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Chalcogen bonding mediates the formation of
supramolecular helices of azapeptides in crystals†

Di Shi, Jinlian Cao, Peimin Weng, Xiaosheng Yan, * Zhao Li and
Yun-Bao Jiang *

To explore whether chalcogen bonding was able to drive the for-

mation of supramolecular helices, alanine-based azapeptides con-

taining a β-turn structure, with a thiophene group, respectively,

incorporated in the N- or C-terminus, were employed as helical

building blocks. While the former derivative formed a supramole-

cular M-helix via intermolecular S⋯S chalcogen bonding in crys-

tals, the latter formed P-helix via intermolecular S⋯O chalcogen

bonding.

Chalcogen bonding is an attractive interaction that occurs
between a positively polarized chalcogen atom and a nucleo-
phile.1 It has been known for several decades,2 yet remains
largely unutilized. A chalcogen bond shares many similarities
with a halogen bond that occurs between a positively polarized
halogen atom and a nucleophile,3 such as positive σ-holes,
high directionality and high strength.4,5 Extensive research
has been performed on the utilization of halogen bonding6,7

in crystal engineering,8 molecular recognition,9 transport,10

catalysis,11 organic frameworks12 and supramolecular
helical assembly.13–16 We recently created halogen-bonding-
driven supramolecular helices by employing folded short aza-
peptide containing β-turns (alanine-based N-amidothiourea,
Scheme 1a) as helical fragments.14–16 It was found that the
propagation of the helicity of the building block enhances the
intermolecular halogen bonding and thus promotes the for-
mation of supramolecular helices in both the solid state and
solution phase.14,15

Probably inspired by the impressive developments of the
halogen bond, the utilization of chalcogen bonds has recently
been brought into focus, for example, in crystal engineering,17

anion recognition18 and transport,19 and catalysis.20 We there-

fore initiated our efforts in developing chalcogen bonding as
an alternative driving force to build supramolecular helices, a
subject that has not been well explored.

We chose a folded short azapeptide containing a helical
β-turn structure as a structural framework of the building
block for our exploration of chalcogen bonding-driven for-
mation of a supramolecular helix. This is not only because of
our successful efforts in creating supramolecular helices using
building blocks of that structure employing halogen
bonding,14–16 but also because of its good crystallinity that we
noted during our explorations on these helical azapeptides,
which makes it possible to allow the characterization of the
supramolecular helical structures by crystal structural
analysis.21,22 We also observed that in such azapeptides
(Scheme 1a), S and O atoms in an amidothiourea motif that
do not take part in the intramolecular hydrogen bonding are
nucleophiles available for chalcogen bonding as acceptors. We
therefore introduced a thiophene group, a well-known chalco-

Scheme 1 (a) β-Turn structure in alanine-based N-amidothiourea (aza-
peptide). Dashed pink line highlights the intramolecular ten-membered
ring hydrogen bond leading to a β-turn structure. (b) Chalcogen
bonding of thiophene. (c and d) Chemical structures of alanine-based
N-amidothioureas with the thiophene group attached at N-(L-SAP, c)
and C-terminii (L-PAS, d), respectively.
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gen bonding donor (Scheme 1b),4,17,19,23–25 into the N- or
C-terminus of the azapeptide motif, leading to the formation
of L-SAP and L-PAS (Scheme 1c and d). Despite their similar
β-turn structures, we find that in the crystals L-SAP forms a
supramolecular M-helix via intermolecular S⋯S chalcogen
bonding between the S-atom from thiophene and the S-atom
from thiourea groups, while L-PAS forms a P-helix that is
driven by intermolecular S⋯O chalcogen bonding between the
S-atom from thiophene and the O-atom from amidothiourea
moieties. Our results therefore demonstrate that chalcogen
bonding is indeed capable of driving the formation of supra-
molecular helices.

L-SAP and L-PAS (Scheme 1c and d) were synthesized follow-
ing procedures described in Schemes S1 and S2.† Their crys-
tals were grown by slow evaporation of the solution samples in
1 : 1 (v/v) CH3CN/CH3OH. Crystal structure data and refine-
ment are presented in Table S1.† Both have a chiral P21 space
group.

The crystal structure of L-SAP shows that it adopts a folded
conformation with an intramolecular ten-membered ring
hydrogen bond (N–Hd⋯eOvC), leading to a type II β-turn
structure (Fig. 1a and Table S2†).26 Adjacent two L-SAP mole-
cules along the b-axis are bridged by one short intermolecular
Sh⋯Sg interaction (Fig. 1b). The Sh⋯Sg distance is 3.535 Å,
shorter than the sum of van der Waals radii of two S atoms
(3.600 Å), and the C–Sh⋯Sg angle is 154.52°. This interaction is
therefore identified as chalcogen bonding, with a calculated

interaction energy of −54.84 kJ mol−1 (Table 1). The head-to-
tail Sh⋯Sg chalcogen bonding drives L-SAP molecules into the
1D supramolecular helix along the b-axis of M-helicity and
8.16 Å pitch (Fig. 1c). The helicity led by the β-turn structure is
supposed to propagate along the chalcogen bond in the Sh →
Sg direction. Subsequently, parallel chalcogen-bonded
M-helices of L-SAP are held together through inter-helix N–
Hc⋯eOvC and N–Hb⋯fOvC hydrogen bonds (for structural
parameters, see Table S3†), leading to a 2D supramolecular
helical array along the a-axis (Fig. S1†).

The crystal structure of L-PAS also reveals a folded confor-
mation containing a type II β-turn structure (Fig. 2a and
Table S2†). Instead of the Sh⋯Sg chalcogen bonds in the supra-
molecular helix of L-SAP, Sh⋯Of chalcogen bonds are observed
in the crystal structure of L-PAS (Fig. 2b). The Sh⋯Of distance

Fig. 1 (a) Crystal structure of L-SAP. The dashed pink line highlights the
intramolecular ten-membered ring hydrogen bond that is indicative of
the β-turn structure. (b) Intermolecular Sh⋯Sg chalcogen bonding (ChB,
dashed green line) between adjacent two L-SAP molecules along the
b-axis. (c) Supramolecular 1D M-helix formed from L-SAP molecules
along the b-axis through intermolecular Sh⋯Sg chalcogen bonding
(dashed green lines). For clarity, all –CH protons are omitted.

Table 1 Structural parameters of the intermolecular chalcogen bonds
according to X-ray crystal structures

Crystal Interaction Distancea (Å) Angleb (°) ΔEc (kJ mol−1)

L-SAP Sh⋯Sg 3.535 154.52 −54.84
L-PAS Sh⋯Of 3.216 170.19 −40.71

aDistance of Sh⋯Of or Sh⋯Sg. b Angle of CShOf or CShSg. c Calculated
energy using WB97XD DFT with the 6-31+G(d,p) basis set.

Fig. 2 (a) Crystal structure of L-PAS. Dashed pink line highlights the
intramolecular ten-membered ring hydrogen bond that leads to a β-turn
structure. (b) Intermolecular Sh⋯Of chalcogen bond (ChB, dashed green
line) between adjacent two L-PAS molecules along the b-axis. (c)
Supramolecular 1D P-helix of L-PASmolecules along the b-axis via inter-
molecular Sh⋯Of chalcogen bonding (dashed green lines). For clarity, all
–CH protons are omitted.
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is 3.216 Å, smaller than the sum of van der Waals radii of S
and O atoms (3.320 Å), while the angle of C–Sh⋯Of of 170.19°
indicates that it is almost linear. The interaction energy of the
Sh⋯Of chalcogen bond was calculated to be ca. −40.71 kJ
mol−1 (Table 1). Along the b-axis, head-to-tail Sh⋯Of chalcogen
bonding bridges L-PAS molecules into a 1D supramolecular
P-helix of 8.71 Å pitch (Fig. 2c), along which the helicity of the
β-turn structure is propagated. The supramolecular 2D helical
array is formed because of the inter-helix N–Hc⋯eOvC and N–
Hb⋯fOvC hydrogen bonds (Table S3†) that link parallel chal-
cogen-bonded P-helices of L-PAS along the a-axis (Fig. S2†). In
addition, one equivalent solvent CH3CN molecule is
embedded in the 2D supramolecular helical network via N–
Ha⋯NuC hydrogen bonds (Fig. S2†).

It is interesting to note that, despite the same L-alanine
residue and a similar βII turn structure, L-SAP and L-PAS form
supramolecular helices of opposite handedness, M- and P-helix,
respectively, via different intermolecular chalcogen bonding
interactions, Sh⋯Sg versus Sh⋯Of. It is shown in biotic helices
that an α-helix composed of L-α-amino acid residues is right-
handed (P-helix),27 while peptides composed of L-β-amino acid
residues fold into a 314-M-helix.28,29 This means that an identi-
cal chiral configuration does not prefigure a unique helix hand-
edness, the same as our observations suggest. CD spectra of the
L-SAP and L-PAS crystals show opposite CD signals at a long
wavelength window of 280–300 nm (Fig. 3a), consistent with the
opposite handedness of their supramolecular helices.

We further rationalize the differences in the chalcogen
bonding and opposite handedness of the helices from L-SAP
and L-PAS (Fig. 4). In these two azapeptide molecules, the Sh

atom from the thiophene group is the chalcogen bonding
donor, while Sg or Of atoms of the amidothiourea moiety are
potential chalcogen bonding acceptors, allowing Sh⋯Sg or
Sh⋯Of chalcogen bonding. Note that the Oe-atom of the
N-terminal amide group takes part in the intramolecular
hydrogen bonding for β-turns, and it is unable to participate
in the intermolecular chalcogen bonding. For L-SAP with
N-terminal thiophene, the intermolecular Sh⋯Sg interaction

allows more atoms of the β-turn structure to be involved in the
helical chain compared to that by the alternative Sh⋯Of inter-
action (7 vs. 4 atoms), facilitating to a higher extent the propa-
gation of the helicity of the β-turn structure and thereby the
formation of a supramolecular helix (Fig. 4a). In contrast, for
L-PAS in which the thiophene moiety is attached at the
C-terminus, the Sh⋯Sg interaction would involve much less of
the β-turn structure in the helix than that by the Sh⋯Of inter-
action (2 vs. 5 atoms, Fig. 4b). The calculated energy indicates
that the Sh⋯Sg chalcogen bonding in L-SAP crystals is stronger
than the Sh⋯Of chalcogen bonding in L-PAS crystals (−54.84
vs. −40.71 kJ mol−1, Table 1), presumably because in the
former case more atoms of the β-turn structure are involved in
the helix than that in the latter (7 vs. 5 atoms, Fig. 4), which
therefore results in a more efficient propagation of the helicity
of the building block during the formation of the supramole-
cular helix. This explains the observed shorter pitch of the
M-helix of L-SAP than that of the P-helix of L-PAS (8.16 vs.
8.71 Å, Fig. 1c and 2c).30

Different intermolecular chalcogen bonding patterns would
propagate the helicity of the β-turn structure along different
directions that may lead to opposite helical handedness.
Indeed, the torsion of two consecutive Sh⋯Sg chalcogen bonds
in L-SAP crystals (SgShSgSh) is −68.78°, indicative of the
M-helicity of the supramolecular helix, while it is 58.56° for
two Sh⋯Of chalcogen bonds in L-PAS crystals (ShOfShOf),
which indicates P-helicity (Fig. 4), as those observed in the
crystal structures of L-SAP (Fig. 1c) and L-PAS (Fig. 2c). Our
results therefore confirm that chalcogen bonding could drive
the formation of the supramolecular helix from a helical build-
ing block.

1H NMR spectra of L-SAP and L-PAS in CD3CN exhibit a set
of well-resolved signals (Fig. S3†), identical to those recorded
from samples made by dissolving crystals of L-SAP and L-PAS
in CD3CN (Fig. S4†), excluding their significant aggregation in
the solution phase.13 1H NMR titrations in CD3CN/DMSO-d6
mixtures of varying compositions show that the thioureido
–NHd protons are much less accessible by the hydrogen
bonding component DMSO-d6 than those of –NHa, –NHb and
–NHc protons (Fig. S5†). This means that–NHd is protected by

Fig. 4 (a) In L-SAP crystals, the Sh⋯Sg chalcogen bonding allows 7
atoms of the β-turn motif to be involved in the helix. The torsion of two
consecutive Sh⋯Sg chalcogen bonds (SgShSgSh) is −68.78°, indicative of
the M-helicity. (b) In L-PAS crystals, the Sh⋯Of chalcogen bonding
allows 5 atoms of the β-turn motif to be involved in the helix. The
torsion of two consecutive Sh⋯Of chalcogen bonds (ShOfShOf) is 58.56°,
indicative of the P-helicity.

Fig. 3 CD spectra of L-SAP and L-PAS in the crystalline solid state (a)
and in CH3CN solution (b). The concentration of the solid CD sample is
about 1.0 mg per 100 mg KBr. [L-SAP] = [L-SAP] = 40 μM in CH3CN.
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an intramolecular hydrogen bond, and thus, it is an indication
of the existence of the β-turn structure.31 This is also sup-
ported by their CD spectra in CH3CN, which confirm the trans-
fer of the chirality of the alanine residue to the phenylthiourea
chromophore in L-SAP and the thienylthiourea chromophore
in L-PAS, by the observed CD signals around 280 nm from
these achiral chromophores (Fig. 3b).21,22 CD bands at 250 nm
of L-SAP and at 238 nm of L-PAS are assigned to the N-terminal
thiophenecarboxamide and benzamide moieties, respectively.
Enantiomeric D-SAP and D-PAS samples show mirror-imaged
CD spectra to those of L-SAP and L-PAS, respectively (Fig. S6†).
This shows that the CD signals are real and the chirality orig-
inates from the alanine residue. CD profiles in CH3CN also
differ very much from those in the crystal state (Fig. 3),
suggesting their monomer form in CH3CN in contrast to the
well-organized helix structure in the solid state.

Conclusions

In conclusion, our success in building supramolecular helices
in the crystal state from folded short azapeptides containing a
thiophene moiety demonstrates that chalcogen bonding is
capable of driving the formation of a supramolecular helix. L-
SAP that contains a thiophene moiety at its N-terminus forms
a supramolecular M-helix via intermolecular S⋯S chalcogen
bonding between thiophene and thiourea moieties of the
neighbouring molecules. L-PAS with a thiophene group at the
C-terminus however forms a P-helix of opposite handedness
via S⋯O chalcogen bonding between thiophene and amino
acid amide groups of alternate molecules next to each other.
Our results would thus promote extended investigations of
using chalcogen bonding in creating supramolecular helices of
diverse structures in both the solid state and solution phase.
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