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This note describes the design, synthesis, and conformational
studies of a novel hybrid foldamer that adopts a definite
compact, three-dimensional structure determined by a com-
bined effect of the special conformational properties of the
foldamer constituents. The striking feature of this de novo
designed foldamer is its ability to display periodicγ-turn
conformations stabilized by intramolecular hydrogen bonds.
Conformational investigations by single-crystal X-ray studies,
solution-state NMR, and ab initio MO theory at the HF/6-
31G* level strongly support the prevalence ofγ-turn motifs
in both the di- and tetrapeptide foldamers, which are
presumably stabilized by bifurcated hydrogen bonds in the
solid and solution states. The strategy disclosed herein for
the construction of hybrid foldamers with periodicγ-turn
motifs has the potential to significantly augment the con-
formational space available for foldamer design with diverse
backbone structures and conformations.

Over the past three decades, chemists have made key strides
in learning the fundamental rules of folding propensities of

peptides and proteins involving noncovalent interactions.1 The
mystery of how a protein sequence specifies a unique structure
and function has intrigued chemists leading to the design and
development of foldamers,2 which are synthetic oligomers with
a definite conformational backbone structure. The foldamer
approach has been extensively utilized generating diverse sets
of structures which are able to mimic secondary structure
elements likeâ-turns, helices, andâ-pleated sheets.3 The driving
force for these efforts has been the possibility of achieving
suitable templates for the design of biologically active molecules
that compete for a variety of protein-protein4 and protein-
membrane interactions, respectively.5 These synthetic oligomers
may provide excellent starting points for the elaboration of
peptide mimics that could be designed only with difficulties on
the basis of small-molecule scaffolds.6 To extend the repertoire
of foldamer design, foldamers containing different residues of
independent conformational preferences were recently suggested.
For instance, several groups demonstrated thatR,â-hybrid
peptides composed of alternately changingR- andâ-amino acid
constituents showed convincing evidence for the formation of
special helix types.7 We ourselves have recently provided
theoretical insights into the helix formation propensities inR,â-,
R,γ-, and â,γ-hybrid peptides.8 Furthermore, the potential of
using unconventional foldamer building blocks for the design
of protein secondary structure mimetics has also been described.9

In this note, we describe a foldamer having proline (Pro) and
3-amino-5-bromo-2-methoxy benzoic acid (Amb) as alternating
subunits that forms repeatingγ-turn conformations. Although
not so ubiquitous asâ-turns,γ-turns consisting of three amino
acid residues have been implicated in several important biologi-
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cal events.10 They have been frequently postulated to represent
an important feature of peptide secondary structure as deter-
mined by1H NMR,11 X-ray,12 and molecular modeling.13 Two
types ofγ-turns have been characterized, the classical and the
inverse ones, which are defined by the torsion angles of the
central amino acid residue (Figure 1).

Whereas inverseγ-turns are more frequently observed in pro-
teins,14 classicalγ-turns are rather rare.15 It has been challenging
to investigate the role ofγ-turns in protein-peptide recognition
because they seldom exist as stable conformers in short, linear
peptides, but have to be constrained by ring formation (backbone
cyclization)16,17or by the closer positioning of proline residues
to highly constrained cyclopropane amino acid residues.18

Design Principles.We designed the Pro-Amb motif-based
foldamer anticipating that the corresponding oligomers would
adopt a definite three-dimensional structure determined by a com-
bined conformational restriction imposed by both the Pro and
the Amb residues (highlighted in bold blue bonds in Scheme 1).
Whereas the Pro residue, with its torsion angleφ constrained at
about-60°, is known to promote PPII helical conformation in
its homo oligomers,19 analogues of the backbone-rigidified aro-
matic amino acid residue Amb are known to induce a crescent
conformation in the oligomers3g,20 via localized S(5) and S(6)
type21 hydrogen bonding interactions. Thus we reasoned that
heterooligomers made of the Pro-Amb motif would also display
a conformationally rigid three-dimensional structure. Struc-
tural studies (vide infra) indeed showed that the Pro-Amb motif-
based tetrapeptide foldamer3 folds into a well-defined, compact,
three-dimensional structure with periodicγ-turn motifs stabilized
by two sets of intramolecular bifurcated hydrogen bonds.

Results and Discussion.The Pro-Amb motif-based foldamer
3 was assembled from the Boc-Pro-Amb-OMe building block
2a by using “segment doubling strategy”22 (Scheme 1).2a, in
turn, was synthesized by coupling the protected amino acids
Pro and Amb, using TBTU (O-(benzotriazol-1-yl)-N,N,N′,N′-
tetramethyluronium tetrafluoroborate) as a coupling agent and
DIPEA (N,N-diisopropylethylamine) as the base (experimental
details in the Supporting information).
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FIGURE 1. Schematic representation of the intramolecular hydrogen
bonding interaction that stabilizes reverse turns such as the 10-
membered hydrogen-bonded ring inâ-turns (i r i + 3) and the
7-membered hydrogen-bonded ring inγ-turns (i r i + 2). The ideal
values for the torsion anglesφ andψ (highlighted in bold gray arrows)
for the inverse and classicγ-turns and the most common types of
â-turns,âI and âII, are indicated.

SCHEME 1. Synthesis of Hybrid Foldamersa

a Reagents and conditions: (i) Boc-Pro-OH, DIPEA, TBTU, MeCN, rt,
12 h; (ii) dry HCl (gas), dioxane, rt, 15 min; (iii) LiOH, MeOH, rt, 24h;
(iv) methanolic MeNH2, 24 h, rt; (v) DIPEA, TBTU, MeCN, rt, 12 h.
Note: To facilitate identification, the conformational restriction imposed
by the Pro and Amb residues in3 is highlighted in blue bold bonds.
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Structural studies employing NMR and quantum chemical
methods show that the Pro-Amb motif-based tetrapeptide
foldamer3 folds into a well-defined compact three-dimensional
structure with periodicγ-turn motifs. The detailed analysis
indicates that the prolylamide NH group is involved not only
in the S(7)-type 7-memberedγ-turn formation, but also in an
S(5)-type hydrogen bonding21 with the Amb methoxy group. It
should be noted that simpleN-acyl prolylamide model peptides
are known to exist in multiple conformational equilibrium, where
theγ-turn is only one of the emerging conformers.23 Presumably,
the O-methoxy group of Amb in both2d and3 causes further
conformational restriction forming a bifurcated hydrogen-bonded
network that favors the population of theγ-turn conformation.
This bifurcated hydrogen-bonded structural feature was already
realized at the dipeptide level itself as the crystal structure of
the dipeptide foldamer2d reveals (Figure 2a).

The hydrogen-bonding geometry of theγ-turn is well in
accordance with an inverseγ-turn pattern (φ ) -87° andψ )
53°). The experimental structure of the dipeptide2d is in good
agreement with the most stable conformer obtained by quantum
chemical calculations employing ab initio MO theory (Figure
2b). Unfortunately, the Pro-Amb motif-based tetrapeptide fol-
damer3 could not be crystallized, despite best efforts. However,
it was possible to confirm the essential structural aspects by
NMR data and by theoretical calculations. The theoretical
conformational analysis strongly suggests the occurrence of
periodicγ-turn motifs in3, as observed in the crystal structure
of the shorter analogue2d (Figure 2c). This is strongly supported
by 2D ROESY NMR studies in solution (500 MHz, CDCl3),
which indicate the prevalence ofγ-turn conformations for3
similar to that observed in the solid state of2d on the basis of
characteristic ROE interactions. One of the most characteristic
ROE interactions that can be anticipated for an 1r 3 (C7)
H-bondedγ-turn conformation, as observed in the solid state-
state structure of2d, would be the requirement of dipolar
coupling between prolineR-CH vs aryl-NH of adjacent residues.

The analysis of the 2D ROESY data indeed revealed the
existence of prolineR-CH vs aryl-NH dipolar couplings of the
adjacent residues in2d (R-CH/NH1) and in3 (NH1/R1-CH,
and NH2/R2-CH) (Figure 3). Furthermore, the characteristic
ROE interactions between aryl-NH and the adjacentO-ary-
loxymethyls in2d (OMe/NH1) and in3 (NH1/OMe1, NH2/
OMe2, and NH3/OMe2) also strongly suggest theirsynorien-
tation, thereby making space for the S(5) type hydrogen-bonded
arrangement, a common feature inO-alkoxy arylamines and a
prerequisite for the bifurcated hydrogen bonding.3g,20

To confirm that intramolecular hydrogen bonds are clearly
prevalent in solution, we also performed [D6]DMSO titration
and CDCl3 dilution studies of2d and3 (Supporting Informa-
tion). Notably, all the NH signals of both2d and3 appear at
the downfield region suggesting their involvement in extensive
hydrogen bonding interactions. Remarkably, the protons in-
volved in γ-turn formation show little shift when solutions of
2d and 3 are titrated gradually with [D6]DMSO (∆δ < 0.09
ppm) or diluted from 100 to 1 mM (∆δ < 0.04 ppm), suggesting
their strong involvement in intramolecular hydrogen bonding.

Summarizing our results, we have designed and synthesized
a novel hybrid foldamer that adopts a well-defined compact,
three-dimensional architecture, which is governed by a combined
conformational restriction imposed by the individual amino acids
of which it is composed.24 Conformational investigations by
single-crystal X-ray studies,25 solution state NMR, and ab initio
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FIGURE 2. Conformation of the foldamers2d and 3 showing
bifurcated H-bond stabilizedγ-turn motifs: (a) single-crystal X-ray
structure of2d; (b) conformation of2d at the HF/6-31G* level of ab
initio MO theory; and (c) conformation of3 at the HF/6-31G* level of
ab initio MO theory.

FIGURE 3. Partial 2D ROESY spectra of2d (top) and3 (bottom)
(500 MHz, CDCl3) showing characteristic ROE interactions. The HF/
6-31G* structures of2d and3 with labeled atoms are also shown to
facilitate signal assignments.
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MO theory26 strongly suggest the prevalence ofγ-turn motifs
in both the di- and tetrapeptide foldamers, which are presumably
stabilized by strong bifurcated hydrogen bonds in the solid and
solution states. The strategy disclosed herein for the construction
of hybrid foldamers with periodicγ-turn motifs has the potential
to significantly augment the conformational space available for
foldamer design with diverse backbone structures and confor-
mations, and will have a bearing on practical utility. Further
studies are underway to extend this hybrid foldamer strategy
for the construction of diverse foldamers with periodic secondary
structure motifs.

Experimental Section

Crystal Data for 2d. C19H26BrN3O5; M ) 456.34; crystal size,
0.28× 0.21× 0.12 mm3; T ) 297(2) K; crystal system, monoclinic;
space group,P21; a ) 10.209(2) Å,b ) 9.5116(18) Å,c ) 11.486-
(2) Å, â ) 95.826(3)°, V ) 1109.6(4) Å3, Z ) 2, F(000) ) 472,
dcalc [g cm-3] ) 1.366,µ [mm-1] ) 1.885; absorption correction,

multiscan;Tmin ) 0.6214,Tmax ) 0.8124; 7929 reflections collected,
3727 unique reflections, 2933 observed reflections, 258 refined
parameters;R1[I>2σ(I)] ) 0.0418,wR2 ) 0.0961 (all dataR )
0.0567,wR2 ) 0.1032); goodness of fit, 1.016;∆Fmax, ∆Fmin (e
Å-3) ) 0.363, -0.264. Crystallographic data for3 have been
deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-612864. Copies of the data
can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge CB21EZ, UK.
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