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Abstract: We present the first example of macroscalar helices
co-assembled from temperature-responsive carbohydrate-
based bolaamphiphiles (CHO-Bolas) and 1,4-benzenedibor-
onic acid (BDBA). The CHO-Bolas contained hydrophilic
glucose or mannose moieties and a hydrophobic coumarin
dimer. They showed temperature-responsive reversible micelle-
to-vesicle transition (MVT) in aqueous solutions. After the
binding of carbohydrate moieties with boronic acids of BDBA
in their alkaline solutions, right-handed helices were formed
via the temperature-driven chirality transfer of D-glucose or D-
mannose from the molecular to supramolecular level. These
helices were co-assembled by unreacted BDBA, boronate
esters (B—O—C bonds) between CHO-Bolas and BDBA, as
well as boroxine anhydrides (B—O—B bonds) of self-con-
densed BDBA. After heating at 300°C under nitrogen, the
helices displayed excellent morphological stability. Moreover,
they emitted bright blue luminescence caused by strong self-
condensation of BDBA and decomposition of coumarin
dimers.

Introduction

In living systems, helical self-assemblies of biomacromol-
ecules including nucleic acids, proteins, and oligo-/polysac-
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charides are sophisticated and vital structures formed via non-
covalent interactions. Inspired by these intriguing phenom-
ena, chemists have devoted great efforts to mimic nano-/
macroscalar helical architectures using designed polymer
backbones or supramolecular systems.?) Generally, the non-
covalent forces utilized in preparing helical assemblies are
diverse, including van der Waals interactions, hydrogen
bonding, electrostatic interactions and m—m stacking.®* Both
the specific chemical compositions of the molecules and
environmental factors, such as solvents, temperature, and pH,
greatly influence the formation of helical aggregates during
the assembly process."™ Well-controlled helices in the
single/multiple-stranded form have potential applications in
medicine and materials fields, such as drug delivery, gene
delivery systems and asymmetric catalysis.’'!! However,
it is still a great challenge to form macroscalar helices from
small organic molecules, for example, by using a chiral
template.

Bolaamphiphiles (also known as bipolar amphiphiles) are
defined as molecules in which two polar functional head-
groups are linked by one or more nonpolar hydrocarbon
chains. The identical or different polar headgroups of
synthetic bolaamphiphiles can be moieties of various types,
such as phosphocholine, nucleotide, amino acid, and sug-
ar.'>' In nature, there are typical bolaamphiphiles which
form the stable monolayer lipid membranes of thermophilic
archaebacteria.l'1?! Over the past four decades, bolaamphi-
philes have drawn a great deal of attention due to the
formation of diverse supramolecular self-assemblies via non-
covalent interactions, such as nanofibers, nanotubes, and
vesicles.'" ¥ They find potential applications in various fields,
for example, pharmaceutics and biomaterials."**! Among the
nonionic ones, sugar-based bolaamphiphiles have outstanding
properties, including abundance of chiral centers and recog-
nition ability.”"*) However, to our knowledge, there is no
report about helical co-assembly of sugar-based chiral bo-
laamphiphiles and their achiral binding counterpart phenyl-
boronic acids via chirality transfer.

Herein, we report the first macroscalar helices co-
assembled from temperature-responsive carbohydrate-based
bolaamphiphiles and BDBA. We first synthesized novel
nonionic CHO-Bolas: CHO-Bolas with D-glucose moieties
and a coumarin dimer (GCCG-12) 1 as well as CHO-Bolas
with D-mannose moieties and a coumarin dimer (MCCM-12)
2. The CHO-Bolas had two sugar skeletons as hydrophilic
heads for further boronic-acid-binding sites and one dimer of
7-alkoxy-4-methylcoumarins as the hydrophobic motif. The
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temperature-responsive property of CHO-Bolas allowed
their reversible micelle-to-vesicle transition (MVT) in aque-
ous solutions. Due to the chirality and boronic-acid-binding
ability of the carbohydrate moieties, the CHO-bolas induced
macroscalar helices by co-assembling with BDBA in alkaline
aqueous solutions with the assistance of temperature at more
than 80°C.

Results and Discussion

The novel bolaamphiphiles 1 and 2 contained carbohy-
drates (glucose or mannose) as hydrophilic headgroups and
coumarin dimers as the hydrophobic core. They were
synthesized through the simultaneous thiol-ene reaction of
2-allylethoxyl monosaccharide (7, 8) and 7-mercaptohexy-
loxy-4-methylcoumarin (11), as well as a [24+2]-photodimeri-
zation reaction of coumarin moieties in a one-pot reaction by
300-400 nm UV irradiation (Figure 1a and Schemes S1-S3).
It was reported that direct excitation of 7-alkoxy-4-methyl-
coumarins in organic solvents readily gave the syn head-tail
dimer, and triplet sensitization resulted in the anti head-tail

Research Articles

dimer.” In our work, the photodimerization reactions
worked out only under UV irradiation in dichloromethane
via a singlet excited state, in the absence of photocatalysis.
The chemical shifts belonging to the cyclobutane protons and
cyclobutane methyl protons were visible at 3.41 and 1.41 ppm
(see Supporting Information for '"H NMR spectra). 'H NMR
spectra further confirmed the formation of primarily the syn
head-tail product with minor quantities of the anti head-tail
conformation, which is in agreement with previous re-
ports.?324

'H NMR measurements of water-soluble CHO-Bolas in
D,O at various temperatures between 30 and 90°C showed
their temperature-responsive properties at the molecular
level. As shown in Figure 1b,c, the peaks in the aromatic
region (0 ~6-7.5 ppm) were absent and the peaks in the alkyl
region (0= 1-3 ppm) were significantly diminished at 30°C,
indicating the formation of aggregates via non-covalent
interactions.’” When the temperature was raised to 60°C,
the intensities of peaks in both regions were enhanced due to
the increased molecular mobility and partial breaking of these
interactions. These peaks became gradually weaker with
further increasing temperature to more than 80°C, indicating
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Figure 1. a) Synthesis route to CHO-Bolas containing glucose and a coumarin dimer (GCCG-12) 1 or mannose and a coumarin dimer (MCCM-12)
2. '"H NMR spectra of b) GCCG-12 and c¢) MCCM-12 recorded in D,O at various temperatures between 30 and 90°C.
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Figure 2. a) Photos of reversible clear-turbid cycles during heating and cooling of CHO-Bolas in deionized water. b) Z-average diameters and
polydispersity index (PDI) of aggregates formed by GCCG-12 and MCCM-12 in aqueous solutions in correlation with temperature. TEM images of
nanoparticles formed by dried ¢) GCCG-12 and d) MCCM-12. Polarized light microscopy (PLM) images of vesicles formed by e) GCCG-12 at 98°C

and f) MCCM-12 at 70°C in aqueous solutions.

the formation of another aggregate state. Furthermore,
a slight downfield shift of signals of aromatic protons was
observed with increasing temperature. This behavior can be
ascribed to stronger water exposure and pressure-induced
conformational changes.”**"!

The aggregation of the temperature-responsive CHO-
Bolas at neutral or acidic environments of pH 5 was visually
detectable (Figure 2a and Figure S1). The solutions changed
from transparent to turbid by increasing the temperature to
90°C. The turbid suspensions returned to the transparent
solution when cooling down to room temperature. This
reversible transparent-turbid change demonstrates a mi-
celle-to-vesicle transition (MVT). Dynamic light scattering
(DLS) was further used to analyze the temperature-depen-
dent process and the size development of the aggregates
(Figure 2b). In aqueous solutions of GCCG-12, the Z-average
diameters of aggregates were 22.2 + 2.0 nm with a narrow size
distribution (PDI=0.152+0.008) at a temperature below
80°C. By raising the temperature to 85°C, they increased
strongly to 1.5+ 0.1 um with a broad size distribution (PDI=
0.815+0.163). This huge size enhancement indicates the
formation of vesicles from the initial micelles. Compared with
GCCG-12, the MCCM-12 solution displayed MVT at a lower
temperature. The Z-average diameters of aggregates in
MCCM-12 solution were 54.24+29nm with a PDI of
0.233+£0.005 at a temperature below 50°C. After elevating
the temperature to 55°C, they increased notably to 917.7 =
49.3 nm with a PDI of 0.735 £ 0.105. The spherical morphol-
ogies of nanoparticles dried from micelles formed by CHO-
Bolas were verified with TEM and vesicles recorded with
temperature-controlled PLM measurements, as shown in
Figure 2c,d. The average sizes of the predominantly spherical
nanoparticles were 5.4 £+ 1.0 nm for dried GCCG-12 and 7.1 +
1.1 nm for dried MCCM-12. By heating solutions of CHO-
Bolas, vesicles were clearly observed under PLM (Figure 2e.f,
Movies S1 and S2). The average sizes of vesicles increased to
6.2+19um for GCCG-12 at 95°C and 9.4+2.2 um for
MCCM-12 at 70°C. Therefore, the CHO-Bolas exhibited

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

temperature-responsive, reversible transition between mi-
celles and vesicles.

Apart from the temperature-responsive behaviors of the
reversible transition between micelles and vesicles, CHO-
Bolas had other characteristic properties, such as chirality and
recognition via bonding with lectins or boronic acids through
the carbohydrate moieties.?""? It is known that boronic acids
have the potential to interact with diverse molecular motifs in
aqueous media, such as reversibly bonding with diols to form
boronic esters, self-condensation to form boroxines, and
hydrogen bonding with other active molecules.?*"!

As shown in Figure 3a, CHO-Bolas formed specific
helices after the co-assembly with BDBA. By dissolving them
in alkaline aqueous solutions (pH 9) at 80°C and cooling the
solutions slowly down to room temperature, helical aggre-
gates of several hundred microns in length were obtained
(Figure 3b,f). The assembled solid-state helical structures
emitted blue luminescence, as observed under the fluores-
cence microscope with a UV lamp (1 =365 nm) (Figure 3 c,g).
Moreover, the SEM images of the air-dried samples showed
right-handed helices containing packed thin layers (Fig-
ure 3d,e,h,i). The helices of co-assembled BDBA/GCCG-12
had helical pitches of 5.4+ 1.1 pm and an average lamellae
thickness of 0.3+0.1 um (Figure 3e). In comparison, co-
assembled helices of BDBA/MCCM-12 had larger helical
pitches of 6.3 £ 1.0 um and thinner lamellae with an average
thickness of 0.2 + 0.1 um (Figure 31i). In contrast to the helices
co-assembled by CHO-Bolas and BDBA, BDBA alone only
self-assembled into brick-shaped structures under equal
conditions. They were revealed by optical light and fluores-
cence microscopy as well as SEM images (Figure S2). It
should be noted that the mixture of CHO-Bolas and BDBA in
neutral aqueous solutions produced sporadic macroscalar
helices and a large amount of brick-shaped structures by
decreasing the temperature from 80°C to room temperature.
Therefore, well-ordered helices should be formed by the
chirality transfer from the CHO-Bolas to co-assembled
structures via diverse interactions among cis-diols of carbo-

Angew. Chem. Int. Ed. 2021, 6o, 9712—9718


http://www.angewandte.org

a)

Heating to 80 °C
>@< BDBA

s, pH 9.0
<@ CHO-Bolas @gj U

n(CHO-Bolas):n(BDBA)=1:3

Figure 3. a) Schematic illustration of the formation of helical structures in alkaline aqueous solution of
CHO-Bolas and 1,4-benzeneboronic acid (BDBA). Optical light and fluorescence microscopy as well as
SEM images of the helices with diverse magnifications: b—e) formed by GCCG-12 and BDBA; f—i) formed
by MCCM-12 and BDBA.

hydrates and boronic acids of BDBA during cooling down to
room temperature. Without the CHO-Bolas, brick-shaped
structures containing only BDBA did not form helical
structures.

Co-assembled helices were further analyzed with FTIR
and solid-state ''"B/*C NMR spectroscopy in order to reveal
their chemical compositions. According to the FTIR spectra
of the helices and brick-shaped aggregates (Figure 4a), the
peaks ascribed to unreacted B—OH groups of BDBA were
predominant and strong, for example, the peaks assigned to
the BO—H stretching vibration at 3280 and 3400 cm ', the
peaks attributed to B—O at 1335 and 1395 cm™', the peak of
B—C(aryl) at 1030 cm™', and the peaks corresponding to B—
OH stretching vibrations at 636 and 1005 cm™'."*2 Within
the FTIR spectra of helices, the new emerging peaks at 1621
and 1755 cm™' were assigned to aromatic rings and C=0O
groups of coumarin dimers, respectively. Moreover, the
greatly increased peak at 1120 cm™' was attributed to the
symmetric C-O-B-O-C stretching vibration. These results
showed the formation of boronate esters between BDBA and
CHO-Bolas within the helices. Moreover, brick-shaped
aggregates contained much more boroxine anhydrides ac-
cording to the peak at 580 cm™' attributed to boroxine
anhydrides,* while the amount of boroxine anhydrides
should be marginal within helices based on their very weak
peaks.

The solid-state "B NMR spectrum of the self-assembled
helices exhibited overlapping multiplets due to the boron

Angew. Chem. Int. Ed. 2021, 6o, 9712—9718
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atoms in different structural
environments (Figure 4b).
Compared to the brick-shaped
aggregates formed by BDBA
alone, the helical structures
formed by BDBA and CHO-
Bolas showed a much broader
peak. They consisted of multi-
ple peaks with roughly the
same intensity. This can be
explained with the overlapping
peaks ascribed to boroxine
anhydrides at around 21 ppm,
newly emerging boronate ester
at around 24 ppm, and boronic
acid at around 26 ppm, in
agreement with the FTIR re-
sults shown above. The solid-
state. "CNMR spectrum of
brick-shaped aggregates ex-
hibited one single and weak
resonance for aromatic rings
of BDBA at 138 ppm (Fig-
ure 4c). In comparison, the
solid-state *C NMR spectrum
of helices formed by MCCM-
12 and BDBA displayed one
stronger and broader reso-
nance at 138 ppm and one
weak resonance for alkyl
chains of MCCM-12 at approx.
34 ppm. Therefore, the helical structures contained high
amounts of bulk BDBA, reversible boronate esters formed
between BDBA and CHO-Bolas, and boroxine anhydrides by
self-condensation of BDBA. In addition, adding an excess of
glucose or mannose to the suspensions of these helices led to
their gradual disassembly and finally complete dissolution in
aqueous solutions. This phenomenon also indicated the
pivotal role of reversible boronate esters between BDBA
and CHO-Bolas in chirally guiding the formation of right-
handed helical structures.

Taking the above results into account, we consequently
propose a plausible model for the co-assembly of helical
structures (Figure 4d). In addition to high amounts of
unreacted BDBA, the cis-diols of CHO-Bolas reversibly
and covalently interacted with BDBA, while BDBA self-
condensed into a small amount of boroxine anhydrides.
During the cooling process, non-covalent interactions includ-
ing hydrogen bonding and s—r stacking further stabilized the
structures by forming lamellae. In parallel, the chirality
transferred from CHO-Bolas guided the lamellae into helices.

The helices were further treated at high temperature to
analyze their thermal properties and compositions. It is well
known that the six-membered boroxine anhydrides can be
easily formed by dehydrative self-condensation of boronic
acid when the temperature exceeds 100°C.*"! According to
the FTIR and solid-state "'B NMR spectra of the assembled
helical structures (Figure 4), there were excessive active
groups of B—OH in comparison to hydroxy groups of
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shaped structure formed by BDBA alone. Asterisks indicate spinning side-band peaks. d) Plausible packing model of the co-assembled helical

structures.

carbohydrate moieties. As shown in Figure Sa, the DSC
curves of the self-assembled helices showed endothermic
processes. They started at around 123 °C (initial temperature,
T) and ended at around 282°C (end temperature, 7). The
helices formed by both CHO-Bolas and BDBA exhibited
only one single endothermic peak at 225-228°C. In compar-
ison, the brick-shaped structures formed by BDBA alone
showed two partially overlapping endothermic peaks at
222°C and 255°C. Since all DSC measurements of assembled
aggregates were carried out in sealed crucibles, no peaks
corresponding to water evaporation were observed. The
endothermic processes of helices involved multiple reactions
and physical changes, such as self-condensation of B—OH
groups into boroxine anhydrides, decomposition of coumarin
dimers into coumarin monomers,*" esterification of B—OH
groups with hydroxy groups of mannose moieties, and
melting.

Moreover, the strong bands within the FTIR spectra at
3000-3580, 1005, and 636 cm ™! ascribed to BO—H and B—OH
vibrations sharply decreased (Figure 5b). In comparison, the
bands at 690 and 544 cm™! attributed to B—-O—B of boroxine
anhydrides greatly increased.’*3"*1 Therefore, boroxine
anhydrides were formed via the self-condensation of BDBA
during the heat treatment. Due to the self-condensation and
esterification of B—OH groups with hydroxy groups of
glucose or mannose moieties, the signal at 3600 cm ™" ascribed
to free hydroxy groups of resulting water was observed.
Interestingly, the band at 1755 cm ™' attributed to the satu-

www.angewandte.org © 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

rated ketones and the band at 1621 cm ™' due to aromatic rings
of coumarin dimers disappeared. New stronger bands at 1700
and 1610 cm ' for the unsaturated ketones and aromatic rings
of coumarins appeared. They indicated the decomposition of
coumarin dimers into coumarin monomers after heat treat-
ment.! Besides, signals emerged at 1140 and 1015 cm™
corresponding to B—O—C of boronate esters and B—C bonds,
respectively.

As shown in Figure Sc and Figure S3, the solid-state
"B NMR spectra of assembled helices after the treatment at
300°C under nitrogen atmosphere exhibited only one single
broad peak at around 21 ppm. This peak is attributed to
resulting B—-O—B bonds in high quantities during the heat
treatment, which was in good agreement with the FTIR
results. Moreover, helices showed great morphological stabil-
ity after the heat treatment at 300°C (Figure 5d). Their
luminescence also changed to a bright blue from blue due to
the formation of more m—m stacking in the boroxine network
upon heating and decomposition of coumarin dimers in
helices. This enhanced luminescence was similar to the heat-
treated brick-shaped structure of bulk BDBA (Figures 5d and
S2d).

Conclusion

In summary, we found a new approach to prepare
macroscalar right-handed helices via chirality transfer from

Angew. Chem. Int. Ed. 2021, 6o, 9712—9718
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microscopy images of helices formed by CHO-Bolas and BDBA after treatment at 300°C in nitrogen gas.

novel carbohydrate-based bolaamphiphiles (CHO-Bolas)
after their co-assembly with 1,4-benzenediboronic acid
(BDBA). The CHO-Bolas containing chiral glucose/mannose
headgroups were synthesized via simultaneous thiol-ene click
reaction and [242]-photodimerization of coumarins in a one-
pot synthesis after UV irradiation. The CHO-Bolas displayed
temperature-responsive behavior by showing reversible mi-
celle-to-vesicle transition. Furthermore, the CHO-Bolas had
other characteristic properties including chirality and recog-
nition ability. When mixing with BDBA in alkaline solution at
80°C, the carbohydrate moieties of CHO-Bolas transferred
chirality to macroscalar right-handed helices in a co-assembly
process. The resulting helical structures constructed by
BDBA were induced by CHO-Bolas, as demonstrated by
FTIR spectra and solid-state NMR measurements. After
treatment at 300°C in nitrogen gas, the fluorescence of the
helices was enhanced due to the enhanced self-condensation
of BDBA and decomposition of coumarin dimers. This work
paves the way for the realization of chirality transfer from
small organic molecules to assembled supramolecular struc-
tures using carbohydrate as chirality templates.
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