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An alanine-based bilateral building block, linked by 2,5-thiophene-
diamide motifs and equipped with C-terminal 4-iodoaniline groups,
was designed, allowing a noncovalent interaction network consisting
of intramolecular chalcogen bonds and intermolecular halogen/
hydrogen bonds, which cooperatively maintain a supramolecular
p-sheet organization in the solid state, as well as in dilute CH;CN
solution with a high g factor of —0.017.

Intermolecular noncovalent interactions play critical roles in
maintaining supramolecular assemblies with diverse structures
and functions, wherein multiple noncovalent interactions can
cooperate to promote both the formation and stabilization of the
assemblies.™? It is important to note that in biological systems,
not only intermolecular interactions but also intramolecular
interactions contribute to the stability and organization of assem-
blies. For instance, intra-helix hydrogen bonding in protein
a-helices and - - -w stacking between DNA base pairs are crucial
for their structural integrity.>* This realization has inspired the
construction and regulation of supramolecular assemblies
through the introduction of intramolecular interactions. A sig-
nificant advancement in this aspect is building biomimetic
supramolecular helices using helical building blocks.” In such
systems, intramolecular interactions, such as hydrogen bonds
and n- - -m stacking,®** maintain the helical conformation of the
building blocks and pre-organize the intermolecular interaction
sites in optimal positions, promoting the tendency and stability
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p-sheet organizationt
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of helical assemblies. Upon helix formation, intramolecular
interactions could be enhanced to maintain the molecular helical
conformation.

In this context, we have developed short peptide-based
N-amidothioureas, wherein an intramolecular ten-membered ring
hydrogen bond can maintain a helical B-turn conformation,**™®
which facilitates intermolecular halogen bonds to allow the for-
mation of single and double supramolecular helices in both the
solid state and solution phase.””*° Intriguingly, the incorporation
of a 2,5-thiophenediamide linker into bilateral N-amidothiourea
building blocks would afford intramolecular chalcogen bonds,
allowing a noncovalent interaction network consisting of intra-
molecular hydrogen/chalcogen bonds and intermolecular halogen
bonds, which leads to a supramolecular helix of stronger supra-
molecular helicity and higher thermal stability.”® This highlights
the cooperative nature of intra- and intermolecular interactions in
supporting helical assemblies.

Besides helical structures, pB-sheets are another essential
biological structure that plays a crucial role in maintaining
the conformation and functionality of proteins.>' The develop-
ment of artificial biomimetic supramolecular $-sheet structures
from self-assembling peptides or amino acids is an exciting and
promising field with potential applications in materials science
and bioengineering.>>>* However, the cooperative effects of
intra- and intermolecular interactions in maintaining supra-
molecular B-sheet structures have yet to be demonstrated, as
traditional B-sheet organizations are primarily only supported
by intermolecular interactions, e.g. hydrogen bonds.

Herein, we propose to regulate the supramolecular B-sheet
organization using intramolecular interactions, achieved by
forming a network of intra- and intermolecular noncovalent
interactions that work together in a cooperative manner. For
this purpose, we designed alanine-based bilateral building
block 1 (Scheme 1), which features a 2,5-thiophenediamide
linker and 4-iodoaniline groups at both ends. The alanine-
based amide bonds can afford intermolecular hydrogen bonds
in a B-sheet manner, in considering that unfolded short pep-
tides tend to adopt a B-sheet organization.>**® Moreover, the
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Scheme 1 Molecular structures of alanine-based bilateral building blocks
1, 2, 3 and 4. Compound 1 features a 2,5-thiophenediamide linker and
C-terminal 4-iodoaniline groups. Control compounds 2 with a 2,5-
furandiamide linker, 3 with a terephthalamide linker, and 4 without
terminal iodine atoms are designed to illustrate the importance of the
intramolecular chalcogen bonds and intermolecular halogen bonds for the
assembly of 1. All alanine residues are of L-configuration.

2,5-thiophenediamide motif is known to form intramolecular
chalcogen bonds,?® and the terminal iodine atoms can partici-
pate in intermolecular halogen bonding.?” These noncovalent
interactions facilitate the assembly of the building block 1 by
creating an interaction network. Our experiments have con-
firmed the formation of a biomimetic supramolecular -sheet
structure in both the solid state and dilute CH;CN solution,
supported by a noncovalent interaction network consisting of
intramolecular chalcogen bonds and intermolecular halogen/
hydrogen bonds. The g factor of the assembled structure
measures up to —0.017, together with a twisted tape morphol-
ogy. To further understand the role of specific interactions, we
designed control compounds 2, 3 and 4 (Scheme 1), which
feature variations in the linker and the absence of terminal
iodine atoms. By comparing the structures of the control
compounds with that of 1, the significance of intramolecular
chalcogen bonds and intermolecular halogen bonds in organiz-
ing the B-sheet structure can be illustrated.

Alanine-based bilateral building blocks 1-4 were synthesized
following the procedures outlined in Schemes S1-S4 (ESIT).
Initially, we measured the absorption and CD spectra of 1-4
in solution. Comparison with 2, 3 and 4 revealed distinct
features of 1. Specifically, in dilute CH;CN solution, 1 displayed
a red-shifted CD spectrum with significantly stronger Cotton
effects at 304 nm and 250 nm. Concomitantly, the absorption
spectrum exhibited reduced absorbance and an increased base-
line (Fig. 1a). These observations suggest the possible formation
of supramolecular chiral assemblies from 1 in CH;CN solution.

The g factor profiles, derived from the absorption and CD
spectra (Fig. S1, ESIY),”® disclosed a remarkably high g factor
for 1 in CH;CN, particularly at 307 nm, where it reached —0.017
(Fig. 1b). This value is 6, 27 and 34 times higher than that of 2, 3
and 4, respectively. The CD spectra of 1 in CH;CN further
demonstrated its pronounced sensitivity to changes of solution
temperature, exhibiting a substantial decrease in CD signals
upon heating (Fig. S2, ESIt). This observation further supports
the hypothesis of supramolecular polymeric species formation
from 1 in CH;CN.

Dynamic light scattering (DLS) was next employed, revealing
the presence of polymeric species of 1 with diameters approximately

This journal is © The Royal Society of Chemistry 2024

View Article Online

ChemComm

250 nm (b)

CD/mdeg =™
8 3
g
3
g/102

Absorbance

X -0.017 (307 nm)
440 480 U200 240 280 320 360 400 440 480
Wavelength / nm

200 240 280 320 360 400

Wavelength / nm
©

—a
—3
30 —2

—

19378 nm

20

Number / percent

1 10 100 1000
Size / nm

Fig. 1 (a) Absorption and CD spectra of 1, 2, 3 and 4 in CHzCN. (b) The g
factor profiles of 1, 2, 3 and 4. For clarity, the fluctuated profiles of 2, 3 and
4 at long wavelengths (>305 nm) are omitted (Fig. S1, ESIY). (c) Hydro-
dynamic diameters of 1, 2, 3 and 4 in CH3zCN measured by dynamic light
scattering. (d) SEM image of the air-dried sample from CH3zCN solution of 1
on a platinum coated silicon wafer. [1] = [2] = [3] = [4] =10 puM.
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193 nm, while monomers were observed for 2, 3 and 4 in CH;CN
(Fig. 1c). SEM images of solution samples of 1 exhibited an
ordered tape morphology (Fig. S3, ESIt), characterized by
lengths and widths centred at 1.75 um and 0.22 pm, respectively
(Fig. S4, ESIT). Notably, most of the tape structures displayed a
twist, specifically right-handed (Fig. 1d and S3, ESI}), indicating
the supramolecular helicity of the polymeric species that
contributes to the high g factor. Conversely, the SEM images
of control compounds 2, 3 and 4 exhibited amorphous blocks
(Fig. S5, EST}).

To gain insight into the structure and formation mechanism
of polymeric species of 1 in CH3;CN, the molecular conforma-
tion and organization were investigated. Two potential confor-
mations have been proposed for alanine-based building block 1
(Fig. 2a).”° In conformation I, the 2,5-thiophenediamide linker
enables two intramolecular C-S---O—C chalcogen bonds,
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Fig. 2 (a) Two possible conformations of 1, containing two intramolecular
chalcogen bonds () and hydrogen bonds (ll), respectively. (b) X-ray crystal
structure of 1, featuring two intramolecular C-S---"O=C chalcogen
bonds (ChBl1 and ChB2). (c) Partial 2D NOESY spectrum of 1 in
60 :40 (v/v) CDsCN/DMSO-dg mixtures. [1] = 2 mM.
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while in conformation II, two intramolecular N-H- - -S-C hydro-
gen bonds are formed. To determine the conformation of 1,
both single crystal structure analysis and 1D/2D NMR were
conducted. Crystals suitable for X-ray crystallography were
obtained by slowly evaporating a DMF solution of 1. Crystal-
lographic data revealed that molecule 1 crystallized in the
triclinic P1 space group, with one molecule in the asymmetric
unit (Fig. S6 and Table S1, ESIt). In the crystal, compound 1
adopts cis-form with two intramolecular C-S- - -"O=C chalcogen
bonds (ChB1 and ChB2) afforded by the 2,5-thiophenediamide
linker (Fig. 2b). The distances between S and "0 atoms, measured
as 3.061 A (ChB1) and 3.028 A (ChB2), respectively, are shorter
than the sum of the van der Waals radii of O and S atoms
(3.320 A, details on the parameters of noncovalent interactions
can be found in Table S2, ESIT). This structure is consistent with
the proposed conformation I (Fig. 2a).

The 2D NOESY spectrum of 1, acquired in 60:40 (v/v)
CD;CN/DMSO-dg, revealed obvious coupling between the -NH?
and -CH® protons (Fig. 2c and Fig. S7, ESI}), indicating the
adoption of conformation I of 1 in the solution phase.
Temperature-dependent '"H NMR spectra of 1 demonstrated
significant changes in the chemical shifts of -NH* and -NH"
(—7.21 and —6.51 ppb °C in temperature coefficient, respectively,
Fig. S8 and S9, ESIt). These observations suggest that -NH® and
-NHP are not involved in intramolecular hydrogen bonding,*
excluding the existence of conformation II of 1 in the solution
phase. Consequently, 1 retains conformation I, characterized by
two intramolecular C-S---"O=C chalcogen bonds, both in the
solid state and in the solution phase.

The molecular organization of 1 was then investigated by
analysing its crystal structure. Along the c-axis of the crystal
lattice, the molecules of 1 interact with each other via inter-
molecular C-T'---’I-C halogen bonds (XB1, Table S2, ESIY),
effectively forming a chain. Additionally, along the a-axis, these
chains align and stack through intermolecular N-H®- - '0=C
hydrogen bonds (HB1 and HB2, Table S2, ESIt). As a result, a
halogen- and hydrogen-bonded two-dimensional (2D) structure
forms within the ac plane of crystal 1 (Fig. 3a). This 2D structure
bears resemblance to the parallel B-sheet structure found in
biological systems (Table S3, ESIt),>' where the C-I'---’I-C
halogen bonds and N-HP.--'0=C hydrogen bonds serve as
intra- and inter-strand interactions, respectively. Furthermore,
intramolecular chalcogen bonds (ChB1 and ChB2) contribute to
a noncovalent interaction network involving chalcogen/halogen/
hydrogen bonds (Fig. S10, ESI{), promoting the stabilization of
the biomimetic B-sheet structure.

The 2D biomimetic supramolecular f-sheet structures
within the ac plane of crystal 1 further stack in a parallel
arrangement along the b-axis, facilitated by intermolecular N-
H? .."O0—C hydrogen bonds (HB3 and HB4) and C-1*---'I-C
halogen bonds (XB2, Table S2, ESIT), leading to the formation
of a three-dimensional (3D) structure (Fig. S11, ESIt). Within
the bc plane, halogen bonds (XB1 and XB2) and hydrogen
bonds (HB3 and HB4) support a 2D structure that also resem-
bles a B-sheet (Fig. 3b), wherein two halogen bonds propagate
along the b-axis alternately, utilizing an iodine atom as both the
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Fig. 3 (a) Supramolecular B-sheet structure within the ac plane of crystal
1, supported by intermolecular XB1, HB1 and HB2 interactions. (b) Supra-
molecular B-sheet structure within the bc plane of crystal 1, supported by
intermolecular XB1, XB2, HB3 and HB4 interactions. For clarity, —CH
protons are omitted. Dashed orange lines indicate intermolecular halogen
bonds (XB1 and XB2), dashed black lines highlight intermolecular hydrogen
bonds (HB1, HB2, HB3 and HB4). The green arrow indicates the direction
of donor to acceptor halogen bonding along the biomimetic strand
structure (c-axis).

donor and acceptor (Fig. S12, ESIt). Along the crystallographic
a- and b-axes, the centroid-centroid distances of the aromatic
rings are measured to be as long as 4.711 A and 5.189 A,
respectively (Fig. S13, ESIT), suggesting that the contribution
of m-stacking to the assembly is negligible.*

Therefore, in the 3D crystal structure, each 1 molecule
participates in the formation of two intramolecular C-S.--O=—C
chalcogen bonds (ChB1 and ChB2), four C-I- - -I-C halogen bonds
(XB1 and XB2 doubled), and eight N-H- - -O—C hydrogen bonds
(HB1, HB2, HB3, and HB4 doubled, Fig. 4a). These interactions
together create a strong and resilient noncovalent interaction
network that supports the biomimetic -sheet organization of 1.
The Fourier transform infrared spectroscopy (FTIR) of 1 exhibited
absorption peaks of the amide I region at 1676 and 1640 cm™ '
(Fig. S14, ESIt), indicating the presence of the supramolecular f-
sheet structure,®** in line with the 3D crystal structure.

Notably, the CD spectrum of 1 in CH;CN solution closely
resembles that of the solid state (Fig. 4b), suggesting that 1
adopts a similar assembled structure, i.e. chalcogen, halogen
and hydrogen-bonded biomimetic B-sheet organization, in the
CH;CN solution and the solid state. The absorption, CD and
DLS profiles (Fig. S15, ESIT) indicate that the addition of polar
DMSO to the CH3;CN solution causes a transition into the
monomeric form of 1, which can be attributed to the
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Fig. 4 (a) Noncovalent interaction network for each 1 molecule in the 3D
crystal structure (dashed green lines, chalcogen bonds; dashed orange
lines, halogen bonds; dashed black lines, hydrogen bonds). (b) CD spectra
of 1 in CH3CN solution and in the solid state.
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competition between DMSO and intermolecular halogen and
hydrogen bonds.

SEM images of 1 (Fig. 1d and Fig. S3, ESIf) reveal the
existence of right-handed twisted tape morphology, which is
accountable for the high g factor of 1 in the CH;CN solution.
This distinct feature bears a striking resemblance to naturally
occurring B-sheets, where B-strands commonly exhibit a right-
handed twist.>** The crystal structure of 1 reveals that well-
oriented hydrogen bonds propagate along the a- and b-axes,
while along the c-axis only misaligned halogen bonds drive
packing (Fig. 3), which may limit the lateral growth of the
supramolecular tapes.

In the case of control compounds 2 and 3, which have a
2,5-furandiamide linker and a terephthalamide linker, respec-
tively, the absence of intramolecular chalcogen bonds prevents
the formation of a strong noncovalent interaction network. As a
result, 2 and 3 exist in a monomeric form in CH;CN solution
(Fig. 1). Control compound 4, which lacks terminal iodine
atoms, also adopts a monomeric form in CH3;CN due to the
absence of intermolecular halogen bonds (Fig. 1). These obser-
vations highlight the cooperative nature of chalcogen, halogen
and hydrogen bonds in the noncovalent interaction network of
1, which facilitates the formation of the biomimetic B-sheet
organization in both the solid state and dilute CH;CN solution.

In summary, we proposed to introduce intramolecular inter-
actions to regulate the formation of a supramolecular -sheet
structure, achieved by forming an intra- and intermolecular
noncovalent interaction network. To this end, we designed an
alanine-based bilateral building block, linked by a 2,5-thiophene-
diamide motif and equipped with C-terminal 4-iodoaniline
groups. This design allows for the establishment of a noncovalent
interaction network that includes intramolecular chalcogen
bonds and intermolecular halogen/hydrogen bonds. These inter-
actions work cooperatively to maintain the supramolecular
B-sheet structure, not only in the solid state but also in dilute
CH;CN solution, resulting in a high supramolecular chirality
characterized by a g factor up to —0.017, as well as a twisted tape
morphology. The control compounds lacking either intra-
molecular chalcogen bonds or intermolecular halogen bonds
exhibit a loss of assembly behaviour in the CH;CN solution, which
emphasizes the importance of the cooperative noncovalent inter-
action network for the organization of the B-sheet structure. The
significance of our findings lies in the potential to aid in the
construction and regulation of supramolecular assemblies by
incorporating both intra- and intermolecular interactions that
can establish a robust noncovalent interaction network to support
the assemblies. Ongoing efforts are being made to assess the
performance in terms of recognition and transmembrane trans-
port of the assemblies that are supported by synergistic intra- and
intermolecular supramolecular interactions.
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