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ntrol through concurrent N–H/S
and N–H/O]C hydrogen bonding and
hyperconjugation effects†

Zeynab Imani, ‡a Venkateswara Rao Mundlapati, ‡b Gildas Goldsztejn, §b

Valérie Brenner, b Eric Gloaguen, b Régis Guillot, a Jean-Pierre Baltaze, a

Katia Le Barbu-Debus, c Sylvie Robin, ad Anne Zehnacker, c Michel Mons *b

and David J. Aitken *a

In addition to the classical N–H/O]C non-covalent interaction, less conventional types of hydrogen

bonding, such as N–H/S, may play a key role in determining the molecular structure. In this work, using

theoretical calculations in combination with spectroscopic analysis in both gas phase and solution phase,

we demonstrate that both these H-bonding modes exist simultaneously in low-energy conformers of

capped derivatives of Attc, a thietane a-amino acid. 6-Membered ring inter-residue N–H/S interactions

(C6g), assisted by hyperconjugation between the thietane ring and the backbone, combine with 5-

membered ring intra-residue backbone N–H/O]C interactions (C5) to provide a C5–C6g feature that

stabilizes a planar geometry in the monomer unit. Two contiguous C5–C6g features in the planar dimer

implicate an unprecedented three-centre H-bond of the type C]O/H(N)/SR2, while the trimer adopts

two C5–C6g features separated by a Ramachandran a-type backbone configuration. These low-energy

conformers are fully characterized in the gas phase and support is presented for their existence in

solution state.
Introduction

The hydrogen bond (H-bond) plays a supremely important role
in determining the structure and the behaviour of countless
molecules of all sizes.1 Chemists have harnessed hydrogen
bonding as a tool, with applications ranging from selective
synthesis,2 to crystal engineering3,4 to the design of self-
organizing molecular and supramolecular architectures.5,6

Nature makes use of hydrogen bonding, along with other types
of non-covalent interactions, to dene and control not only the
shapes of biomolecules but also the specic interactions
between them.7–9 The most commonly observed (and the best
studied) type of H-bond in proteins is the N–H/O]C interac-
tion between backbone amide functions, which stabilizes the
iaux d’Orsay (ICMMO), CNRS, Université

david.aitken@u-psud.fr

ers (LIDYL), CEA, CNRS, Université Paris-
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75006 Paris, France

ESI) available. CCDC 1985233–1985235.
F or other electronic format see DOI:

is work.
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familiar regular secondary structures of helices and sheets, as
well as b-turns and g-turns which are formed by cyclic 10-
membered ring (C10) or cyclic 7-membered ring (C7) H-bonds
(Fig. 1).10–12 Recently, there has been an increased awareness
of the importance of contributions to secondary structure
stabilization from other types of non-covalent interactions,
including less conventional H-bonds such as intra-residue C5
H-bonds (Fig. 1),13–15 or C–H/O interactions,16,17 as well as
phenomena such as n/ p* hyperconjugative interactions,18 C-
bonds,19 cation–p interactions,20,21 and others.22

Reports of non-covalent interactions in proteins which
specically implicate the side-chain heteroatom of sulfur-
containing residues are rare and do not involve H-bonds;
rather, they take the form of sulfur–aromatic interactions23,24

or chalcogen bonds.25 Studies on small peptide systems have
revealed that backbone–backbone H-bonding interactions may
exist in thioamides.26,27 Nonetheless, it was generally assumed
for some time that a side-chain thioether was a poor H-bond
acceptor and that N–H/S interactions between amide back-
bones and the sulfur atom of methionine were weak and of little
signicance.28,29

Recent observations on model systems have challenged this
credo, however. Gas phase spectroscopic studies supported by
quantum calculations suggested a signicant role for short-
range C7d inter-residue and C6d intra-residue N–H/S interac-
tions, implicating the sulfur in the d-position of the side chain,
Chem. Sci., 2020, 11, 9191–9197 | 9191
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Fig. 1 Background for this study.
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View Article Online
in derivatives of methionine (Fig. 1).30 An assessment of the
strength of these H-bonds found them to be comparable with
those of classical N–H/O]C interactions.31 Related studies
showed that C5g intra-residue N–H/S H-bonds, implicating
the sulfur in the g-position, may contribute to the non-covalent
interactions on the conformational landscape of cysteine
derivatives in the gas phase (Fig. 1).32,33 Solution state evidence
for such interactions has been scarce. C5 and C6 H-bond
interactions implicating sulfur have been suggested in non-
peptide arylthioether oligomers.34,35 In early work on peptides,
it was suggested that intra-residue C5g N–H/S interactions
may exist in short oligomers of S-methylcysteine,36 although
this had no apparent impact on secondary structure, since the
appearance of helical conformations was indicated for oligo-
mers longer than the pentamer.37 Likewise, short oligomers of
methionine (smaller than the hexamer) do not show any
conformational preferences,38 while short peptide derivatives of
4-aminotetrahydrothiopyran-4-carboxylic acid (Thp) adopt
standard C7 (or C10) conformers (Fig. 1) with no apparent role
for sulfur.39,40

In order to probe the potential of short-range N–H/S
interactions with a view to controllingmodel peptide edices we
examined derivatives of 3-aminothietane-3-carboxylic acid (Attc)
Fig. 2 Structures of the compounds 1–3 used in this study.

9192 | Chem. Sci., 2020, 11, 9191–9197
(Fig. 2). In principle, we felt that Attc might support C5 or C6g

N–H/S interactions, although the geometrical constraints
imposed by the 4-membered ring might result in a bias for one
or other of these features. In the event, we have discovered that
short oligomers of this a-amino acid (up to a trimer) adopt
a previously unknown combined C5–C6g interaction, featuring
two types of H-bond concurrently, enhanced by hyper-
conjugation effects and leading to well-dened low-energy
conformer shapes in gas and solution phases (Fig. 1).

Methods

Attc was prepared by an adaptation of the literature method41

and its derivatives 1–3, each capped at the N-terminal with
a benzylcarbamate group (Cbz-cap) and at the C-terminal as
a methylamide, were prepared using standard solution phase
procedures (see ESI Section 1 for syntheses†) (Fig. 2). Standard
IR and NMR spectroscopic methods were used to perform
solution state conformational analysis using dilute sample
solutions in a low polarity solvent (chloroform) and solid state
analysis using single crystal X-ray diffraction. Details are
provided in the ESI document.†

Experimental characterization focused on gas phase spec-
troscopy because in these conditions vibrationally resolved
spectra can be obtained for systems composed of several resi-
dues, providing that care is taken to use a so vaporisation
technique along with an efficient rotational and vibrational
cooling. This was achieved by combining a laser desorption set-
up, bringing intact molecules into the gas phase, with the
adiabatic expansion of a molecular jet.42 Furthermore using the
sophisticated arsenal of gas phase laser techniques, which
combines both UV and IR spectroscopy, namely the so-called
IR/UV double resonance laser spectroscopy, conformational
selectivity can be achieved.42 Using this strategy, conformer-
specic IR spectra of each isolated compound 1–3 were
obtained.

Comparison of the vibrationally resolved spectra with the
theoretical IR spectra of low energy conformations allowed
assignment of the observed conformers to specic conforma-
tions and thereby provided a detailed description of the intra-
molecular H-bond network of each conformation. The
theoretical IR spectra were obtained by a three-step strategy
combining several theoretical chemistry methods (see ESI
Section 3†). First, exploration of the potential energy landscape
of each compound was performed combining the OPLS-2005
force eld with the Monte-Carlo multiple minima method.43

Second, geometry of the conformations selected during the
exploration step was then optimized using the DFT-D quantum
chemistry method (RI-B97-D3(BJ)-abc/def2-TZVPPD level).44–46

Finally, at the same level of theory, a frequency calculation was
performed within the harmonic approximation for each opti-
mized geometry. These calculations veried that the confor-
mations corresponded to “true” minima and the harmonic
frequencies derived were rescaled using scaling factors in order
to generate theoretical IR spectra. In addition, detailed NBO
analyses47–50 were performed for each conformation, leading to
quantitative information on the strength of the intramolecular
This journal is © The Royal Society of Chemistry 2020
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H-bonds as well as on hyperconjugation effects. These experi-
mental and computational techniques have been described
previously51–53 (details are given in ESI Sections 2 and 3†).

The Cbz-cap, which provides the UV chromophore required
for the IR/UV double resonance spectroscopy, gives rise to
rotamers (a phenomenon that we refer to as Cbz-rotamerism)
which share essentially the same amide backbone and hence
very similar, although distinct, IR spectra. Narrow UV spectral
signatures were observed in the origin region of the rst pp*
transition of the phenyl group (Fig. 3a), reecting the rotational
and vibrational cooling provided by the jet. Each was used in IR/
UV double resonance spectroscopy to acquire conformer-
selective IR spectra (see ESI Section 4.5†), whose analysis
showed that the doublet bands, labelled A and A1, in
compounds 1 and 2, were respectively consistent with origins
and less intense vibronic bands (involving a low frequency
torsional mode of the Cbz-cap) of the same Cbz-cap rotamer.

This illustrated the efficient conformational cooling ach-
ieved in the supersonic expansion, which funnels the rotamer
population into the most stable species. In the UV spectrum of
compound 2, the red-shied isolated band, labelled B,
Fig. 3 (left) Gas phase UV spectra of jet-cooled compounds 1–3. (centre
and solution phase spectra (red) of compounds 1–3, compared to the the
energy conformations. (right) Corresponding calculated lowest energy
conformer).

This journal is © The Royal Society of Chemistry 2020
suggested a different interaction between the amide backbone
and the side chain. Intriguingly, in 3, the complex feature
observed nearly coincides with the doublets observed for
compounds 1 and 2, with a splitting of the intense band into
two components labelled A and A0.

The conformer-specic IR spectra collected from the several
band systems (A, A0 and B) were assigned to the most stable
conformations, obtained from the exploration of the potential
energy landscape (see ESI Sections 4.1–4.3†) for which a best
agreement was met between experimental and theoretical IR
spectra, usually with discrepancies not larger than 20 cm�1 for
each NH stretch band,52 and generally with an accuracy of
30 cm�1 in the case of N–H/S H-bonds.31 (see ESI Section 4 for
complete sets of spectra.†)
Results and discussion

Conformer-specic NH stretch IR spectra of compound 1
revealed the presence of only one conformer family (ESI Section
4.1†), characterized by two strong vibrational bands at 3360 and
3398 cm�1, implicating two distinct H-bonds simultaneously
) Gas phase IR spectra (black), obtained on UV bands A (1 and 2) or A0 (3),
oretical IR spectrum (stick) of the Cbz-cap trans rotamer of the lowest
conformations of 1, 2, 3 (half-extended conformer) and 3 (extended

Chem. Sci., 2020, 11, 9191–9197 | 9193
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(Fig. 3). Comparison with the most stable calculated confor-
mations (see Table S2, Fig. S2 and S3†) enabled their respective
assignments to a 6-membered ring N–H/S H-bond (designated
C6g, where the superscript refers to the g-position occupied by
the S atom in the side chain) implicating NH(2) and an intra-
residue C5 N–H/O]C interaction implicating NH(1), which
together constitute a C5–C6g structural feature characterized by
an extended planar backbone (Fig. 3). The strengths of these H-
bonds, as judged by the calculated H-bond interatomic
distances (Table 1), were comparable with those observed in
species where only one such interaction exists – the C5 form of
Ac-Aib-NHMe53 and in the N–H/S intermolecular H-bond of
the N-methylacetamide$SMe2 complex (see Fig. S4†) – suggest-
ing the mutual compatibility of these interactions. NBO analysis
of the stabilization energies induced by the H-bonding (Tables 1
and S5†) conrmed the unusual stabilization of the extended
planar backbone (C5 H-bond) and emphasized the role of
hyperconjugation effects between each of the Ca–Cb bonds and
vicinal covalent bonds or sites of the backbone, in particular
that originating from the lone pair of N(1) which provides
a stabilisation energy in the 40 kJ mol�1 range (see details in ESI
section 4.4†).

Conformer-specic NH stretch IR spectra of compound 2
revealed the presence of two conformer families (ESI Section
4.2†). The major family was assigned to the most stable calcu-
lated conformation (Fig. 3) which displayed an extended planar
backbone composed of two successive C5–C6g monomer motifs
(designated C5–C6g/C5–C6g). This structure gives rise to two H-
bonds in the same spectral range implicating NH(1) in a C5
interaction and NH(3) in a C6g interaction, and a third which
was considerably more red-shied (at 3226 cm�1) implicating
NH(2) which was engaged simultaneously in two contiguous
C5–C6g structures (Fig. 3). The bond distances (Table 1) showed
signicant elongation of the C6g bonds, especially that
involving NH(2), signalling some frustration. Nonetheless, in
this conformation NH(2) was engaged in a three-centre H-bond
of the type C]O/H(N)/SR2, an H-bonding pattern which, as
far as we are aware, is without precedent. NBO analysis of the
signicant stabilization energies (Tables 1 and S5†) conrmed
Table 1 H-bond distances, Ramachandran dihedral angles and stabilizat
analysis. All data from this work unless otherwise indicated. (For full deta
Section 4.4.)

Compound Residue
Distance
NH(i)/O (pm)

Distance
NH(i + 1)/S (pm)

D
N

Ac-Aib-NHMe (C5)53 204
AcNHMe$SMe2 247
1 1 204 240
2 1 204 248

2 206 243
3 half-extended 1 207 236 —

2 — — 2
3 201 241 —

3 extended 1 204 247
2 205 249
3 205 243

9194 | Chem. Sci., 2020, 11, 9191–9197
the juxtaposition of two successive C5–C6g monomer motifs,
slightly weakened compared to 1 (see details in ESI Section 4.4†)
and connected by a three-centre H-bond, with NH(2) as the
double donor. The minor family, accounting for about 16% of
the vaporized sample (B band in the UV spectrum of Fig. 3a),
had a backbone which showed two successive g-turns (Fig. S5
and S6†). It was found to be favoured by a dispersive contact
between a Cbz-cap, in a gauche rotamer, and the C-terminus end
of the backbone.

Conformer-specic NH stretch IR spectra of compound 3
revealed the presence of a single backbone family (ESI Section
4.3†), characterized by four H-bonds of various strengths
spanning a spectral range of 120 cm�1 (Fig. 3). The theoretical
conformational landscape (Fig. S7†) suggested that two nearly
isoenergetic (DG ¼ 2.2 kJ mol�1) low energy conformation
families might exist, namely a half-extended (i.e. partly folded)
conformer featuring two C5–C6g motifs separated by a Ram-
achandran a-type backbone conguration (a local feature with
a double donor role for NH(3), designated C5-pam, which has
been observed only once before, in a stable conformation of
a capped Aib dipeptide54), and an extended, planar C5–C6g/C5–
C6g/C5–C6g structure, perceived as a propagation of the struc-
ture adopted by 2. Comparison of experimental and theoretical
IR spectra (Fig. 3) revealed that 3 adopts the half-extended
structure, whose non-planar backbone furthermore accounts
for the splitting of the UV features (A and A0 bands) due to
a degeneracy liing between gauche+ and gauche� Cbz-cap
rotamers (see ESI Section 4.5†). The elongated N–H/S
distances in the extended form of 3 compared to that in 1 (by 3–
9 pm) suggested increased frustration in the former. In
contrast, the NH(2)/S(1) distance in the half-extended form of
3 was shorter (by 4 pm) and the H-bond appeared commensu-
rately stronger (by 11 kJ mol�1) than in 1 (Table 1). NBO analysis
of the signicant stabilization energies (Tables 1 and S5†)
showed that the “missing” H-bond in the half-extended
conformer was compensated by (i) an enhancement of the two
remaining C6g interactions, (ii) by specic hyperconjugation
interactions from the thietane rings to the backbone, in
particular those vicinal interactions not involving sulphur (see
ion energies (E(2)) associated with H-bonds, as obtained from the NBO
ils of NBO analysis, in particular hyperconjugative interactions see ESI

istance
H(i)/pam(i) (pm) f (�) j (�)

E(2) C5
(kJ mol�1)

E(2) C6g

(kJ mol�1)
E(2) pam

(kJ mol�1)

180 179 14.6
35.6

180 180 13.9 32.3
179 180 13.0 26.9
180 180 19.1 29.2
180 179 11.4 42.7 —

30 65 29 — — 3.1
174 177 18.6 31.6 —
180 180 13.4 27.8
180 180 17.7 24.8
180 180 19.1 28.6

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03339a


Fig. 4 Significant NOESY correlations observed for compound 2 and
their assignments.
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Table S5,† interactions HCa and HCb) and (iii) more marginally
by a weak interaction of NH(3) with the p system that implicates
N(2) (see details in ESI Section 4.4†).

We looked for evidence for the C5–C6g structural features in
solution phase using IR and NMR spectroscopic techniques.
The IR absorption spectra of compounds 1–3 were recorded in
chloroform solution (5 mM) and showed no signicant changes
upon 10-fold dilution, pointing to the intramolecular nature of
any non-covalent interactions contributing to the main spectral
features. In all cases broad amide NH stretch bands were in
evidence and, notwithstanding the lower spectral resolution,
good overall correlation was observed with gas phase experi-
mental and theoretical spectra for the lowest-energy confor-
mations (Fig. 3). The IR spectrum of compound 1 showed one
broad band centred at around 3375 cm�1 which we assigned to
the overlap of NH(1) in a medium strength C5 interaction and
NH(2) implicated in a C6g feature. In compound 2 the NH(3)
C6g vibration remained at around 3370 cm�1 and the red-
shied NH(2) now appeared as a plateau at around
3250 cm�1. The appearance of a shoulder at 3410 cm�1 was
attributed to an attenuated C5 interaction of NH(1). For
compound 3 the IR spectrum was consistent with a weak C5
vibration for NH(1) at 3410 cm�1, C6g features for NH(2) and
NH(4), and some type of H-bonding for NH(3); these data were
in good agreement with the half-extended conformation
although they did not formally exclude the extended form. For
comparison purposes, the derivative Cbz-Attc-OMe 4 was
prepared and its IR spectrum recorded in chloroform (see ESI
Sections 1.2 and 5.1†). With a now weaker H-bond acceptor than
that in 1 (an ester instead of an amide), the main absorption
band at 3440 cm�1 was assigned to a free NH vibration while
a minor band at 3410 cm�1 indicated a contribution from
a weak C5 H-bonded conformation. The absence of strong
absorbance bands for free NH vibrations above 3420 cm�1 for
compounds 1–3 suggested that conformations having no
intramolecular H-bonds are not present. Likewise, conforma-
tions implicating larger-ring interactions, such as a C7 structure
in 2 or C7 or C10 structures in 3, are of little or no signicance,
since these would be require at least one free NH group.
Collectively, the IR data indicated that the C5–C6g conforma-
tional feature was present for compounds 1–3 in solution, albeit
with a weakened C5 interaction at the N-terminal in 2 and 3.

Further support was forthcoming from 1H NMR experiments
on compounds 1–3 in solution in CDCl3 (5 mM) (ESI Section
5.2†). All signals were assigned using standard 1D and 2D pulse
sequences and were well dened, suggesting the presence of
one predominant conformation for each compound. In the
spectrum of compound 1 both the carbamate NH(1) signal (d ¼
6.45 ppm) and the amide NH(2) signal (d ¼ 7.98 ppm) were
deshielded, suggesting their implication in H-bonds. Titration
with DMSO-d6 induced a non-negligible downeld shi (Dd ¼
0.60 ppm for 10% added DMSO) for NH(1), compatible with its
involvement in a moderate strength C5 H-bond, while the
upeld shi observed for NH(2) (Dd¼�0.68 ppm) suggested no
solvent exposure, commensurate with it being H-bonded to
sulfur. These data are in full agreement with the proposed C5–
C6g conformer for 1 (Fig. 1). In comparison, titration of a CDCl3
This journal is © The Royal Society of Chemistry 2020
solution of ester 4 with DMSO-d6 induced a greater downeld
shi of the NH signal (Dd ¼ 1.79 ppm for 10% added DMSO),
pointing to extensive solvent exposure. In compound 2 the
carbamate NH(1) was more shielded (d ¼ 6.23 ppm) than in 1.
Amide NH(3) was deshielded (d ¼ 7.84 ppm) while amide NH(2)
was strongly deshielded (d ¼ 8.95 ppm), this latter corre-
sponding to a 3-centre H-bonded system. Titration with DMSO-
d6 induced a considerable downeld shi (Dd ¼ 1.38 ppm) for
NH(1), conrming the weakness of its C5 H-bond, while upeld
shis were observed for NH(2) and NH(3) (Dd ¼ �0.79 and
�0.99 ppm respectively). Data for compound 3 were more
difficult to interpret unequivocally but were fully compatible
with the adoption of the combined C5–C6g structural features
suggested above. The carbamate NH(1) signal (d ¼ 6.26 ppm)
was comparable to that of 2, while NH(4) was deshielded (d ¼
7.52 ppm) and NH(2) and NH(3) were strongly deshielded (d ¼
8.32 and 8.39 ppm). Titration with DMSO-d6 induced a down-
eld shi (Dd ¼ 1.89 ppm) for the weakly C5 H-bonded NH(1)
and small downeld (or upeld) shis for NH(2), NH(3) and
NH(4) (Dd ¼ 0.30, �0.94 and �0.89 ppm, respectively).

A NOESY experiment carried out on compound 2 (ESI
Section 5.3†) provided a correlation map that was in complete
agreement with the C5–C6g/C5–C6g conformation. Medium
cross peaks were observed between NH(i) and both CbH(a)
protons for each Attc(i) and strong cross peaks were observed
between NH(i + 1) and both CbH(b) protons for each Attc(i)
(Fig. 4).

Compounds 1–3 were solids and for completeness we con-
ducted X-ray diffraction analysis on single crystals. The C5–C6g

feature was not present in the crystal lattices; instead, strong
intermolecular H-bonding networks were in evidence in all
three cases (ESI Section 6†). The molecular structures of the
three compounds are shown in Fig. 5. Compound 1 showed only
Chem. Sci., 2020, 11, 9191–9197 | 9195
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Fig. 5 X-ray crystal structures of 1–3 (left to right). Only one of the
three molecules in the unit cell is shown for 2. Intramolecular C10 H-
bonding interactions are shown for 2 and 3. Only NH hydrogen atoms
are shown for clarity.
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intermolecular N–H/O]C interactions in the lattice, impli-
cating both NH and both carbonyl groups of each molecule. For
compound 2 the asymmetric unit contained three molecules,
each of which displayed an intramolecular C10 H-bonding
interaction between NH(3) and the Cbz-cap C]O, with N–H/
O]C distances of 219, 233 and 230 pm in the three distinct
molecules. The crystal structure of compound 3 showed
a conformation with two consecutive C10 interactions, which
constituted a short 310-helix. NH(3) and NH(4) interacted with
the Cbz-cap C]O and the carbonyl of Attc(1), respectively, with
N–H/O]C distances of 208 and 218 pm, respectively. In all
three crystal structures, the closest contacts for the sulfur atoms
were with aromatic hydrogen atoms on the Cbz-cap phenyl
rings of neighbouring molecules in the lattices, with H/S
distances in the range 280–295 pm (ESI Section 6†). Such
interactions, in which a thioether sulfur atom is located near
the edge and slightly above the plane of the aromatic ring, have
been observed before in crystal structures of proteins55 and of
small molecules.56 The conformations adopted by 1–3 in the
solid state are incompatible with the solution phase and gas
phase data presented and discussed above.

Conclusion

In summary, the unique properties of the thietane ring of Attc
derivatives lead to the adoption of hyperconjugation-assisted C5–
C6g locally-planar structures in the gas phase and in solution
phase, providing a new axiom for H-bonding. This discovery may
facilitate the development of new tools for contributing to
conformation control in small peptides, e.g. in the stabilization of
extended backbone geometries57 or for the design of new pepti-
domimetic or foldamer architectures in a non-polar environ-
ment, and should provide a stimulus for further reections on
the signicance of the less conventional N–H/S H-bond.
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