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We propose to employ intramolecular chalcogen bonding to make
a helical building block take its otherwise unfavorable cis-
conformation. The 2,5-thiophenediamide motif was taken to bridge
two pB-turn structures to lead to an azapeptide that exists in cis-
conformation and forms a halogen-bonded single-strand helix that
exhibits a much stronger supramolecular helicity and a higher
thermal stability.

As an emerging noncovalent interaction similar to hydrogen
and halogen bonding, intermolecular chalcogen bonding" has
recently been employed with great success in molecular
recognition,” transmembrane transport,® catalysis® and supra-
molecular assembly.” In this context, we recently applied inter-
molecular S---S and S---O chalcogen bonding to derive
supramolecular helices from alanine-based helical azapeptides
containing a B-turn structure.® It was also noted that chalcogen
bonding can function as an intramolecular interaction to
maintain the specified molecular conformation.” For example,
intramolecular S---O and S- - -N interactions have been utilized
to lock the conformation of extended m-conjugated molecules,
increasing their planarity and rigidity and thereby improving
their electronic and physical properties.®*°

We therefore initiated our efforts to tune the molecular
conformation of the helical building blocks expected to form
supramolecular helices, by taking the intramolecular chalcogen
bonding, using our previously established building block plat-
form, azapeptide 1,.-AI (Fig. 1a), which contains two terminal
B-turn structures in the more stable and extended trans-
conformation (Fig. 1a)."* It was expected that if the molecule
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could be made to exist in its cis-conformation, the resultant
supramolecular helix would have a shorter pitch and likely
enhanced characteristics in terms of, for example, helicity and
stability.

To do that, the two carbonyl C=O0 bonds in the terephthal-
amide moiety in AI (Fig. 1a) should be forced to take that
unfavorable mutual orientation. The phenyl ring was therefore
replaced by a thiophene motif in order to employ the two
S---O=C chalcogen bonds in the 2,5-thiophenediamide motif
(Fig. 1b), to make the structurally symmetric TAI molecule into
the cis-conformation. Meanwhile, the two chalcogen bonds
would join the two ten-membered ring intramolecular hydro-
gen bonds that maintain the terminal B-turns to form a con-
secutive non-covalent bonding network within the folded TAI
molecule (Fig. 1b), making the helical species more rigid, which
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Fig. 1 (a) Molecular and crystal structures of L,L-Al that exists in trans-
conformation. (b) Molecular and crystal structures of newly designed
L,L-TAI that takes the cis-conformation because of the two intramolecular
S---O=C chalcogen bonds. (c) Chemical structures of control compounds
of TAI, L,L.-/p,0-TAX (X = p-Br, Cl, F, H), L,.-mTAl and L,L-FAI. The asterisks
in the molecular structures indicate the chiral carbons, while the dashed
grey and pink lines highlight the intramolecular hydrogen bonds and
chalcogen bonds, respectively. For details of the synthesis of TAI and its
control compounds, see procedures given in Schemes S1-S3, ESI.¥
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will also promote the assembling of them into a supramolecu-
lar helix."** Our experiments confirm that the newly
developed building block molecule t,.- or p,p-TAI adopts the
cis-conformation and forms a supramolecular single-strand M-
or P-helix, respectively. The helix is of a much shorter pitch,
almost half of that of AI, and exhibits a stronger helicity,
together with a higher thermal stability in CH;CN.
Calculations support that the TAI molecule prefers the cis-
conformation with two intramolecular S---O=C chalcogen
bonds and two B-turns (Fig. S1, ESIt). The structure of crystals
of 1,.-TAI, obtained from its solutions in 200: 1 (v/v) DMSO/H,0
(Table S1 and Fig. S2, ESIt), confirms that it takes the cis-
conformation, with respect to the two terminal B-turns that are
maintained by ten-membered ring hydrogen bonds (labelled as
B1 and B2, Fig. 1b and Table S2, ESIf).*>'® The S*---O' and
S*...0* distances, measured as 2.977 A and 2.920 A, respec-
tively, are both shorter than the sum of the van der Waals radii
of O and S atoms (3.320 A), suggesting that §*-- -0 and S°. - -O?
chalcogen bonding occurs (Fig. 1b and Table S3, ESIf)." The
angles of C-S---O (144.8° for CS*0", 145.0° for CS*0?) deviate
from linearity, presumably due to the rigid structure of the 2,5-
thiophenediamide motif and the existence of B-turns that,
respectively, employ O' and O® atoms as hydrogen bond
acceptors. We carried out natural bond orbital (NBO)
analysis,"” which indicates the presence of the LP(0)-*(S-C)
orbital delocalization. This further confirms the chalcogen
bonding, and the second-order perturbation energies for
§*.--0" and S*---O? interactions are calculated to be 3.09 and
4.26 kJ mol ', respectively (Table S4, ESIf).” These two
S---O=C chalcogen bonds directly bring the two helical
B-turns into a consecutive intramolecular hydrogen and chalco-
gen bonding network, the cis-TAI molecule being actually made
into a full helical pitch (Fig. 1b and 3a). "H NMR spectra of TAI
in CD;CN/DMSO-d, at different temperatures reveal that the
chemical shift of -NH? exhibits a much smaller value of the
temperature coefficient (—2.85 ppb °C™?, Fig. 2a). This means
that -NHY participates in an intramolecular hydrogen bond,
such as the ten-membered ring hydrogen bond within the
B-turn structure indicated in the crystal structure (Fig. 1b).
Meanwhile, -NH? is suggested to be not involved in an intra-
molecular hydrogen bond because its chemical shift exhibits a
dramatic temperature-dependence (—10.52 ppb °C™", Fig. 2a).
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Fig. 2 (a) Influence on —NH resonances of LL-TAl by temperature.

Temperature coefficients are given by linear fitting of —NHs' chemical
shifts. (b) Expanded 2D NOESY spectrum of TAl in DMSO-dg/CD3CN (5/95,
v/v) (850 MHz, 25 °C, mixing time: 600 ms). [TAl] = 2 mM.

6462 | Chem. Commun., 2022, 58, 6461-6464

ChemComm

Together with the coupling between hydrogen atoms H* and H®
observed in the 2D NOESY spectrum (Fig. 2b), TAI is confirmed
to adopt its cis-conformation in the solution phase as well.
Detailed examination of the crystal structure indicates that
L,.-TAI forms a single-strand supramolecular M-helix via inter-
molecular C-I---S halogen bonding interactions (Fig. 3)."*7
Along the b-axis, two adjacent identical r,.-TAI molecules are
bridged by one C-I*---S* halogen bond (3.616 A in I*.--S*
distance, 170.5° and 78.0° in angles of C-1>- - -S" and I*- - -§'=C,
respectively). This intermolecular C-I- - -S halogen bonding is
essential, since control compounds TAX (X = Br, Cl, F, and H,
Fig. 1c) with weaker or no halogen bonding ability,”*** do not
form such supramolecular helices (Fig. S2-S4 and Tables S2,
S3, ESIt). The helical pitch, 8.99 A, is much shorter than that of
the supramolecular helix from AI, 17.58 A, in which a pitch
consists of two AI molecules.'’ Enhancement in the helicity of
the supramolecular helix of TAI is hence expected,”*>° which
will later be confirmed by its large g-factor (see Fig. 4c). The
overall interaction energy in the C-1>---S' halogen-bonded
dimer of TAI is calculated to be —51.6 kJ mol ' (Fig. S5,
ESI),””*® which is larger than that of the C-I.--n halogen-
bonded dimer in the AI helix (—40.6 k] mol~")."" NBO analysis
reveals the occurrence of the intermolecular LP(S")—c*(*I-C)
orbital delocalization, with a second-order perturbation energy
of 3.17 k] mol " (Table S4, ESI{), that supports the existence of
the C-1>---S' halogen bonding. The quantum theory of atoms
in molecules (QTAIM)*® was next employed to analyse the
electron density and topology paths in the dimer of TAI
(Fig. S6, ESIT), which indicates a strength of ca. —7.6 k] mol ™"
for the intermolecular local C-1>---S' halogen bonding
(Table S5, ESIT). Some other interactions, such as the van der
Waals interactions (Table S6, ESIT), could also contribute to the
overall interaction energy. The large overall interaction energy
could be attributed to several factors existing in the TAI helix, a
more efficient propagation of the helicity of the helical building
block because of the much shorter pitch and the intramolecular

(a) (d)

LL-TAI

D,D-TAI

C-I-§ L
halogen bond
(b)

© ok oY

=3 .
Fig. 3 (a) X-ray crystal structure of L,L-TAL (b) C—I?--.S' halogen bond
between two adjacent L,L.-TAI molecules. (c and d) Single-stranded left-
handed (M-) and right-handed (P-) supramolecular helices in the crystal
packing of L,L-TAl and b,p-TAl molecules along the b-axis, respectively.
Dashed dark grey lines, pink lines and grey lines represent hydrogen,

chalcogen and C-I---S halogen bonds, respectively. For clarity, —CH
hydrogen atoms are omitted.
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Fig. 4 (a) Absorption and CD spectra of L,.-TAX (X = H, F, Cl, Br, and I) in
CH=CN. [L,.-TAX] = 30 uM. (b) CD spectra of TAl in CH3CN solution and in
the solid state. The concentration of the solid samples is ca. 1 mg/60 mg KBr.
(c) The g factor profiles of LL-Al, L,L-FAl, (,.-TAl and .,.-mTAL [LL-Al] =
[L,L-FAI] = [L,.-TAI] = [L,L.-mTAI] = 30 puM. (d) The normalized CD intensities
of L,L-Al at 272 nm and of ,.-TAl at 331 nm versus the temperature of the
CH=CN solution.
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S---O=C chalcogen bonding and C=O0- - -H-N hydrogen bond-
ing network (with shared carbonyl O atom). p,0-TAI forms a
supramolecular single-strand P-helix (Fig. 3d), as expected,
mirror symmetric to that of ,.-TAI This again confirms that
the handedness of the supramolecular helix is determined by
the molecular chirality of the alanine residues in the
building block.

The supramolecular helix of TAI was shown to exist in
solution as well. Compared to r,.-TAXs (X # I), L,.-TAI in dilute
CH;CN solution exhibits red-shifted absorption and CD spec-
tra, together with much stronger Cotton effects at 331 nm and
274 nm (Fig. 4a). These differences imply that supramolecular
helical species may form from TAI in solution as well. The
dynamic light scattering (DLS) profile of TAI in CH;CN does
show species of diameters around 180 nm, whereas TAH, TAF,
TACI and TABr remain in their monomeric forms, showing DLS
diameters around 4 nm (Fig. S7, ESIt). 1D and 2D NMR data
also support the supramolecular helical structure of TAI in
CH,CN (Fig. S8, S9 and Table S7, ESIf), together with the
observed intermolecular NOESY couplings of H°-H' and H®-
H?® (Fig. S9, ESIT).

CD spectral profiles of TAI in CH;CN were found similar to
those in the solid state (Fig. 4b), suggesting similar arrange-
ments of TAI molecules in the solid state and in solution. For
L,.-TAI in CH;CN, the negative Cotton effect at longer wave-
length of 331 nm suggests a lefthanded helical
conformation,”®?' the same as that shown in the crystal
structure (Fig. 3). Left- and right-handed helical fibers are
observed in the SEM images of solution samples of r,.-TAI
and p,n0-TAI in CH;CN, respectively (Fig. S10, ESIt), with a
helical pitch of ca. 120 nm. AFM images of the solution samples
of L,.-TAI in CH;CN confirm the left-handed helical fibers, with
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a height of ca. 11 nm (Fig. S10, ESIT). SEM images of the control
compounds L,.-TAX (X # I), however, show amorphous blocks
(Fig. S11, ESI¥).

It is worthy to point out that the control compound, ,.-FAI
(Fig. 1c), containing a central 2,5-furandiamide motif without
the illusive O---O=C chalcogen bonds, exists in a monomer
form in CH;CN, a conclusion made from its SEM image, DLS
profile (Fig. S11 and S12, ESIT) and g factor (Fig. 4c). Despite its
cis-conformation (Fig. S13, ESIT), the FAI molecule contains no
consecutive interaction network and is thus of lower molecular
rigidity, also seen from the broader NMR signals of -NHs in FAI
(Fig. S14, ESIt). This strongly supports the function of the two
S---O=C chalcogen bonds maintaining a consecutive intra-
molecular chalcogen and hydrogen bonding network in TAI, in
promoting the formation of the supramolecular helix. The fact
that another control compound containing a meta-1 in the
terminal phenyl ring, r,.-mTAI (Fig. 1c), does not form a
supramolecular helix in CH;CN (Fig. 4c and Fig. S11, S12, ESIt)
suggests that a well-matched intermolecular halogen bonding
and intramolecular interaction network is required, which
implies the cooperative nature of their functions in forming
the helix so that the helicity of the building block is effectively
propagated.

Finally, we found that the introduced S---O—C chalcogen
bonds in the TAI molecule resulted in substantial enhance-
ments of the characteristics of the supramolecular helix in
CH;CN. The CD intensities of 1,.-TAI in CH;CN depend on its
concentration over 1-30 pM in a sigmoid manner, suggesting
the cooperative nature of the intermolecular interactions dur-
ing the formation of the supramolecular helix. The critical
aggregation concentration of ca. 5 uM (Fig. S15, ESIt) is slightly
lower than that of Al (ca. 6 uM)."* CD profiles in terms of the
anisotropic factor, g, point to an extremely high g factor of the
TAI helix in CH;CN, —1.35 x 10> (Fig. 4c), 5 times that of
the helix of AI in CH;CN (—0.28 x 10~ %) and almost 50 times
that of the TAI monomer in a CH;CN/H,O mixture
(—0.28 x 1073, Fig. S16, ESIt). This indicates a stronger helicity
of the helix of TAI, which is now understandable in terms of the
much shorter helical pitch of the supramolecular helix of
TAL>*° Regarding stability of the formed helix, we noted that
the CD signals of TAI in CH;CN remain almost unchanged
upon heating up at least to 70 °C, whereas those of Al start to
drop sharply beyond 35 °C (Fig. 4d). This means a much higher
thermal stability of the supramolecular helix of TAI in CH;CN
(Fig. 4d and Fig. S17, S18, ESIT). CD spectra of L,.-TAI and ,1-Al
in CH;CN do not change after standing for 7 days, suggesting a
high dynamic stability of the helix (Fig. S19, ESIt). A linear CD-
ee-dependence was observed from the CD signals of the enan-
tiomeric mixtures of TAI of various enantiomeric excess (ee)
(Fig. S20 and S21, ESIt), meaning a self-sorting of TAI enantio-
mers in solution, likely resulting from the good propagation of
the helicity of the helical building block.?*??

In summary, we introduced intramolecular chalcogen bond-
ing interactions to control the molecular conformation and the
intramolecular non-covalent interaction network of the helical
building block for promoting its formation of a supramolecular
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helix. The N-acylalanine-based amidothiourea motif that con-
tains a P-turn structure was equipped into the 2,5-
thiophenediamide linkage that provides with two S---O—C
chalcogen bonds. The resultant building block TAI is therefore
made to exist in the cis-conformation in terms of the two
terminal B-turn structures that are included within the same
intramolecular interaction network of the two N-H:--O—C
hydrogen bonds and two S---O—C chalcogen bonds. TAI self-
assembles into a single-stranded supramolecular helix via a
much stronger intermolecular single-point C-I---S halogen
bonding, in both the solid state and dilute CH;CN solution.
The helix is of a much shorter pitch and exhibits a stronger
helicity, with a g-factor of 0.014, and a higher thermal stability
in CH;CN. The CD-ee-dependence of the TAI helix in CH;CN is
almost linear, suggesting a self-sorting characteristic upon
forming the supramolecular helix. A slight structural modifica-
tion on the building block molecule is thus shown to exert a
substantial impact on the formed supramolecular helix,
demonstrating the great potential of using the intramolecular
chalcogen bonding in tuning the molecular conformation and
consequently the supramolecular assembly, to lead to structu-
rally and functionally diverse smart materials.
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