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Many naturally occurring biopolymers (i.e., proteins, RNA, DNA)
owe their unique properties to their well-defined three-dimen-
sional structures. These attributes have inspired the design and
synthesis of folded architectures with functions ranging from
molecular recognition to asymmetric catalysis. Among these are
synthetic oligomeric peptide (‘‘foldamer’’) mimics, which can dis-
play conformational ordering at short chain lengths. Foldamers,
however, have not been explored as platforms for asymmetric
catalysis. This report describes a library of synthetic helical ‘‘pep-
toid’’ oligomers that enable enantioselective transformations at an
embedded achiral catalytic center, as illustrated by the oxidative
kinetic resolution of 1-phenylethanol. In an investigation aimed at
elucidating key structure–function relationships, we have discov-
ered that the enantioselectivity of the catalytic peptoids depends
on the handedness of the asymmetric environment derived from
the helical scaffold, the position of the catalytic center along the
peptoid backbone, and the degree of conformational ordering of
the peptoid scaffold. The transfer of chiral information from a
folded scaffold can enable the use of a diverse assortment of
embedded achiral catalytic centers, promising a generation of
synthetic foldamer catalysts for enantioselective transforma-
tions that can be performed under a broad range of reaction
environments.
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The unique capabilities of biopolymers, which stem from their
well-defined three-dimensional structures, have been a

source of inspiration for the design and synthesis of functional
chemical systems (1). A variety of strategies have been explored
for de novo construction of modular catalysts that enable
chemical selectivity, regioselectivity, or enantioselectivity as a
consequence of their structural organization. For example,
synthetic peptides equipped with catalytic artificial amino acid
groups or transition metal sites have been demonstrated to be
effective enantioselective catalysts due to the proximity of the
catalytic sites to the asymmetric environment created by their
backbone (2–4). Similarly, it has been reported that nucleic acids
can be used as chiral scaffolds for asymmetric synthesis and
catalysis (5, 6). A recent investigation of DNA-based asymmetric
catalysis relies on the noncovalent association of an achiral metal
catalyst at unspecified sites along a DNA backbone, creating a
chiral environment about the catalytic center that results in
enantioselective transformations (7, 8). Despite these advances,
there remains a need for robust systems that permit rational
design of versatile sequences and facile synthesis of libraries
for high-throughput screening and optimization of catalytic
performance.

In living systems, biopolymer catalysts have evolved to accel-
erate specific biologically relevant transformations. In contrast,
synthetic catalysts must often be designed for nonbiological
transformations to be performed in abiotic solvents, pH regimes,
temperatures, and pressures that are incompatible with retention
of biopolymer structure and activity. Proteins, however, rely on
a limited repertoire of amino acid monomers and require
substantial chain lengths to achieve significant structural orga-
nization. In this context, the monomer types and structural

motifs available for the construction of polypeptide-based cat-
alysts may prove limiting. This has inspired the design of
‘‘foldamers’’—unnatural oligomers that fold into well-defined
secondary structures in solution (9–12), sometimes in a variety
of solvents, even at short chain lengths. Substantial progress has
been made in establishing foldamer architectures from various
types of oligomers, [e.g., �-peptides, �-peptides, oligo(phenylene
ethynelene), oligoureas, peptoids] (10). Although foldamers
have been explored for materials and biomedical applications,
their potential as asymmetric catalysts has not been realized.
Herein, we evaluate peptoids—oligomers of N-substituted gly-
cine—as a synthetically tractable platform for the facile con-
struction of enantioselective catalysts. These oligomers form
unique, well-defined, and thermally stable helical architectures
(13–16) that enable the covalent attachment of achiral catalytic
centers at prescribed locations on a robust chiral peptoid scaffold
for optimization of catalytic enantioselectivity and overall
performance.

The efficient synthesis of peptoids uses primary amine syn-
thons, enabling the incorporation of innumerable functional
groups at specified N-positions along their spine. The handed-
ness of peptoid helices can be enforced by defining the stereo-
chemistry of bulky chiral pendant groups. For example, (S)- or
(R)-phenylethyl N-substituents prompt the formation of helices
provided that they constitute the majority of the substituents
along the chain (15). Our design of enantioselective catalysts
relies on attaching an achiral catalytic center to a helical peptoid
scaffold, which provides an asymmetric environment (Scheme
1). The modular nature of the oligomer synthesis allows the
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systematic modification of each component (catalytic center,
recognition and chirality elements) to optimize reactivity and
enantioselectivity, and to enable the investigation of structure–
function relationships. This bifunctional strategy allows inde-
pendent control of the asymmetric environment and the nature
of the chemical transformation, promising extraordinary versa-
tility for designing catalysts that can be tailored for a broad range
of substrates and reaction environments.

Our approach is illustrated by the attachment of TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl), a well-known catalyst for
oxidative transformations (17–19), to various sites along the
spine of peptoid oligomers, generating a small library of catalytic
peptoids (Fig. 1). The asymmetric environment supplied by the
helix can be expected to favor the transformation of one
enantiomer in a racemic mixture of a chiral secondary alcohol (to
its respective ketone), thus creating an excess of the other
enantiomer, a process described as oxidative kinetic resolution
(OKR). We evaluate a family of peptoid oligomers as catalysts

for the OKR of racemic mixtures of chiral secondary alcohols
(20–23), which often appear in natural products and are valuable
as enantiopure synthetic intermediates for specialty chemicals,
including pharmaceuticals and agrochemicals (24, 25). Specifi-
cally, we describe the OKR of 1-phenylethanol, which has been
used as a benchmark for this transformation (26–28).

Results and Discussion
Synthesis and Characterization of Peptoids Incorporating TEMPO Side
Chains. The library of catalytic peptoids in Fig. 1 was synthesized
on solid support from (S)- or (R)-1-phenylethylamine (spe or
rpe, respectively), benzylamine (pm), and 4-amino-TEMPO
(tempo) as submonomer synthons in an efficient iterated two-
step protocol (29). The modularity of this protocol permits the
attachment of the catalytic center, achiral substituents, and
chiral substituents at defined positions along the peptoid back-
bone, enabling systematic investigation of the role of primary
sequence and secondary structure on enantioselective catalysis.

Fig. 1. A library of peptoid sequences evaluated for catalysis. (A) Monomeric units used in the design of catalytic peptoids. (B) Examples of catalytic peptoids
and their sequence descriptors. Modular peptoid synthesis permits systematic control of the chain length, position of the TEMPO catalytic site (red), and the
position and number of chiral (blue) and achiral (black) substituents.
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The peptoid products were cleaved from the solid support and
purified before use as catalysts for the OKR of 1-phenylethanol.
CD spectra confirmed the existence of secondary structure,
resembling a polyproline type I helix (13), in catalytic peptoids
1S–4S. Peptoids 1S and 1R exhibited CD ellipticities (�) of equal
magnitude with opposite sign, indicating the formation of right-
and left-handed helices, respectively, with an equivalent degree
of helical character. In general, the degree of helical character
increased with increasing values of n (the number of monomer
units) in the series 5S-A through 5S-D. As expected, the intro-
duction of achiral benzyl substituents in compounds 6-9 reduced
the magnitude of � commensurate with the number of achiral
groups [see supporting information (SI) Appendix].

Peptoids as Catalysts for OKR. The OKR reactions were performed
in a biphasic mixture consisting of the catalytic peptoid (1 mol
% based on the 1-phenylethanol substrate) dissolved in dichlo-
romethane, an aqueous solution of KBr (0.5 M), and 1-phe-
nylethanol (typically 1 � 10�4 mol). The oxidation reaction
commenced upon addition of an aqueous solution containing 0.5
M sodium hypochlorite (26) (see Methods).

A mixture of the 4-amino-TEMPO catalyst and (S)-1-
phenylethylamine was active for oxidation of 1-phenylethanol,
but it did not produce enantioselective transformation (Table 1).
A heptameric helical peptoid with (S)-1-phenylethylamine sub-
stituents exhibited greater activity for this reaction, but still did
not produce enantioselective transformation. In contrast, the
right-handed helical catalytic peptoid 1S, with the catalytic
TEMPO group covalently attached at the N terminus of the
heptameric oligomer, displayed comparable activity but with
enantioselectivity; the overall conversion after 2 h was 84% with
60% enantioselectivity for (S)-1-phenylethanol, resulting in 99%
enantiomeric excess (ee) of the less-reactive R-enantiomer. At
lower conversions, the apparent selectivity is larger and the
percentage of ee is smaller, as expected for a transformation that

is �100% enantioselective. This enantioselectivity also can be
expressed in terms of a selectivity coefficient (S), which accounts
for the dependence of the measured selectivity on overall
conversion. Notably, peptoid 1R, which adopts a left-handed
helical configuration, exhibited identical catalytic activity and
enantioselectivity, but for the opposite enantiomer, (R)-1-
phenylethanol, producing an enantiomeric excess of the less
reactive (S)-1-phenylethanol. Inserting the TEMPO group at
interior positions along the oligomer chain results in substan-
tially diminished enantioselectivity. For example, catalytic pep-
toids 2S and 3S, although active, did not display any enantiose-
lectivity. Catalytic peptoid 4S produced 56% conversion within
2 h but with only marginal enantioselectivity (�52%) for the R
enantiomer, affording �5% ee of the S enantiomer. Interest-
ingly, the selectivity displayed by 4S is opposite that of 1S, even
though the two compounds have the same helical handedness.

We sought to correlate the enantioselectivity of the oligomers
to their structural organization. For small molecule catalysts,
such correlations can prove opaque in the absence of detailed
structural studies by X-ray diffraction or NMR techniques. For
peptoids and some other foldamers, however, CD is a rapid,
albeit low-resolution, spectroscopic tool for evaluating second-
ary structure content. Catalytic peptoids with the TEMPO group
at the N terminus exhibited increasing enantioselectivity with
increasing oligomer size (peptoids 5S-A through 5S-D), consis-
tent with the increase of helical character with increasing chain
length, as measured by CD. This behavior is not unlike that
reported for peptide catalysts (30–32). The replacement of chiral
phenylethyl substituents with achiral benzyl substituents pro-
duced catalytic peptoids 6-9, with TEMPO located at either the
terminus or the central position. Comparing peptoids 1S, 6, and
7, with TEMPO at the terminus (Fig. 2), the enantioselectivity
decreased upon incorporation of achiral substituents, in parallel
with the decrease in the degree of helicity, as measured by CD.
In contrast, an unexpected increase in enantioselectivity with

Table 1. Conversions, enantioselectivities, and enantiomeric excess for the catalytic oxidation of 1-phenylethanol by peptoids

1% catalyst, NaOCl/KBr
CH2Cl2/H2O, 0oCCH3 CH3 CH3

O

CH3

OH

+ +
OH OH

S R R

Catalytic system* Conversion†, % Selectivity§, % ee % S¶

NH2

N
O

+

NH2

22 None None 1

N N N N N NH2

O

O

O

O

O

NHN

O

O

NH2

N
O

+ 86 None None 1

1S (right-handed helix) 84 60 (S) �99 (R) 5.6
48‡ 75 (S) 46 (R) 4.6

1R (left-handed helix) 85 59 (R) �99 (S) 5.4
49‡ 74 (R) 45 (S) 4.2

2S (right-handed helix) 26‡ None None 1
3S (right-handed helix) 25‡ None None 1
4S (right-handed helix) 56 �52 (R) �5 (S) 1.1

*All reactions were performed with mole ratio of 1:100 catalyst 1-phenylethanol.
†Conversion values are based on 2 h of reaction time unless otherwise specified.
‡Conversion values at 30 min.
§Selectivity at the quoted conversion value is defined as (% preferred enantiomer / % conversion).
¶S is the selectivity coefficient, as defined by S � ln(1 � C)(1 � ee)/ln[(1 � C)(1 � ee)].
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decreasing helical character was detected for catalytic peptoids
4S, 8, and 9, with TEMPO attached to the central residue (Fig. 2).

Collectively, these observations demonstrate that enantiose-
lectivity (i) requires attachment of the catalytic group to the
helical peptoid scaffold; (ii) depends on the handedness of the
asymmetric environment; (iii) depends on the position of the
catalytic center along the peptoid backbone; and (iv) depends on
the degree of conformational ordering of the scaffold. The
results reveal that the selectivity is governed by the global
structure of the catalyst and not solely from the local chirality at
sites neighboring the catalytic center, a characteristic feature of
enzymatic systems. In this context, it is interesting to note that
the selectivity coefficient in the OKR of 1-phenylethanol is
higher with peptoid 1S as a catalyst than with peptides bearing
a similar nitroxyl radical as the catalytic center (27).

Structural Origins of Enantioselectivity. A striking observation is
the achievement of highest activity and enantioselectivity for
catalytic peptoids with the TEMPO group positioned at the N
terminus (peptoids 1S, 1R), indicating less-effective interaction
of the substrate with the asymmetric environment when the
TEMPO site is located in the center of the scaffold as in 4S. The
origins of enantioselectivity in the OKR of secondary benzylic
alcohols are not well understood. We note, however, that the
enantioselective acylation of (R)-1-phenylethanol from a race-
mic mixture by substituted pyridinium catalysts has been attrib-

uted to �–� interactions, electrostatic cation–� interactions, and
steric repulsion in the likely transition states of the diastereo-
meric catalyst–substrate complexes (33). A model of the energy-
minimized structure (see SI Appendix) of the catalytic peptoid 1S
(Fig. 3) reveals a sterically accessible reaction cleft–defined by
the benzene ring of an spe group and the reactive nitroxyl
center—that permits �–� interactions in the peptoid–substrate
complex while the reactive alcohol group is positioned within 3
Å of the catalytic nitroxyl site at the opening of the cleft (Fig.
3A). Based on the average selectivity coefficient of S � 5.5 for
1S and 1R, the chiral discrimination reflects a difference of �0.8
kcal mol�1 between the transition states for the two diastereo-
meric catalyst–substrate complexes. The environment surround-
ing the catalytic TEMPO site in peptoid 4S, however, is crowded
(Fig. 3B), precluding �–� interactions with the substrate when
its reactive end is in proximity with the nitroxyl group. These
features provide a reasonable basis for the comparatively high
enantioselectivity exhibited by catalytic peptoid 1S.

The importance of steric accessibility (34) is further supported
by our observation that peptoid 1Ac, synthesized by acetylating
the N terminus of 1S, catalyzed the oxidation of 1-phenylethanol
at the same rate as 1S (83% conversion obtained in 2 h), but with
no enantioselectivity. Inspection of the molecular model in Fig.
3A, reveals that the acetyl group in 1Ac would protrude into the
reaction cleft, thereby obstructing access of the substrate 1-phe-
nylethanol to the asymmetric environment of the helical scaffold.
Interestingly, steric crowding also is implicated by an increase in
enantioselectivity upon the replacement of some of the chiral spe
substituents in 4S with achiral benzylamine substituents in
peptoids 8 and 9. The reduced degree of secondary structure in
these compounds, as revealed by CD (see above), is anticipated
to relieve the steric crowding about the catalytic site, allowing
improved accessibility of the substrate to the asymmetric reac-
tion environment, leading to an enantioselective transformation.

Conclusion
Synthetic foldamers have been found to exhibit well-defined
conformational ordering (16, 35) and recent investigations have
produced molecular architectures that emulate protein second-
ary and tertiary structures (36–38). Further advancement of
foldamers will benefit from design strategies that enable sophis-
ticated functions such as catalysis (39). In this respect, peptoids
represent an outstanding opportunity, inasmuch as: (i) peptoids
self-organize with chain lengths as short as five residues, sim-
plifying synthesis; (ii) peptoid folding does not rely on hydrogen
bonding, enabling use in solvents that otherwise would interfere
with hydrogen bonds; (iii) peptoids are chemically inert toward

Fig. 2. Kinetic resolution of 1-phenylethanol catalyzed by peptoid oli-
gomers. Reaction conditions were identical to those described in Table 1. The
peptoids are grouped according to the location of TEMPO (1S, 6, 7 at the N
terminus; 4S, 8, 9 at the center).

Fig. 3. Models of substrate–catalyst interaction. (A) Energy-minimized structure of substrate 1-phenylethanol docked in the cleft of peptoid 1S as viewed
perpendicular to the helix axis (Left) and down the helix axis with the N terminus projecting forward (Right). (B) The substrate 1-phenylethanol approaching
the catalytic TEMPO site of the sterically encumbered scaffold of peptoid 4S. The ovals represent the reaction site comprising the substrate hydroxyl group and
TEMPO nitroxyl radical. Color key: hydrogen, white; oxygen, red; nitrogen, blue; 1-phenylethanol (substrate), green.
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many catalytic transformations and therefore represent a highly
versatile scaffold; (iv) the number of chiral centers, the helical
secondary structure content, and other physicochemical at-
tributes can be tuned in a precise manner through introduction
of different side chains at various positions, thus permitting
systematic exploration of sequence–structure–function relation-
ships and optimization of catalytic performance; (v) peptoids
may be capable of accessing conformations and three-
dimensional architectures that enable functions not readily
accessible by biopolymer systems.

The ease of peptoid library synthesis permits rapid screening
of catalytic activity for a wide range of structural attributes,
which in turn will reveal pathways for optimization of catalysis
while facilitating detailed mechanistic studies. Moreover, the
inherent modularity of peptoids permits various chemical trans-
formations simply by introducing different types of catalytic
centers (e.g., catalysts suitable for hydrogenation, oxidation,
acylation). Catalytic activity and selectivity can be adjusted and
optimized systematically by simply altering the placement of
catalytic sites and chiral recognition sites on the oligomeric
scaffold. Finally, the transfer of chiral information from a folded
scaffold (40) to an embedded achiral reactive center should
prove applicable to synthetic foldamers in general.

Methods
Preparation of Peptoid Oligomers. Peptoid oligomers were synthesized man-
ually on Rink amide resin by using the submonomer approach (29). All peptoid
oligomers were synthesized at room temperature. Typically, 100 mg of resin
was swollen in DCM for 20 min before Fmoc deprotection of the resin. Multiple
washing steps using DMF were performed between each step described
below. Fmoc was cleaved from the resin by 20% piperidine in DMF, followed
by bromoacetylation, in which �20 eq of bromoacetic acid (1.2 M in DMF, 8.5
mL g�1 of resin) and 24 eq of diisopropylcarbodiimide (2 mL g �1 of resin) were
added; this reaction was allowed to shake for 20 min. After the reaction, the
bromoacetylation reagents were washed from the resin by using DMF (10 mL
g�1 of resin) (3 � 1 min), and then 20 equivalents of a primary amine (1.0 M
in DMF, 10 mL g�1 of resin) were added. The amine displacement reaction was
allowed to shake for 20 min and was followed by multiple washing steps (DMF,

10 mL g�1 of resin) (3 � 1 min). The bromoacetylations and amine displace-
ment steps were repeated until peptoid oligomers of desired sequence were
obtained. To cleave the peptoid oligomers from solid support for purification,
100 mg of resin was treated with 95% TFA in water (40 mL g�1 of resin) for 10
min at room temperature. The cleavage mixture was evaporated, resus-
pended in 2 mL of HPLC solvent, frozen, and lyophilized. To regenerate the
TEMPO radical species, the compound was dissolved in 9:1 ammonia (7 N
solution in methanol)/water (4 mL per 100 mg of resin) and stirred for 6 h at
25 °C. The solvent was then evaporated, and the compound was resuspended
in 2 mL of HPLC solvent, frozen, and lyophilized (see SI Appendix).

Structural Characterization by CD Spectroscopy. Solutions (10 mM in methanol)
of lyophilized peptoid powders were prepared immediately before CD mea-
surements. The final concentration of each measured sample was 100 �M in
methanol/water 2.5:4 solution. CD scans were performed at 25 °C. Spectra
were obtained by averaging six scans per sample in a fused quartz cell (path
length � 0.1 cm; Starna Inc.). Scans were performed over the 300- to 190-nm
region at a step of 0.5 nm (scan rate � 1 s per step).

General Procedure for Oxidation Catalysis. A glass vial (8-mL volume) was
charged with 1 � 10�4 mol of peptoid catalyst, 0.25 mL of CH2Cl2, 0.125 mL of
0.5 M KBr in water, and 1 � 10�6 mol of substrate (alcohol), placed in an ice
bath and cooled to 0 °C under stirring. The reaction was initiated with the
addition of 0.31 mL of freshly made 0.5 M NaOCl solution (10–13% Cl).

Analysis of the Catalysis Products. Gas chromatograph (GC) analysis was
performed on a HP 6890 instrument, by using a 30-m Astec chiraldex B-PM
column with an inner diameter of 0.25 �m and 0.25 mm thickness. The
reaction was quenched by an addition of 1 mL of CH2Cl2, followed by extrac-
tion of the aqueous layer. Then, a sample from the CH2Cl2 layer (typically 1 �L)
was injected to the GC at initial temperature of 100 °C. In these conditions,
acetophenone is eluted at a retention time of 5.8 min, (R)-1-phenylethanol is
eluted at a retention time of 8.7 min, and (S)-1-phenylethanol is eluted at a
retention time of 8.9 min.
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