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ABSTRACT

An enantioselective synthetic route is reported for trans -2-aminocyclopentanecarboxylic acids (ACPC) bearing geminal side chain pairs at the
4-position. â-Peptides containing the 4,4-disubstituted ACPC residues adopt the 12-helical conformation, as demonstrated by 2D NMR analysis
in aqueous solution. These 4,4-disubstituted ACPC residues display functional groups, including acidic and hydrogen bond donating groups,
in a geometrically defined fashion, which should be useful for the design of â-peptides for specific applications.

Unnatural oligomers with discrete folding propensities (“fol-
damers”) have received much attention in recent years.1,2

Oligomers consisting ofâ-amino acids constrained with five-
membered rings (Figure 1), such astrans-2-aminocyclopen-

tanecarboxylic acid (ACPC) andtrans-3-aminopyrrolidine-
4-carboxylic acid (APC), have been shown to adopt a helical
conformation defined by 12-membered-ring hydrogen bonds,

CdO(i) f N-H(i + 3) (“12-helix”).3 A 12-helical structure
can be observed with as few as six residues in aqueous
solution.4 Properly designed 12-helicalâ-peptides mimic the
antimicrobial activity of natural host-defense peptides.5

Biological applications of non-12-helicalâ-peptides have also
been reported.6

The synthesis of a diverse set ofâ-amino acid residues is
vital for developing â-peptides with useful functions.7

Previously we showed that side chains can be introduced
into 12-helical â-peptides by sulfonylation of the ring
nitrogen of APC8 or by introduction of a few acyclicâ-amino
acids among ACPC and/or APC residues.9 Diversity can be
achieved also by introducing side chains on the cyclopentane
ring. Recently, we reported the synthesis of ACPC residues

† These authors contributed equally to the work.
(1) Cheng, R. P.; Gellman, S. H.; DeGrado, W. F.Chem. ReV. 2001,

101, 3219-3232.

(2) For a review, see: Hill, D. J.; Mio, M. J.; Prince, R. B.; Hughes, T.
S.; Moore, J. S.Chem. ReV. 2001, 101, 3893-4011. For selected recent
examples, see: Jiang, H.; Le´ger, J.-M.; Huc, I.J. Am. Chem. Soc. 2003,
125, 3448-3449. Levins, C. G.; Schafmeister, C. E.J. Am. Chem. Soc.
2003, 125, 4702-4703.

(3) (a) Gellman, S. H.Acc. Chem. Res.1998, 31, 173-180. (b) Appella,
D. H.; Christianson, L. A.; Klein, D. A.; Richards, M. R.; Powell, D. R.;
Gellman S. H.J. Am. Chem. Soc. 1999, 121, 7574-7581.

(4) Wang, X.; Espinosa, J. F.; Gellman, S. H.J. Am. Chem. Soc. 2000,
122, 4821-4822.

(5) (a) Porter, E. A.; Wang, X.; Lee, H.-S.; Weisblum, B.; Gellman, S.
H. Nature2000, 404, 565. (b) Porter, E. A.; Weisblum, B.; Gellman, S. H.
J. Am. Chem. Soc. 2002, 124, 7324-7330.

Figure 1. â-Amino acids with five-membered ring constraint.
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containing side chains at the 3-position of ACPC.10 Here
we disclose a route to cyclopentane-basedâ-amino acids that
are symmetrically disubstituted at the 4-position (Figure 1).
We demonstrate that these side chains, including the bulky
phenyl substituent, are compatible with folding into the 12-
helical conformation. Thus, the newâ-amino acids allow
the incorporation of a variety of functional groups along the
outside of the 12-helical scaffold, including acidic and
hydrogen bond donating groups.

â-Amino acids1a-d were prepared enantioselectively
from 3,3-disubstituted hexanedioic acids. The dicarboxylic
acid precursors for monomers1a (R ) Me) and1b (R )
Ph) could be accessed by oxidation of known cyclohexanones
(Scheme 1). 4,4-Dimethylcyclohexanone (2) readily under-

went oxidative C-C bond cleavage in aqueous KMnO4 to
furnish the desired diacid4a.11 The more hydrophobic 4,4-
diphenylcyclohexanone could not be cleaved using aqueous
conditions. Instead, the ketone was converted to TMS enol
ether 5,12 which was oxidized to diacid4b in organic
solvents.13

Precursors for monomers1c and1d were prepared by the
oxidation of disubstituted cyclohexenes (Scheme 2). Disub-

stituted cyclohexenes6 and7 were prepared from the Diels-
Alder reaction between butadiene and methylidene malonate
generated in situ from the corresponding malonate ester and
formaldehyde.14 Cyclohexene6 was reduced to diol8 and
protected as the bis-tert-butyl ether9. Disubstituted cyclo-
hexenes7 and9 were oxidized to the corresponding diacids
4c and4d in aqueous KMnO4.

Diacids4a-d were converted to enantiopure aminoesters
12a-d and 13a-d through an auxiliary-based synthesis
(Scheme 3). The diacids4a-d were first converted to the
corresponding diesters10a-d, which were cyclized to the
â-keto esters11a-d. The 4,4-disubstituted regioisomeric
product was predominant in each case, presumably because
of steric effects. Theâ-keto esters were converted to
diastereomerictrans-amino esters12a-d and13a-d, in one-
pot operations, by enamine formation withR-methylbenzyl-
amine and subsequent reduction using NaBH3CN.15 In each
case the reduction was highlytrans-selective, albeit with low
selectivity between the twotrans diastereomers. These
isomers could be readily separated from each other and from
the minorcis isomers by column chromatography, allowing
access to both enantiomers of theâ-amino acids.16 The
stereochemistry of the diastereomericâ-amino esters was
assigned by X-ray crystallography of salts derived from12a-
c.17,18 Saponification of the ester, hydogenolysis of the
auxiliary, and Fmoc protection yielded the protectedâ-amino
acids14a-d andent-14a-d.19
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16.20 Hexamers15 and 16 were both suitable for two-
dimensional NMR analysis (Figure 2). The proton resonances

of theseâ-peptides were well resolved, both in CD3OH and
in aqueous solution. NOEs are indicated as ambiguous where
resonance overlap precludes a definitive assignment (Figure
2).

Hexamer15 displayed NOEs in methanol consistent with
the 12-helical conformation. Three unambiguous CâH(i) to
CRH(i + 2) NOEs were assigned (of four possible NOEs of

this type); four unambiguous CâH(i) to NH(i + 2) NOEs
were assigned (of five possible NOEs), and two unambiguous
CâH(i) to NH(i + 3) NOEs were assigned (of four possible
NOEs). These observations are fully consistent with a 12-
helical structure. Hexamer15displayed a similar set of NOEs
in water. Two of four CâH(i) to CRH(i + 2) NOEs, four of
five CâH(i) to NH(i + 2) NOEs, and two of four CâH(i) to
NH(i + 3) NOEs were unambiguously assigned.

Interestingly, a previously unobserved type of NOE was
observed for hexamer15 in water. Two NOEs from CâH(i)
to CRH(i + 3) were identified. Crystal structure data for 12-
helical ACPC oligomers21,3b suggest that these two protons
would be too far apart for an NOE between them to be
observed.22 This contradiction suggests that the “12-helix”
may be a family of related conformers, perhaps in rapid
exchange with one another, rather than a single, rigid
conformation. The introduction of side chains at particular
positions on the five-membered rings of individual residues
may perturb the 12-helix conformational manifold in such a
way that new NOEs are detected.

Hexamer16 also displayed NOEs consistent with 12-
helical structure in both methanol and water. In methanol,
one of four CâH(i) to CRH(i + 2) NOEs, four of five CâH(i)
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Scheme 3a

a Reagents and conditions: (a) MeOH, benzene, H2SO4 or MeI, K2CO3, DMF or BnBr, Cs2CO3, CH3CN, 70-100%; (b) KOtBu, THF,
51-70%; (c) (i) (R)-(+)-R-methylbenzylamine, AcOH, MeOH, (ii) NaBH3CN, 38-41% of 12a-d, 10-19% of 13a-d; (d) LiOH, 0 °C;
(e) 10% Pd/C/NH4HCO2, MeOH, reflux, 16 h; (f) Fmoc-OSu/NaHCO3, acetone/H2O, rt, 12 h, 63-76% over 3 steps.

Figure 2. NOEs between nonadjacent residues observed for
hexamers containing 4,4-disubstituted ACPC residues in 9:1 H2O/
D2O at pH 3.8. Dashed lines indicate NOEs that are ambiguous
because of resonance overlap. Data were obtained on a Varian 600
MHz spectrometer. Data for15 was acquired at 14°C at 5-10
mM concentration. Data for16 was acquired at 4°C at 5-10 mM
concentration.
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to NH(i + 2) NOEs, and one of four CâH(i) to NH(i + 3)
NOEs were unambiguously assigned. In water, the same
types of NOEs were identified and unambiguously as-
signed: three of four CâH(i) to CRH(i + 2) NOEs, four of
five CâH(i) to NH(i + 2) NOEs, and one of four CâH(i) to
NH(i + 3) NOEs. Only one fewer NOE was observed in
water for this peptide than in methanol, perhaps suggesting
that the structural differences between the two solvents are
minimal.
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