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Stereochemical matching determines both helix
type and handedness in a/c-peptides with a
cyclic-constrained c-amino acid†

Dayi Liu, a Ali T. Mansour, ab Ogaritte Yazbeck, b Daoud Naoufal, b Sylvie Robin, ac

Eric Gloaguen, d Valérie Brenner, e Michel Mons *f and David J. Aitken *a

The folding preferences of a/c-peptides containing a bespoke chiral

cyclobutane-constrained c-amino acid have been examined in a

low-polarity solvent by quantum chemical calculations. With (S)-

alanine, the preferred conformation is a right-handed 12/10 helix,

whereas with (R)-alanine a left-handed 12 helical architecture is

promoted. Experimental evidence for this dichotomy was obtained

by detailed analysis of the IR amide I and II absorption bands and

their assignments with assistance from theoretical simulations.

Foldamers are synthetic oligomers that adopt ordered conforma-
tions stabilized by intramolecular networks of non-covalent
interactions.1–3 Peptide-based foldamers have been of particular
interest, due to the modular nature of the requisite building blocks:
these are not limited to a-amino acids (AAs), but include homo-
logated (b-, g-, and d-) families too. Studies on homo-peptides and
mixed peptides have revealed an impressive array of folded struc-
tures that are often reminiscent of the secondary structures found
in Nature and are logically classified as helices, sheets and turns,
although the topology of such architectures varies greatly as a
function of the constitutive monomer units.4–7

Mixed a/g-peptides alternate a- and g-AAs in their primary
sequence. Pioneering theoretical studies by Hofmann8 sug-
gested that several types of stable helically-folded scaffolds
might be adopted by a/g-peptides. Subsequent experimental
work, conducted by several groups,9–33 revealed examples of
two main helical families in solution and in the solid state: the
12 helix and the 12/10 helix. There is a remarkable difference in

the features that stabilize these two foldamer structures: the
former relies on a uniformly oriented series of CQO(i)� � �H–N(i + 3)
(12-ring) H-bonds whereas the latter features an alternation between
CQO(i)� � �H�N(i + 3) (12-ring) and CQO(i)� � �H�N(i � 1) (10-ring)
H-bonds that have opposite orientations (Fig. 1).

Efforts have been made to identify factors that may privilege
one or other helical type (Fig. 2). For the most part, g4-, g4,4- and
g3,3-AAs (I–III) give rise to 12 helix structures when used in
conjunction with an (S)-a-AA or the achiral Aib (a,a-dime-
thylglycine).16–21,25,28–31 The effects of backbone fluorinated
g-AAs on the 12 helix stability of oligomers of III were examined
recently.33 Cyclic constraints have been employed with a view to
imposing (or disfavoring) particular backbone torsion angles
and thus dictating (or not) helical preferences.34 The g2,3,4-AA
(IV)14 in combination with an (R)-a-AA supports a 12 helix,
whereas 12/10 helix formation is promoted by g2,3-AA (V)32 and
g2,3,4-AA (VI)10 in alternation with an (S)-a-AA or by g2,3,4-AA
(VII)11 in alternation with an (R)-a-AA.

In these studies, the focus has been on the nature of the
g-AA component and in general the configuration of the a-AA
(in cases where this has been chiral) was selected in order to
best accommodate the dihedral angles of the anticipated
helical structure on the basis of Hofmann’s theoretical work.
A few clues have emerged suggesting that stereochemical
matching between the a- and g-AA components may be

Fig. 1 Left: The H-bonding networks of 12 helix (top) and 12/10 helix
(bottom) structures of a/g-peptides. Right: Dihedral angles and numbering
system in g-AAs (top) and a-AAs (bottom).
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important: an a/g-peptide comprising the enantiomer of one
example of a g4-AA (I) and (S)-alanine folded into a 12/10 helix
rather than a 12 helix.15 However, no study has been conducted
on the specific premise that a single chiral g4-AA might parti-
cipate in either 12 or 12/10 helical a/g-peptide structures in
which the configuration of the a-AA plays a determinant role.

To address this question, we perceived that the cyclobutane-
constrained g3,4-AA, (R,R)-3,4CB-GABA (Fig. 2),35 might serve as a
useful probe in combination with (R)- or (S)-alanine as the a-AA
component. To this end, we performed the detailed solution-state
theoretical investigation described below and sought some experi-
mental support for the findings. In the event, the limited solubility
of the a/g-peptide sequences led us to identify an unhabitual but
crucial role for IR spectroscopy in the amide I and II regions in
order to correlate experimental observations with theory. The
a/g-peptide sequences studied herein are presented in Fig. 3.

Quantum chemistry calculations were carried out using DFT
associated with a polarizable continuum model to assess the
relative stabilities and the vibrational spectra of 12 and 12/10
helical structures formed by (R,R,S) amides 1A and 2A and
(R,R,R) amides 3A and 4A in chloroform solution. The level of
theory used for geometry optimization (RI-B97-D3-(BJ)-abc/
def2-TZVPPD + COSMO model) was previously reported to
reproduce successfully the structures and the energetic trends
in the conformational landscape of short peptides.36–38 No
significant variability of the helical architectures was observed
along the series, with the exception of the C-terminus where the
possibility of a C7 H-bond instead of a C10 H-bond arose, along with
the benzyl group interacting with the neighboring cyclobutane ring.
Vibrational data, obtained at a slightly more modest level of theory (RI-
B97-D3-(BJ)/def2-TZVP + COSMO model), enabled us to provide relative
Gibbs energies of the helical structures at 300 K (see ESI† Section S1.1).
These high level energetic data for a chloroform solution (Fig. 4 and
ESI† Table S1-1) were found to be strikingly dependent on the
configuration of the Ala residue: in the (R,R,R) series, L-12 (Fig. 5) was
the most stable helical form for 3A and 4A and the only one expected in

solution, since its challengers, L-12/10 and R-12/10, were found to be
much higher in energy (425 kJ mol�1). In contrast, rather more
competition was indicated in the (R,R,S) series, where the most stable
R-12/10 structures (Fig. 5) for 1A and 2A were only 9 and 19 kJ mol�1

more stable, respectively, than the L-12 challengers. This suggested that,
at least in the former case, both R-12/10 and L-12 helical forms might
be expected in solution.

These trends were rationalized from a further quantum chem-
istry study (see ESI† Section S1.2 for details) as being due to the
combined effects of (i) configuration-dependent steric clashes that

Fig. 2 Examples of previously-studied g-AAs that promote helical struc-
tures in a/g-peptides and the g-AA considered in this work.

Fig. 3 a/g-peptides considered in this work.

Fig. 4 Comparison of the relative energetics (DG at 300 K) of the four peptide
amides 1A–4A in CHCl3 solution, as obtained by quantum chemistry calculations at
the B97-D3 + COSMO model level of theory (details in ESI† Section S1.1). Peptides
of the same length have the same energy reference. The precision, based on a
previous estimate for capped single residue compounds (3 kJ mol�1),36–38 is
considered accurate to within 10 kJ mol�1 for hexapeptides. Each level is labelled
with the type of helix, its handedness (L or R; left or right) together with the Bn group
orientation (g+ or g�). Additional labels in parentheses (CB and C7) indicate a Bn
moiety interacting with a cyclobutane ring and the presence of a C7 H-bond
instead of a C10 at the C-terminus, respectively.

Fig. 5 Lowest energy helical conformations calculated for hexapeptide amides
in CHCl3 solution: the R-12/10 helix of (R,R,S) 2A and the L-12 helix of (R,R,R) 4A.
H-bonds are indicated with dotted lines and H-bonding distances are given in pm.
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disfavor left-handed helices in the (R,R,S) series and (ii) solvation
that facilitates 12 helix structures due to their larger macrodipole.
The IR absorption spectra of the most stable helical forms of the
four amides 1A–4A and of the two hexapeptide esters 2E and 4E
were simulated using quantum chemistry at the RI-B97-D3-(BJ)/
def2-TZVP + COSMO model level of theory.

The a/g-peptides shown in Fig. 3 were synthesized using
solution-state techniques (see ESI† Section S2) and turned out
to be poorly soluble. Dilute chloroform solutions (1–3 mM)
were examined to acquire experimental IR absorption data.

In the amide A region (see ESI† Section S3.1) all peptides showed
free NH vibrations at 3440 cm�1. In the (R,R,R) series, tetrapeptide ester
3E showed minimal absorption below 3400 cm�1, suggesting little
inclination towards H-bonded conformations. Peptides 3A, 4E and 4A
each showed a strong low-frequency band, centered at 3332, 3325 and
3325 cm�1, respectively, that was compatible with a predominant
helical conformation. In the (R,R,S) series, 1E showed a broadened
band, centered at 3330 cm�1 with a shoulder at around 3300 cm�1.
Tetrapeptide 1A showed a broadened band at 3300 cm�1 while
hexapeptides 2E and 2A both showed a stronger band centered at
3295 cm�1. These data suggest that, with increasing peptide length, the
(R,R,S) and (R,R,R) series adopt structures displaying amide A maxima
at 3325 and 3295 cm�1, respectively, although the broadness of the
absorption bands thwarts any conclusion that only one conformer type
might be present in each case. Furthermore, ambiguity arose
when comparison was made with the theoretical spectra (see ESI†
Section S1.3.2), since these absorptions could be interpreted in terms of
either of the two helical conformations, L-12 or R-12/10.

In order to better understand the solution-state peptide
behavior patterns, we therefore focused attention on the amide
I and II absorption bands. Indeed, the amide I region (CO
stretch) is known to be strongly dependent on the relative
disposition of the strongly coupled CO moieties and is there-
fore expected to be sensitive to the helical type. This facet
was confirmed by an extensive theoretical study (see ESI†
Section S1.3.1) and the good correspondence achieved between
experimental and simulated spectra (Fig. 6) suggested it to be
the method of choice for the diagnosis of the helical type.

In the (R,R,R) series, the experimental amide I and II
absorption bands of 3A, 4E and 4A showed excellent agreement
with the theoretical absorptions for L-12 structures, corrobor-
ating the predominance of this helical form in solution. Of note
were the amide I feature at around 1660 cm�1 and the weaker
amide II feature at 1505 cm�1 (Fig. 6, blue zones) which emerge
as diagnostics for L-12. In the (R,R,S) series, the experimental
absorptions are best interpreted in terms of a dominant R-12/10
form for 2E and 2A while contributions from both R-12/10 and
L-12 forms prevail for 1A. The amide I feature at around
1640 cm�1 matches the main absorption bands calculated for
the lower energy R-12/10 conformations (Fig. 6, pink zone). A detailed
inspection, however, reveals that for the tetrapeptide 1A, this band is
broad and straddles the diagnostic frequencies of R-12/10 and L-12
(Fig. 6, pink and blue zones), pointing to the presence of both of these
conformers. This conclusion is supported by a significant amide II
absorption around 1505 cm�1 (Fig. 6, blue zone), specific to the L-12
structure. In 2E and 2A, this absorption is depleted and replaced by

another amide II band at 1540 cm�1, suggesting that the L-12 structure
is diminished leaving the R-12/10 form as the major conformation.
Reassuringly, these interpretations converge with the relative energetics
(Fig. 4) and disambiguate the amide A data mentioned above. The IR
spectra of representative peptides of each series, 1A and 3A, were

Fig. 6 Experimental absorption spectra in the amide I and II regions (black traces)
of 1A, 2E, 2A, 3A, 4E and 4A (CHCl3 solutions). For each peptide, the theoretical
spectra (obtained at the RI-B97-D3-(BJ)/def2-TZVP + COSMO model level) of L-12,
R-12/10 and L-12/10 forms (with kJ mol�1 relative energies in parentheses) are
shown as colored sticks (blue, red and magenta, respectively). The colored zones
(blue and pink) are diagnostic for the 12 and 12/10 backbones, respectively.
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unchanged after 5-fold dilution, indicating that only intramolecular
interactions were implicated in solution-state behavior.

Solubility limitations largely precluded other spectroscopic
studies, a fact that underlines the critical role of the solution-
state IR studies. We were able to perform DMSO-d6 titration
experiments of 1A and 3A in CDCl3 that confirmed the
H-bonding status of all NH protons in complete agreement
with 12/10 and 12 helix conformations, respectively. 1H NMR
ROESY data was obtained for the (R,R,S) series peptides (1E, 1A,
2E, 2A) in the more polar solvent pyridine-d5; non-local correla-
tions indicated the presence of 12/10 helical conformations (see
ESI† Section S3.3). ECD spectra for these peptides in methanol
showed Cotton effects that were in agreement with a right-
handed 12/10 helix (see ESI† Section S3.4).39

Collectively, the conformational behaviour patterns are intri-
guing. The R-12/10 form of 2A (R,R,S series) shows an average g-AA
backbone dihedral y = +141, while the L-12 form of 4A (R,R,R series)
shows an average value of y = �281. In the former case the
puckered cyclobutane ring disposes the N atom in a pseudo-
equatorial position and Ca in a pseudo-axial position, whereas in
the latter case these positions are inversed, leading to a change of
dihedral sign as required by a change of helix handedness. The j/c
dihedrals of the alanine components in 2A and 4A are very close to
Hofmann’s theoretical values for R-12/10 and L-12 helical forms,
respectively (�641/+1421 and +651/+351 respectively).

In summary, the equivocal behavior of the (R,R)-3,4CB-GABA g-AA
allows it to support both R-12/10 and L-12 helical a/g-peptide con-
formations in low-polarity solution, with the preferred structure being
determined by the configuration of the a-AA. While it was known that
the alteration of helix types could be achieved by changing configura-
tions within g-AA residues, the present discovery provides a significant
alternative principle for helical foldamer control. These observations
should be useful in furthering the development of design tools to
control helix structure and handedness.40,41
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