
Introduction

The major application of combinatorial chemistry remains the
search for biologically active molecules.[1] Diversity-based
strategies, however, might be effective in the identification of
compounds that have attractive properties. Combinatorial
and related strategies have indeed been utilized recently in
investigations involving materials science,[2] molecular recog-
nition,[3, 4] polymer chemistry,[5] and asymmetric catalysis.[6]

This article is a brief overview of the recently developed
diversity-based approaches in the screening and identification
of effective metal-based catalysts for enantioselective syn-
thesis. In a few instances, it is likely that the more traditional
design and screening approaches, often based on a priori
mechanistic bias, would have been less successful, at least
within the same time span.

The searches for therapeutic agents and asymmetric
catalysts share a number of facets. Traditionally, both fields
have relied on iterative approaches wherein a single com-

pound is designed, synthesized, and tested (Scheme 1). The
cycle is repeated until a compound is obtained with the
desired levels of enantioselectivity or activity. In contrast, as
illustrated in Scheme 1, a high-throughput strategy enables
one to generate and test simultaneously considerably larger
numbers of candidates, potentially reducing the entire search
cycle to one or two iterations.
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Scheme 1. The diversity-based approach can provide a wealth of data on
reactivity and selectivity in an efficient manner.

Combinatorial chemistry brings together rational design
and high-throughput evaluation; it is rooted in empirical
observations and logical deduction. Structure ± selectivity
observations remain the basis for propagating molecular
features from one generation of catalysts to the next. Such
strategies therefore permit more initial guesses and a greater
allowance for failure. Combinatorial chemistry is particularly
well-suited to optimizing novel and previously unexamined
reactions for which little mechanistic data is available. Such
strategies can be viewed as the chemist�s attempt to address
the notion that mechanistic subtleties that often differentiate
the selectivity and reactivity of one substrate or catalyst from
another may not be generalized. Such a broad-based ap-
proach relieves the chemist of the risk of following a relatively
narrow path selected on the basis of fickle mechanistic
parameters. It is perhaps fair to state that the development of
almost all successful asymmetric catalysts has benefited, at
some point, from serendipitous observations. Combinatorial
chemistry integrates this aspect of catalyst discovery into the
overall search process, increasing the rate at which advanta-
geous mutations can occur. Nevertheless, a combinatorial
approach can significantly promote the mechanistic studies of
new asymmetric processes, as it can put forth a large
structure ± selectivity database from which mechanistic para-
digms can be generated.
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Discussion

Asymmetric aldehyde alkylation : In 1995, Ellman selected
the dialkylzinc addition to aldehydes (Scheme 2) to gauge the
potential utility of a combinatorial approach.[7] Thirteen
ligands were synthesized on a solid support from a 4-
hydroxyproline precursor and attached to the support (Merri-
field resin) through the 4-hydroxy unit. The ligands were
initially screened while still covalently anchored to the
support. The levels of enantioselectivity for reactions initiated
by the resin-bound ligands proved to be high, but slightly
lower than those obtained with the free ligands in solution
(e.g., 89 % vs 94 % ee).
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Scheme 2. In catalytic alkylation of aldehydes, similar but slightly lower
enantioselectivity is attained when the chiral ligand is anchored to a solid
support.

Screening was carried out with unbound chiral ligands
synthesized on a solid support and subsequently freed from
the resin. Representative data are shown in Scheme 3. It is
important to note that, subsequent to cleavage from the solid
support, little or no purification of the ligands was required to
maintain excellent enantioselectivity. This is a tribute to the
efficient multistep synthesis carried out on the Merrifield
resin and to the benefits of ligand-accelerated catalysis.[8] The
effects of the chiral pyrrolidinone ligand are sufficiently
dominant so as not to allow adventitious side products from
ligand synthesis to catalyze product formation and lower
selectivity.
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Scheme 3. Influence of various chiral ligands on the enantioselective
addition of Et2Zn to an aliphatic aldehyde.

Asymmetric hydrogenation : As with many other metal-
catalyzed asymmetric reactions, it is often difficult to predict
which phosphine ligands or metal centers will lead to the most
efficient and selective hydrogenation. Gilbertson and co-

workers therefore set out to prepare a sixty-three member
library of chiral phosphines, built within a helical peptide
scaffold, that could be screened for catalytic and enantiose-
lective olefin hydrogenation. A variable sequence of four to
five amino acids was inserted into the peptide Ac-Ala-Aib-
Ala-[ ]-Ala-Aib-Ala-NH2 to yield a range of chiral
ligands. Folding of the polypeptide backbone was expected
to bring together two different donor phosphine units to
present effectively a bisphosphine system and an appropriate
chiral environment to the transition metal (Scheme 4).[9] The
terminal Ala-Aib-Ala sequences were designed to promote
helix formation by bringing the two synthetic amino acids with
phosphine side chains into close proximity when they are
positioned at spacings of (i, i� 1) and (i, i� 4).

PR2NHAc

OCH3

O

NHAc

OCH3

O

Me
PR2peptido bisphospine

Rh+, H2
*

Scheme 4. Phosphine units attached to helical peptide scaffolds have been
screened as catalysts for enantioselective hydrogenation.

Sixty-three different peptides were synthesized in parallel
on pins and tested for asymmetric induction while still
attached to the solid phase. As depicted in Scheme 4, RhI

was selected as the metal center (based on ample precedence)
and the enantioselective hydrogenation of an a-amino acid
was examined. Although relatively low levels of enantiose-
lectivity were observed (� 19 % ee), this study demonstrated
that a combinatorial protocol can efficiently provide the
chemist with a wealth of data. It is not clear whether any
reliable mechanistic information can be gleaned from these
initial results because of the low levels of stereodifferentia-
tion.

Asymmetric addition of TMSCN to meso epoxides : We have
utilized diversity-based protocols to introduce variations
within a modular peptide-based ligand to identify chiral
ligands for enantioselective TMSCN addition to meso epox-
ides (Scheme 5). These peptides are expected to be excellent
metal ligands[10] and are composed of three independently
variable subunits: Schiff base (SB), amino acid 1 (AA1), and
amino acid 2 (AA2).[11] Such peptide-based systems are
attractive, since chiral amino acids are available in the
nonracemic form. Moreover, peptidic systems can be pre-
pared efficiently, in parallel, by established solid-phase
protocols.

In principle, 8000 (203) different chiral catalysts could be
made from the 20 natural amino acids and 20 different
aldehydes with the catalyst shown in Scheme 5. However, to
control the numbers of compounds synthesized and screened,
a representational search strategy was employed (Figure 1).
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Figure 1. Representational search strategy adopted for catalyst screening
allows identification of effective ligands without examination of all
possibilities.

Each of the three subunits in the modular ligand was
successively optimized, such that the first amino acid 1
(AA1, shown in gray) was varied and the other two subunits
were kept constant. Tert-leucine was found to be optimal at
position AA1 and this structural element was retained in
successive generations. The second position (AA2) was then
altered, and O-tert-butylthreonine was identified as the best
AA2. Finally, from a pool of salicylic aldehydes, 3-fluorosa-
licylaldehyde was selected as the best Schiff base (SB). In the
end, only a representative sampling of sixty (20� 3) catalysts
was necessary to identify one that affords nearly a 95:5 ratio of
enantiomers (89 % ee). The initial randomly selected catalyst
provided the addition product with only 26 % ee (cyclohexene
oxide as substrate); successive modifi-
cations of the ligand structure en-
hanced selectivity in three steps to
afford eventually a synthetically at-
tractive level of enantioselectivity
(with 3-fluorosalicylaldehyde-tert-leu-
cine-O-tert-butylthreonine-glycine-
OMe as the catalyst).

In the approach described above, we
have made certain assumptions about
the additivity and absence of coopera-
tivity between the three subunits. At
least for this small sample, these as-
sumptions seem to hold true, but with-
out testing every combination we can-
not definitively answer this important
question. Examination of every possi-
bility would tax and detract from the
efficiency of the general screening

method. An advantage of the above
approach is that, in a relatively short
amount of time, we could identify a
selective catalyst for an entirely new
asymmetric process.

We subsequently applied the above
search strategy to various other meso
epoxide substrates.[12] These studies
indicated that for each epoxide sub-
strate a similar but unique chiral cata-

lyst was identified (Table 1). The high levels of selectivity
observed with enzymatic reactions are also often accompa-
nied by the lack of substrate generality. In this instance,
because ligand modification is relatively straightforward,
substrate specificity does not necessarily imply absence of
generality.

Catalytic asymmetric carbene insertion : Burgess and Suli-
kowski adopted an alternative approach by matching an array
of chiral ligands with a range of metal centers.[13] A third
dimension of diversity was introduced by changing the
reaction conditions through variation of the solvent systems.
All told, five chiral ligands coupled with six different metal
salts were examined in four different solvents. Ninety-six of
the possible one hundred and twenty different combinations
were examined in less than a week for their ability to direct
the asymmetric carbene CÿH insertion (Scheme 6). The most
effective catalyst was found to be a CuI ´ (bis)oxazoline ligand
complex which was optimized to give a 3.9:1 diastereomeric
ratio, compared to the previously reported 2.3:1 selectivity.
The unprecedented catalysis of carbene insertion by AgI was
also observed, underlining an additional strength of the high-
throughput approach.

Identification of catalysts by infrared thermography: Modern
combinatorial synthesis techniques give chemists the ability to
produce millions of unique polymer-bead-bound compounds
in a simple and reliable manner. Further, with new encoding
technology, the chemical structure attached to any given
polymer bead may be determined in a relatively straightfor-
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Scheme 5. Peptidic Schiff bases may be screened for identification of an effective chiral ligand for
catalytic enantioselective addition of TMSCN to meso epoxides.

Table 1. Optimized ligands for catalytic enantioselective addition of TMSCN to meso epoxides.
Conditions: 20 mol % Ti(OiPr)4, 20 mol % ligand, 4 8C, toluene, 6 ± 20 h.
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ward operation. However, screening all prospective catalysts
in such a library has presented a significant obstacle as it
requires an assay that can be carried out in parallel rather than
in series. For instance, if the assay of each catalyst in a one-
million-membered library includes a 30 second GC analysis,
approximately one year would be required to perform a serial
analysis of the entire collection. One solution to this problem
was recently reported by Morken and Taylor,[14] who describe
a novel parallel assay of an encoded polymer-bead-bound
catalyst library for a solution phase catalytic transformation.
In situ infrared thermal imaging was used to monitor temper-
ature differences amongst the beads, and therefore the
activity of each catalyst, in the presence of reagents under-
going an exothermic reaction. Screening an encoded library of
3150 unique catalysts, followed by selection of hot beads, led
to identification of compounds 1 and 2 as effective nucleo-
philic acylation catalysts.
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IR imaging is an attractive tool, as it should be applicable to
a wide range of size and type of catalyst libraries. While
screening reactions with small enthalpy changes will be a
challenge, with sufficiently large library size and diversity it is
reasonable to expect high-turnover-number catalysts to be
present and thus detectable. Similar to the results of Taylor
and Morken, screening large catalyst libraries is likely to
reveal new structures with potentially novel modes of activity
and thus open new avenues of catalysis research.

Conclusion

The above studies represent some initial attempts to establish
general protocols for the identification and discovery of new
catalysts.[15] These efforts are based on the realization that,
even within a single class of substrates, the identity of the
optimum catalyst may change. Perhaps this area of research

has its deepest roots in the history of
asymmetric catalysis: it is often the
unanticipated hit that becomes the
key data that fuel a successful inves-
tigation. If so, why not carry out
research in a manner that enhances
the probability of making positive
chance observations?

In recommending this line of re-
search we are not advocating that
rational investigations of mecha-
nisms of important processes be
abandoned. Elements of design and
a priori decisions are still required in
determining which collection of cat-

alysts need be prepared; the framework is simply broader and
thus initial bias that may be based on few initial observations
has less of a chance to direct us in the wrong direction.
Diversity-based strategies will allow us to base our mecha-
nistic hypotheses on a much wider pool of data points.

The above investigations are the first steps on the exciting
road that lies ahead. It is likely that we will soon be able to
screen significantly larger catalyst collections. A recent report
by Jacobsen[16] in connection with an impressive library of
chiral metal complexes represents an important first step in
this direction. The high-throughput approach to enantiose-
lective reaction discovery should present us with a more
complete picture, where the hidden subtleties are highlighted,
where the exciting exceptions, as well as the more useful
generalities, become more apparent.
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