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Peptide-substrate interactions frequently account for the

specificity of enzymes. The combined effect of intermolecular
hydrogen bonding, hydrophobic effects, electrostatics, and solvent
reorganization is at the heart of the precise enzyme-substrate
associations which lead to selectivity.1 The application of these
concepts to the design of small molecule catalysts promises to
make the development of low-molecular-weight enzyme-like
systems possible.2 In this context, we are investigating synthetic
peptides containing nonproteinogenic amino acids that impart
catalytic activity with the ultimate goal of developing selective
peptide-based catalysts for asymmetric synthesis. Herein we
report the design and synthesis of new, functional peptides that
catalyze the kinetic resolution of certain secondary alcohols.3,4

Our initial design focused on peptide1 (Scheme 1), which
contains 3-(1-imidazolyl)-(S)-alanine (IA ) as theN-terminal amino
acid.5,6 Within IA is theN-methylimidazole (NMI ) substructure,
which is capable of catalyzing the acylation of secondary alcohols
by acetic anhydride through a nucleophilic mechanism.7 We felt
that incorporation ofIA into short, folded peptides would allow
for the formation of an acyl imidazolium intermediate (e.g.,1-Ac)8
in proximity to the chiral environment created by the peptide
backbone. In particular, we introducedIA into a predisposed
â-turn structure defined by the proline-R-aminoisobutyric acid
framework.9 Incorporation of the C-terminal (R)-R-methylben-
zylamide was intended to create the possibility forπ-stacking of
the charged acylimidazolium ion with the phenyl group of the
catalyst (1-Ac).4e,10
Preliminary experiments were designed to demonstrate that

substrate interactions with the peptide backbone were kinetically
significant. Accordingly, we performed competition experiments
between alcohols substituted with amides (which could participate
in intermolecular transition state hydrogen bonding) and alcohols

devoid of a second functional group (eq 1, Table 1). When 1
equiv of trans-2-(N-acetylamino)cyclohexan-1-ol (2), 1 equiv of
aromatic alcohol3, and one equiv of acetic anhydride were treated
with 0.05 equiv ofNMI, the corresponding acetate esters2-Ac
and3-Acwere each formed in equal quantities. However, when
the identical experiment was conducted withâ-turn catalyst1 in
place ofNMI , 2-Ac and3-Ac were observed in a 6:1 ratio. As
a control, the reaction was conducted in the presence of tripeptide
4which lacks the alkyl imidazole substructure. In this experiment,
no products were detected (<2% by 400 MHz NMR spectros-
copy), indicating that theNMI substructure is crucial for catalysis.
One possible explanation for the preferential acylation of2 relative
to 3 in the presence of1 could be the existence of a favorable
transition state hydrogen bond between the amide of2 and the
peptide backbone of1. While alternative explanations cannot
be ruled out at this time, the results substantively demonstrate
the capacity of peptide architecture to perturb reaction selectivi-
ties.11

We then turned our attention to issues of enantioselective
catalysis (eq 2). Treatment of racemictrans-2-(N-acetylamino)-
cyclohexan-1-ol (2, 10 equiv) with 1 equiv of acetic anhydride
in the presence of 0.05 equiv of peptide1 resulted in the formation
of the corresponding amidoacetate2-Ac in 95% yield (relative
to Ac2O); the product exhibited an experimentally reproducible
enantiomeric excess of 48% (kfast/kslow (S) ) 3.0).12 In contrast,
the naphthyl-substituted alcohol3 did not exhibit detectable
enantioselectivity (S ) 1) under analogous conditions and at
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Scheme 1

Table 1. Competitive Acylation Experiments between Alcohols2
and3
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comparable conversion (eq 3). Thus, substrate2, which was

found to undergo preferential acylation in the competition
experiment employing peptide1, exhibited an appreciable re-
sponse to the chiral environment of the peptide. Substrate3was
inert to chirality transfer.
Optimization studies revealed that solvents which favor hy-

drogen bonding lead to selectivity enhancement (Table 2). For
example, optimum selectivities were obtained in nonpolar solvents
that are not Lewis basic (entry 3 84% enantiomeric excess (ee)
in toluene,S) 12.6; entry 4 12% ee in CH3CN,S) 1.3). Protic
media proved to have a deleterious effect on reaction selectivity
as well, with a chloroform-t-BuOH medium leading to a
completely nonselective reaction (entry 5).13 It is important to
note that these data do not distinguish between the significance
of intramolecular or intermolecular hydrogen bonds. Neverthe-
less, they do reflect the potential for substantialkfast/kslow values
to be obtained with relatively simple peptide systems.
Experiments employing different substrates have provided

further data concerning catalyst-substrate interactions (Figure 1).
When the optimized conditions were employed (Table 2, entry
3), cyclohexene derivative5 exhibited akfast/kslow ratio of 3.0 under
the influence of peptide1 (entry 1); cycloheptane derivative6
also exhibited an appreciablekfast/kslow ratio of 4.6 under the same
reaction conditions (entry 2). In contrast, acetate ester7 (entry
3), isosteric with acetamide2 but less Lewis basic and incapable
of acting as a hydrogen bond donor through the ester, showed a
greatly diminishedkfast/kslow ratio of 1.4 under the reaction
conditions. These data also point to transition state involvement
of the amide of the substrate with the asymmetric functional group
array provided by the catalyst backbone.

We have now begun to investigate the consequences of peptide
backbone conformation on reaction selectivities in detail. Gell-
man and co-workers have recently delineated the consequences
of stereogenic center configuration on the propensity of given
peptide sequences to formâ-turns in a nonpolar medium.14 We
synthesized the epimericâ-turn catalyst 8 to evaluate the
significance of the absolute configuration of theR-methylbenz-
amide moiety. Of note is the fact that whereas peptide1 exists
as essentially one conformation in CDCl3 solution at 23°C (>90%
by 400 MHz1H NMR),15 peptide8 exists as 3:1 conformational
mixture at the same temperature. Catalyst8 was then studied
for its ability to effect kinetic resolution of2 under the optimized
conditions. Peptide8 proved to be a substantially less-selective

catalyst than1 under the optimized conditions, affording2-Ac
with 53% ee (S) 3.5; cf. 84% ee,S) 12.6 with1). Additional
studies are now underway to identify (i) the specific catalyst-
substrate interactions that dictate selectivity and (ii) their relation-
ship to catalytically active peptide conformations.16

In summary, we have established that short peptides containing
the synthetic amino acidIA are asymmetric catalysts for the
kinetic resolution of functionalized racemic alcohols. The present
data suggest that alcohols containing an amide functional group
are substrates for the peptide catalyst and that transition state
hydrogen bonding may play a role in enantiomer differentiation.
Further studies toward the development of more general and
highly selective peptide-based asymmetric catalysts are in progress.
In addition, these studies should afford significant information
on peptide-substrate interactions which are of general interest
in the context of biological catalysis.
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a catalyst for the resolution of2 afforded2-Ac without detectable enantio-
selectivity. Other derivatives ofIA as well as other nucleophile-loaded amino
acids are currently under study.

Figure 1. Influence of substrate structure on resolutions catalyzed by1.

Table 2. Influence of Solvent on the Kinetic Resolution of
Hydroxyamide2 Catalyzed by1

a All reactions were performed with 10 equiv of racemic substrate,
1 equiv of acetic anhydride, and 0.05 equiv of catalyst1. Reactions
proceeded to 90-100% yield based on Ac2O. Yields were measured
following silica gel chromatography. Absolute configurations were
assigned by analogy to authentic materials.b A minimum amount of
CHCl3 was introduced initially to solubilize catalyst and starting alcohol.
cDetermined by chiral HPLC or GC analysis.dCalculated according
to the method of Kagan (ref 12).
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