a discrete molec-
ular entity and any TSA can only be expected to be an
approximation of the true charge distribution required.

Within the last few years, there have been signi®cant
advances in the ®eld of catalytic antibodies using the
process of `reactive immunisation'. In this method, the

selection criterion is changed from simple binding to
chemical reactivity. Illustrative examples are the antibody
aldolases 38C2 and 33F12.47

The natural aldolase mechanism was known to operate as
shown in Scheme 8.48 A lysine residue in the enzyme active
site forms a covalently bound intermediate with the
substrate. Initial attack by the lysine amino group affords
a carbinolamine which eliminates water to give a Schiff base
imine. This can tautomerise to give an enamine 34 capable
of reacting with a further equivalent of the carbonyl
substrate to give the Schiff base 35. Hydrolysis with water
furnishes the aldol product and regenerates the active lysine
group of the enzyme to complete the catalytic cycle. The
Lerner group reasoned that if their selection criteria was
the ability to form an enamine intermediate such as 34,
then the antibodies chosen should hopefully act as arti®cial
aldolases with a similar mechanism. The challenge was then
experimental; how to observe the covalently bound anti-
body intermediate.

The enamine intermediate 38 of the 1,3-diketone 36
(Scheme 9) is a vinylogous amide due to the presence of
the b-carbonyl group. This vinylogous amide 38 has a
strong ultraviolet absorption at (316 nm) which is outside
the range of the protein. The rationale was thus to generate a
library of antibodies against diketone 36 and to select
successful candidates on the basis of their ability to absorb
in this region.

Two catalytic antibodies isolated in this manner, 38C2 and

Scheme 8.

Scheme 9.
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33F12 were broad in scope, catalysing over 100 different
aldol additions involving aldehyde±aldehyde, ketone±alde-
hyde and ketone±ketone transformations. The spectacular
example below of the formation of the (S)-Weiland±
Miescher ketone 40 operates with a rate acceleration of
kcat/kuncat 3.6£106 and affords an enantiomeric excess (ee)
of .95% (Scheme 10).47b

Not only do these catalytic antibodies accept a wider range
of substrates than their natural enzyme counterparts, the
catalytic turnover achieved by these antibodies is within
10 times that of the natural enzyme for the optimal
substrates of each.

The mechanism of action was shown to be the same as for
the natural aldolase. This is signi®cant since the mechanism
involves a nucleophilic lysine residue, a group which would
usually be protonated at physiological pH. The origin of
catalytic activity in the antibody is believed to derive
from a greatly perturbed lysine residue in the binding
pocket. Cloning and sequencing of the 33F12 genes allowed
the group to obtain enough material for an X-ray crystal
structure. This indicated that the active Lys residue is
contained within a hydrophobic pocket which may explain
its enhanced nucleophilicity.47a

In a very recent example, which employs a novel selection
method involving construction of a Fab (The Fab fragment
is the antigen binding domain of an antibody) library, Janda
et al. have reported the isolation of a catalytic antibody for
primary amide bond hydrolysis49 as shown for the con-
version of 41 to 42 in Scheme 11. The hapten 43 chosen
for immunisation contains a boronic acid group 44 which is
in equilibrium with the tetrahedral hydrate 45 (Scheme 11).
This latter moiety is expected to mimic the transition state
for the addition of water to a carbonyl centre. Moreover, the

Scheme 10.

Scheme 11.

Figure 9.



W. B. Motherwell et al. / Tetrahedron 57 (2001) 4663±46864672

boronic Lewis acid hapten could form this tetrahedral inter-
mediate by a covalent interaction with a complementary
Lewis base or serine hydroxyl in the antibody binding
site. This immobilising interaction was used as a basis for
the screening protocol.

Immunisation and subsequent manipulation produced a Fab
library expressed on phages which was exposed to immo-
bilised hapten 46 and incubated. After washing off the non
bound Fab library members the selected candidates could be
isolated by washing with acid, since at pH 2.2 the equi-
librium of the boronic acid groups should be shifted towards
the free acid (Fig. 9). Isolated library members were then
ampli®ed and tested for catalysis. The Fab fragment BL-25,
isolated in this manner reduces the half life of the primary
amide 41 (Scheme 11) from ca 17.5 years to 3.9 h which is
greater than two orders of magnitude higher than for a cata-
lytic antibody elicited using a phosphinate TSA. Studies
into the mechanism used in the antibody are still in their
early stages, although preliminary results suggest that the
catalytic power of BL-25 is derived from transition state
stabilisation of the anionic tetrahedral intermediate.49

Notwithstanding these impressive achievements some
problems still remain with the implementation of catalytic
antibody technology. The necessity of using mice to gener-
ate the antibodies is undesirable, furthermore, the molecular
biology techniques involved are highly specialised. Most of
all perhaps is that the effort required for the isolation of a
monoclonal antibody can be a very time consuming process
and, once a truly catalytic antibody is found and separated,
as opposed to an antibody which binds the TSA but does not
exhibit catalytic action, it may be a process of many months
(to years) before the structure of the active site is charac-
terised.

4.2. Molecularly imprinted polymers (MIPs)

The ®eld of catalytic molecularly imprinted polymers is
much younger than its biological counterpart; catalytic anti-
bodies, but the basic concepts underlying both subjects are

very similar. Molecular Imprinting50 is a polymerisation
technique which produces macroporous polymers with
binding sites which can selectively rebind the molecule
with which they were `imprinted'. If this `imprint' molecule
is a TSA, then the resulting molecularly imprinted
polymer's (MIPs), should behave as arti®cial enzymes for
the reaction chosen.

The process of molecular imprinting is outlined in Fig. 10.
In the ®rst step monomers containing functional groups
which can interact with the imprint molecule, are pre-
organised around the imprint molecule 49. A mixture of
standard monomer and cross-linker is then co-polymerised
around this imprint molecule monomer complex in a radical
polymerisation process, to form a macroporous polymer
which contains sites at which the imprint molecule is
bound 50. Finally, the imprint molecule is removed from
the polymer to leave well de®ned, shape speci®c cavities
which are spatially and functionally compatible with the
imprint molecule 51.

The interactions between the imprint molecule and the func-
tional monomers can be either covalent or non-covalent. In
the latter case the description pre-organisation can be a
slight misnomer, since the combination of weak intermolec-
ular forces involved lead rather to a dynamic associated
complex in constant exchange with solution. This, along
with other factors, leads to the inherent heterogenearity of
the molecular recognition sites produced within the
polymer. This has proven to be one of the major sticking
points in catalytic applications of MIPs. Despite this draw-
back, the manifest stability of MIPs when compared to
natural enzymes or other arti®cial analogues, means that the
realisation of catalytic MIPs remains a highly desirable goal.

Several successes have been reported exploiting the molec-
ular imprinting technique, however, the scope of catalytic
MIPs remains relatively limited. Table 151±61 contains a list
of organic reactions in which MIPs which have been used as
arti®cial enzymes. In certain cases molecular imprinting has
also been used to imprint transition metal catalysts.62,63

Figure 10.
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An elegant example is the catalysis of the Diels±Alder reac-
tion of tetrachlorothiophene S,S-dioxide 52 and maleic
anhydride 53 reported by Mosbach et al. (Scheme 12).60

The challenge of designing an arti®cial enzyme to catalyse
the Diels±Alder reaction is that the product very often
resembles the transition state and can bind to the active
site inhibiting turnover. The reaction above avoids this
problem since spontaneous extrusion of sulfur dioxide
leads to a product suf®ciently distinct from the imprinted
TSA to be expelled from the active site.

Methacrylic acid (functional monomer), ethylene-glycol
dimethacrylate (crosslinker) polymers imprinted with
the TSA 56 selectively rebound the imprint molecule and
accelerated the rate of reaction with a kcat/kuncat 27. The rate
accelerations were corrected to the reaction in the presence
of a non-catalytic polymer produced in the absence of the
imprint molecule. This rate acceleration is modest

compared to the catalytic antibody equivalent,38 but never-
theless demonstrates the feasibility of this technique.

Promise for future progress comes from the work of Wulff
and co-workers56,57 who recently reported a successful
hydrolytic MIP. In recognition that TSA binding alone
may not be enough to confer catalytic activity they designed
their system to contain an appropriately positioned amidine
catalytic group 62 (Scheme 13).56 This group mimics the
active arginine residue in the catalytic antibody equivalent
and was shown to bind strongly to phosphonic acid mono-
esters such as the TSA 61. Phosphonic monoesters such as
61 are well established mimics of the transition state of ester
hydrolysis representing the tetrahedral geometry of the ester
intermediate 58.

The MIPs formed with 61 as imprint molecule caused a 100
fold rate acceleration of the hydrolysis of ester 57 with

Scheme 12.

Scheme 13.
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typical Michaelis±Menten saturation kinetics. When a simi-
lar interaction to form an amidine±phosphate complex, was
combined with the use of suspension polymerisation, the
resultant MIPs were able to accelerate the rate of hydrolysis
of aryl cabonate 63 and aryl carbamate 64 (Scheme 14) by a
factor of 588 and 1435 respectively.57 Interestingly, the non
imprinted polymer, randomly functionalised with the
amidine monomer, was also a signi®cantly active catalyst:
the rate enhancements corrected to the reference polymer
were between 6±24, in marked contrast to the fact that the
amidine functional monomer in solution showed negligible
catalysis at the reaction pH. It is clear that the effects of local
environment are far from being predictably understood.
Nevertheless, this is by far the largest rate acceleration for
ester hydrolysis achieved with the MIP technique and, by
analogy with the trend in catalytic antibody technology, is
illustrative of the bene®ts to be gained by ensuring that an
enzyme mimicking catalytic group is incorporated into
enzyme mimic TSA binding.

A further con®rmation of the bene®ts of incorporating a
catalytic group into TSA binding comes from the MIP
chymotrypsin mimic,59 which incorporated a histidine
group into monomer±chiral template binding (Entry 9,
Table 1). The resultant polymers were capable of enantio-
selective ester hydrolysis towards the matching substrate
enantiomer.

The majority of applications for MIPs are analytical.
However, several other synthetic applications of MIPs
which are not strictly enzyme mimics have been reported.
MIPs have been used as microreactors containing reagents
for selective reductions,64 as speci®c adsorbents capable of
shifting the equilibrium of a thermodynamically unfavour-
able enzymatic reaction,65 and as `protecting groups' using
an external reagent.66 In all cases, catalysis is not however
the goal and stoichiometric quantities of MIP are required.

4.3. Imprinting an arti®cial proteinase

Several other approaches to enzyme mimic's using
`imprinting' have been reported. J. Suh et al. attached an
Fe(III) salicylate derivative complex 65 to a polyethylene
imine (PEI) backbone 66 (Scheme 15).67 Subsequent
removal of the Fe(III) ion led to a polymer with three sali-
cate groups in close proximity 67.

Scheme 14.

Scheme 15.
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The polymer thus contained regions of high functionality
with carboxylate groups, which might be expected to mimic
glutamic acid or aspartic acid side chains, and three pheno-
lic hydroxyls as cogeners of tyrosine. The polymer 67 acted
as an arti®cial proteinase in the cleavage of bovine serum
albumin g-globulin Gbn, and displayed substantially higher
activity than a randomly functionalised PEI cogener. Both
the heavy and light chains of Gbn were cleaved into
peptides smaller than 5 kDa at pH7 and 508C with a half
life of 1h, which is in comparison to a half life of amide
bonds of ,1000 years68 in free solution at pH7 and 258C.
Comparable data for the reaction at 508C or for the
randomly functionalised PEI standard was not available.

This approach proved successful in a similar model system
which incorporated PEI in a similar strategy.69

4.4. Bioimprinting

In a different approach, Guimin Luo et al. reported the
bioimprinting of a glutathione peroxidase (GPX) mimic.70

The natural GPX enzyme active site contains a seleno-
cysteine catalytic group and a binding site for the cofactor
glutathione (GSH). Using this information Luo et al.
`imprinted' a denatured egg albumin protein with GSH
mimic 68 (Fig. 11) and cross-linked the conformation in
basic glutaraldehyde solution. The GSH derivative 68 was
then removed by dialysis and the protein was treated with
NaHSe to create active selenocysteine residues in the
binding site. The protein was then puri®ed and tested for
activity.

The imprinted protein catalysed the reduction of hydrogen
peroxide to water in the presence of co-factor GSH with an
80 fold increase in activity compared to egg albumin treated
in the absence of the imprint molecule 68. Competitive
inhibition with the imprint molecule was observed for the
imprinted protein whilst addition of 68 had no effect on the
reference treated protein, indicating that speci®c binding
sites for GSH were involved.

In a related approach utilising a TSA rather than a co-factor
mimic, the bio-imprinting of bovine serum albumin (BSA)
to produce a catalyst for a dehydro¯uorination reaction was
reported.71,72 The TSA 71 used was expected to interact with
a complementary basic group in the protein which would be
subsequently suitably placed to abstract the b proton from
substrate 69 (Scheme 16). Although the rate accelerations
observed were modest kcat 3.3, this experiment demon-
strated that it was possible to recruit enzyme activity into
a non-catalytic protein.

The various imprinting methods above all share the advan-
tage that the enzyme mimics produced are relatively easy
and quick to assemble. In most cases synthesis is a matter of
days and systems can be tested for activity immediately.
However, at this stage in the development of the subject,
rate accelerations which rival catalytic antibodies are still
rare.67

Figure 11.

Scheme 16.

Scheme 17.
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5. The `catalytic activity-selection approach'

Although some ingenious solutions to the design and syn-
thesis of arti®cial enzymes have so far been described, all of
the methods above have the common failing that the desired
property of catalysis is not in the screening criteria. As a
direct consequence of such an approach effective catalysts
may often fail to be detected.

Combinatorial chemistry73 has witnessed an explosive
growth in popularity in recent years and it is now recognised
that applications can extend much further than the creation
of libraries for medicinal chemistry. In particular, it is now
realised that combinatorial methods can be a useful tool in
the discovery of effective catalysts.

5.1. Combinatorial polymers as enzyme mimics

In a highly original approach to arti®cial enzymes, Menger
et al. have developed the combinatorial derivatisation of
pollyallylamine.74,75 The basic idea was to attach various
combinations of carboxylic acids to polyallylamine back-
bones and then screen for catalysis in the presence of a metal
ion (Scheme 17). The idea that a vast number of molecules
can be generated from a very restricted number of initial
partners is of particular in interest in terms of evolutionary
chemistry.

Regions of local organisation are expected on the basis that
once a particular residue has attached to the backbone it may
in¯uence subsequent neighbouring substitutions. For
example, a hydrophobic residue might be expected to favour
addition of another neighbouring hydrophobic residue.
However, in general the composition of the polymer will
be combinatorial with each individual polymer containing a
range of metal ion sites. Thus, not only would each polymer
made vary from the others in composition, each polymer in
itself represents a combinatorial range of sites. As such it
seems unlikely that `the ensemble of countless variations'
will ever be deconvoluted. Nevertheless, if the primary goal
is catalysis, such a method has proved to be successful in

more than one model. Both phosphotase74 catalysis (kcat/
kuncat 103±104) and the reduction of benzylformic acid
(PhCOCO2

2) to mandelic acid (PhCH(OH)CO2
2)75 have

been reported.

Using the same principles in the derivatisation of poly-
(acrylic anhydride), a combinatorial polymer capable of
catalysing the biologically relevant dehydration of b-hy-
droxy ketone 72 with a kcat 920 over the background
reaction was identi®ed76 (Scheme 18).

5.2. Combinatorially developed peptide catalysts

In a more conventional application of combinatorial
chemistry Gilbertson and co-workers have described the
synthesis of a library of phosphine containing peptides.77

A variable sequence of four to ®ve amino acids including
two phosphine derivatised amino acids was incorporated
into a basic Ac-Ala-Aib-Ala-[ ]-Ala-Aib-Ala-NH2 peptide.
The peptides were expected to form a helical conformation
presenting the two donor phosphine ligands in an appro-
priate orientation for metal co-ordination. Rh was
complexed to the functionalised peptides whilst they were
attached to a resin support and each member was screened
for it's ability to catalyse the asymmetric hydrogenation of
the simple enamide 75 (Scheme 19).

Although the enantiomeric excesses observed were modest
(ca 10%), some correlations between positional substitution
in the peptide and stereoselectivity were observed, thus
demonstrating the potential of this technique for developing
catalysts. In a similar manner Hoyveda and Snapper have
studied a library of Schiff's base peptides for their ability to
catalyse the titanium promoted addition of CN to a variety
of imines.78 The results were impressive; yields and
enantiomeric excesses were in the range of 90%, but it
seems unlikely that the `representational search' strategy
employed will be applicable to large art®cial enzymes
since the number of possible permutations of amino acids
involved is prohibitively large. The discovery of effective
catalysts using such a combinatorial chemistry approach has

Scheme 18.

Scheme 19.
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been the subject of several useful reviews, all of which deal
with the subject in considerable depth.79

5.3. The in vitro evolution of arti®cial enzymes.

Another application of the `catalytic activity-selection
approach' is the in vitro evolution of enzymes. This method,
as in catalytic antibodies, represents the cross-over between
molecular biology and chemistry and several examples of
arti®cial enzymes have been reported using this protocol.80

A recent example is the enantioselective hydrolysis of
racemic p-nitrophenyl-2-methyldecanoate 78. The wild
type lipase from the bacterium Pseudamonas aeruginosa
shows an enantioselectivity of only 2% for the (S)-con®gu-
rated acid 79 (Scheme 20). This poorly enantiospeci®c
enzyme was deliberately chosen by the Reetz group for
studies into the in vitro evolution of enzyme substrate
selectivity.81

Using the error prone polymerase chain reaction (epPCR)
the lipase gene was subjected to random mutagenesis under
conditions such that statistically one to two base substi-
tutions per lipase were introduced. The modi®ed genes
were then expressed in a suitable expression vector,
ampli®ed in E. coli and transformed into Pseudamonas
aeruginosa. Around 1000 lipase mutants expressed by
these bacteria were isolated and screened for enantioselec-
tivity in the test reaction. In order to allow for rapid parallel
screening a photometer was developed which could
measure simultaneously the absorption of the p-nitropheno-
late anion 81 at 410 nm over time, in each cell of a 96 well
plate. The lipase mutants were thus added to either the (R) or
(S) enantiomer of starting material 78 in a 96 well plate and
the level of hydrolysis for each measured. Candidates which
favoured the hydrolysis of the (S) enantiomer of 78 to give
79 (Scheme 20) were subjected to further mutagenesis and
after only four generations an arti®cial enzyme which
hydrolysed the racemic 78 to give an 81% ee of the (S)
acid 79 was obtained. The screening method used to detect
catalytic activity in such an approach is of course a vital
element (vide infra). Several other groups have also put the

in vitro evolution strategy into practice to produce arti®cial
esterases82 and arti®cial cytochrome P450 monooxy-
genases83,84 amongst others.80

In a related approach to the directed evolution of enzymes,
which may also be applicable to antibody libraries, Schultz
et al have reported a novel screening method for the
catalytic activity selection approach.85,86 The basic principle
is outlined in Fig. 12. In these studies all the enzymes are
expressed on solid phase bound phages where the linker
used represents the substrate for a desired enzyme catalysed
cleavage reaction. Catalytic activity by the enzyme results
in cleavage of the phage from the solid support whilst non
catalytic counterparts remain bound, thus the population
eluted from the solid phase has an enhanced level of enzyme
activity for the desired transformation.

In the example described, the phage expressed enzyme is
attached to the solid support using a linker containing an
oligonucleotide. The enzyme expressed in the model system
is SNase, a Ca21 dependent enzyme capable of cleaving
single or double stranded DNA or RNA at A-U or A-T
rich regions. It should thus be capable of cleaving the oligo-
nucleotide linker and releasing the SNase expressing phage.
The group was able to demonstrate the feasibility of the
approach; the percentage of phages displaying the SNase
catalytic activity was enhanced, relative to the control, in
the population released from the solid support.86 However,
the development of such a system is a very involved process
and in situations where greater quantities of catalyst are
available for screening there are a range of more accessible
techniques emerging (vide infra).

5.4. Screening methods for the identi®cation of catalysts
in combinatorial mixtures

The detection of catalytic activity in a combinatorial system
is not trivial. Much of the progress described above in cata-
lytic selection approaches has been a direct result of tech-
nological and analytical advances. Recently many ingenious
solutions to the detection of catalysts in combinatorial

Scheme 20.

Figure 12.
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chemistry have been developed and are highlighted in a
recent review.79b

Whilst the desirability of directly screening for catalysis is
evident, how this is achieved quickly, in a parallel combi-
natorial fashion, is another matter. It is obvious that screen-
ing of the classical 96 well plate of arti®cial enzymes using
HPLC is a time consuming and usually rate limiting process.
In order to facilitate rate studies and analysis in selection
approaches to enzyme mimics, substrates are often designed
to release a UV active product, as applied in the evolution of
an arti®cial esterase outlined in Scheme 20,81 or undergo a
colour change upon reaction.84 This latter screening method
is one of the simplest to monitor and has been used with
success by Crabtree et al. to detect catalytic activity in the
hydrosilylation of alkenes and imines (Scheme 21).87

Similarly reactions have been monitored by ¯uorescence83

or by colour dependent pH indicators.82 However, the impo-
sition of such monitoring prerequisites restricts the choice of
reaction for study, and recently several ingenious methods
which have a broader reaction scope have been developed,88

particularly mass spectrometry methods,89 which have even
been developed to screen for enantioselectivity,90 as well as
the use of IR thermography.91,92

A signi®cant development in both the ®eld of combinatorial
catalyst development and arti®cial enzymes is the time
resolved IR thermography of Reetz et al.93 The technique
uses an IR camera to monitor, in parallel, a series of test
reactions run in a 96 well plate. The camera provides a

spatially addressable picture of the system and is able to
identify even modest changes in temperature due to either
exothermic or endothermic processes, thus the cells which
contain catalytically active components are identi®ed by the
camera as `hot (or cold) spots' respectively. It can be used to
monitor a typical 96 well plate of reactions run in parallel
and is broad in scope; reactions that can be monitored in this
fashion range from lipase mediated acylation reactions to
the chiral metal mediated hydrolysis of epoxides.93

However, the limitation of this method at present, is that
it is not capable of quantitative analysis, although the
potential speed of parallel detection makes it an attractive
concept for future research.

The `catalytic activity-selection approach' is by far at
present, the least studied area of enzyme mimics. This is
re¯ected in the scarcity of examples using this approach.
However, the improvements in combinatorial methods and
the development of techniques such as IR thermography and
improved automation in mass spectrometry suggest that it
will rapidly become a growing ®eld of research.

6. Dynamic combinatorial libraries (DCLs)

Since molecular recognition is an important aspect of
enzyme action, it seems relevant to discuss some of the
recent advances in the combinatorial generation of recep-
tors. Many receptors have been generated by traditional
combinatorial methods94 but several recent examples
have made use of dynamic combinatorial libraries (DCLs),

Scheme 21.

Figure 13.
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sometimes referred to as virtual combinatorial libraries
(VCLs).95 In DCLs the library members are homogeneous
in solution and are allowed to equilibrate reversibly in the
presence of a molecule to which binding is desired. This
molecule can be either a receptor or a ligand leading to
`casting' or `moulding' respectively (Fig. 13).

The freezing out of the desired receptor or ligand requires
termination of the reversible association process and can be
achieved by a change in temperature,96 or pH,96,97 by
simply switching off irradiation,98 or by chemical meth-
ods.99±105 The advantage of this technique is that of all the
possible permutations of products possible in the library
only the formation of those with the desired properties is
thermodynamically favoured. On the down side, the choice
of a suitable reversible library is not trivial. Although a
recent in depth review of DCLs lists possible reversible
reactions,95 and much research has been carried out on
DCLs including reversible libraries of hydrazones,105,106

alkenes,100±103 imines based on o-aryl and o-alkyl oximes,96

cinchona alkaloids,107 catenanes,101 and peptides108 only a
few examples of thermodynamically driven selection have
thus far been reported.109

Lehn et al. employed an imine±aldehyde exchange reaction
to reversibly associate a library of ligands for the receptor
carbonic anhydrase II (CAII).99 para-Substituted sulfona-
mides were known to be effective inhibitors of CAII, thus
the library precursors were chosen with this in mind. After
equilibration, the library was frozen chemically by the
addition of NaBH3CN. Subsequent analysis of the library
members showed an increase in 84 relative to the receptor
free library which is in accord with previous studies of
inhibitors of CAII (Fig. 14).

Using the same concept in the quest for receptors Still103

used the thiol disul®de exchange reaction to achieve rever-
sible assembly of a small library of receptors. The in¯uence
of a solid phase bound tri-peptide on the relative proportions
of the receptors in solution was then evaluated.

Figure 14.
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The receptor ASSA 87 (Fig. 15) was synthesised with a
¯uorescent sensor and exposed to an encoded combinatorial
library of 3375 different N-acetyl tri-peptides on poly-
styrene beads. The peptide Ac(d)-Pro-(l)-Val-(d)-Val-PS
was found to bind favourably with a binding constant of
the order 104±105.

A mixture of ASH 85 and BSH 86 was then equilibrated in
the presence and absence of the resin bound peptide (Table
2). As can be seen from the table, an equilibrium shift in
favour of ASSA 87 was observed when the tripeptide 88
was present. This receptor 87 was conveniently isolated
from the beads in .99% purity, allowing easy identi®-
cation, a detail which will become important if this tech-
nique is applied to systems where the structure of the
receptor is not known in advance.

Similarly Nicolau has recently reported the target-acceler-
ated combinatorial synthesis of vancomycin dimers.102

Binding to the Lys-(d)-Ala-(d)-Ala-(d) fragment of the
growing peptidoglycan biosynthetic precursor is known to
be vital to vancomycin's antibacterial activity. When a
range of vancomycin derivatives were dimerised in the
presence of the Lys-(d)-Ala-(d)-Ala-(d) fragment, rate
enhancements for the formation of favoured dimers corre-
lated well with the observed biological activity. Molecular
ampli®cation in dynamic combinatorial libraries has also

been observed by the groups of Sanders,106 Eliseev,98 and
Timmerman and Reinhoudt.104

In all these cases, however, the DCL chosen was small and
the aim of the research was more to demonstrate the poten-
tial of the technique rather than to use it as a tool for identi-
fying useful macromolecules. The use of this approach for
the discovery of novel ligands or receptors, as opposed to
con®rming predicted trends, will now become an experi-
mental challenge.

7. Conclusions

The ®eld of arti®cial enzymes is a rapidly evolving subject.
As the barriers between chemistry and biology become less
distinct a range of new methods, which combine expertise
from both areas, are developing. In recognition of both the
fact that the de novo design approach can be time con-
suming, and that a tiny miscalculation will be catastrophic,
a trend in all these recent techniques is the use of `selection
approaches'. The natural process of selection and ampli®-
cation is after all, the way in which enzymes have evolved
their sophisticated function.

The basic problem in arti®cial enzyme synthesis is choosing
the selection event. Experimentally, selection based on
binding af®nity is the easiest method to use. However,
many methods which have employed binding criteria,
using TSAs as the ligands, have stopped short of producing
the rate accelerations required to rival natural enzymes. This
is perhaps understandable, since the electrostatic and
geometric ®delity of a TSA to the real transition state cannot
be entirely complete. To a certain extent, the effect of this
problem can be alleviated by introducing an element of
design into the system. Using information available on the
natural enzyme mechanism and catalytic groups, several
researchers have improved the rate accelerations available
with TSA methods by incorporating catalytic groups into

Figure 15.

Table 2. Disproportionation of A-SS-B in the presence of Ac(d)-Pro-(l)-
Val-(d)-Val-PS 88

A-SS-B X B-SS-B A-SS-A

Absence of resin
bound tripeptide
88:

43% 57%

Presence of resin
bound tripeptide
88:

15% 85%

(i) solution phase 13% 85% 10%
(ii) resin phase 2% 0% 75%
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TSA binding as we have seen above with catalytic anti-
bodies and MIPs.

A problem with chemical applications of a binding-selec-
tion process can be the vast array of permutations of struc-
tures possible. This has been a problem in polymer
approaches causing heterogenearity of binding sites, and
can hinder combinatorial methods because identi®cation
of the desired binder may not be possible with so little
material. This latter problem is not so prominent in
biochemical equivalents where ampli®cation of the selected
candidate is routinely performed. The emergence of
dynamic selection approaches in combinatorial chemistry,
such as DCLs may solve some of the chemical problems of
isolating macromolecular receptors from complex combi-
natorial libraries. In this case, theory predicts that of all
the possible library molecules, only those which favour
binding will be produced in signi®cant quantities. This
should make deconvolution and identi®cation a much easier
process. Moreover, the concept of equilibrating a reversible
library of compounds in the presence of a resin bound ligand
(TSA), then freezing the reaction, ®ltering off the solution
and isolating a solid phase bound receptor(s) synthesized
under thermodynamic control is intellectually attractive.
However, the problem with this method, and all others using
a TSA strategy, remains the fact that the property required;
catalytic activity, is not involved in the selection criteria.

Recent molecular biology approaches (and some combi-
natorial chemistry methods) have focussed on using cata-
lytic activity as the selection criteria. This strategy has been
employed with success in the ®eld of in vitro evolution and
has necessitated the development of experimental methods,
also common to combinatorial chemistry, which allow the
simultaneous screening of many reactions for catalysis. IR
thermography and improved automation in mass spec-
trometry represent important developments in this respect
and will probably be in¯uential in future research into arti-
®cial enzymes. Whilst in vitro evolution methods use cata-
lytic selection directly it seems likely that catalytic antibody
and chemical approaches to arti®cial enzymes will continue

to maintain an element of TSA binding and design. In
any event, as always throughout the history of organic
chemistry, the inspiration of Nature will continue to
challenge the efforts of the chemist at the bench. Much
useful information has been gleaned, and more remains to
be discovered, perhaps using concepts such as DCLs, but it
is clear that rational a priori design of a tailored arti®cial
enzyme for any given reaction will remain as a formidable
challenge for some time to come.

Finally, although the foregoing overview has been based on
recent advances which have evolved through consideration
of Nature's principles, it is interesting, especially in an era of
increasing specialisation, to re¯ect on the ®eld of catalysis
in a more general way. The word itself is clearly a highly
evocative and attractive one for organic chemists, as
witnessed for example by the desperation of free radical
chemists to `catalyse' reactions by the addition of azo-bis-
isobutyronitrile (AIBN)!

At the simplest level, however, it is never to be forgotten
that, irrespective of whether the objective is to increase the
rate of a reaction or to engender a high degree of stereo-
speci®city for a given transformation, a successful catalyst
operates by giving a `helping hand' through initial asso-
ciation with the substrate. Many classic examples such as
the in¯uence of 2-pyridone on the mutarotation of tetra-
methylglucose (Scheme 22),110 or the bifunctional catalysis
involved in ketone nitromethane reactions (Scheme 23)111

can still certainly repay in this respect.

Within the apparently differing areas of enantioselective
transformations induced by enzyme-like mimics or by tran-
sition metal catalysts, many of the most fundamental prin-
ciples of design should still apply to both. The vocabulary
and emphasis used by each specialist group is such however,
that effective interaction and transmission of useful ideas
and concepts is almost discouraged, even though techniques
such as combinatorial searches are now used by both.
At present, when the transition state or intermediate in a
catalysed reaction may involve partial formation and

Scheme 22.

Scheme 23.
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cleavage of several bonds, and such factors as shape,
polarity match, electrostatic potential and acidity and
basicity as a function of molecular environment all have
to be factored in, it would seem timely to devise some
new pictorial way of representing and calculating the rela-
tive incremental value of these factors for various alterna-
tives. In reality however, although an enormous data set is
available, and spectacular advances have been made,
catalysis still remains a delightful area of discovery.
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