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ABSTRACT: Light-responsive supramolecular materials that
operate autonomously represent a key step toward smart,
energy-efficient systems. Yet, achieving intrinsic reversibility
without external triggers is rare. Here, we present two
azobenzene−glycoconjugate amphiphiles bearing glucose (Glc-
Azo) or maltose (Mal-Azo) headgroups whose supramolecular
organization is dictated by carbohydrate-mediated interactions.
Both derivatives undergo efficient trans−cis photoisomerization
under UV irradiation. Remarkably, when assembled in aqueous media, they autonomously revert to the trans configuration in the
dark without external thermal input. This self-recovery is attributed to a hydrogen-bond-rich glycosidic microenvironment that
modulates azobenzene packing and promotes structural reorganization. Incorporation of the bulkier maltose moiety affords robust,
thermoreversible supramolecular hydrogels that undergo fully reversible, light-induced gel−sol transitions�dissociating upon UV
exposure and spontaneously reassembling thereafter. These results reveal the power of glyco-directed supramolecular architectures to
enable autonomous, energy-efficient photoresponsive soft materials, with implications for biomedical and smart-material
applications.

■ INTRODUCTION
Sugar-based molecular building blocks are increasingly
exploited in supramolecular materials design owing to their
intrinsic biocompatibility, high hydrophilicity, and exceptional
hydrogen-bonding capability.1−4 These attributes enable
programmable assembly of nanostructures with diverse
morphologies (fibers, sheets, spheres, ...) and underpin broad
biomedical utility.5−10 Building on these properties, we
previously established a protection-free synthetic strategy for
sugar-based amphiphiles, enabling multifunctional systems that
exhibit self-assembling hydrogelation, enzyme-induced hydro-
gelation, specific lectin (LecA) recognition, and antimicrobial
behavior.11−15 Beyond these inherent advantages, the struc-
tural and chemical versatility of carbohydrates provides a
robust platform for engineering stimuli-responsive molecular
systems.16−19

Azobenzene is a canonical molecular photoswitch that
undergoes trans-to-cis photoisomerization under light,20−23 a
property widely harnessed to modulate supramolecular
assembly.24−27 For example, host−guest interactions between
azobenzene derivatives and cyclodextrins have yielded hydro-
gels with reversible phase transitions under alternating visible
light,28 and amphiphilic azobenzenes embedded in plasma
membranes can drive rapid, reversible optical control of cell
surface area.29 Glycosylated azobenzenes similarly display
photoresponsive behavior in aqueous media, enabling light-
triggered morphological transitions among assembled
states.30−33

Despite substantial progress, most reversible photoisomeri-
zation cycles in amphiphilic azobenzene systems rely on
external stimuli (heat or secondary light inputs), limiting
operational autonomy and practical utility. The ability of glyco-
supramolecular assemblies to confine azobenzene units within
dynamic, geometrically constrained microenvironments−there-
by enabling self-recovery after photoisomerization without
auxiliary input−remains underexplored. Such intrinsic reversi-
bility, orchestrated by the supramolecular microenvironment,
offers a route to autonomous, energy-efficient photoresponsive
materials. When embedded in hydrogels, this self-sustaining
photoresponse is particularly attractive for developing
advanced self-regulating materials.34

Here, we report the design and synthesis of two
azobenzene−glycoconjugates, Glc-Azo and Mal-Azo, using
glucose and maltose as hydrophilic moieties (Figure 1a). We
systematically investigated their self-assembly and photo-
responsive properties, with emphasis on the contribution of
sugar-mediated aggregation to spontaneous cis-to-trans recov-
ery in the assembled state. Guided by this behavior, we
strategically tuned the molecular architecture from Glc-Azo to
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Mal-Azo to create an autonomous, reversible supramolecular
hydrogel (Figure 1b). These results highlight the dual role of
glycosidic scaffolds in enhancing material properties and
enabling novel photochemical responses in integrated molec-
ular switches, thereby informing the design of next-generation
photoresponsive biomaterials.

■ RESULTS AND DISCUSSION

Synthesis of Azobenzene Glycosides
Azobenzene glycoconjugates were accessed via carbamate
linkage formation between azobenzene and sugar units. First,
4-aminoazobenzene was converted to the corresponding
isocyanate using triphosgene (1.2 equiv) under anhydrous
conditions. Subsequent nucleophilic addition to 2,3,4,6-tetra-
O-acetyl-D-glucopyranose and 2,3,6,2’,3′,4’,6’-hepta-O-acetyl-
maltose, in the presence of triethylamine, afforded the
respective glycosyl carbamates with high β-selectivity, as
indicated by the anomeric proton coupling constant
(Supporting Information (SI)). Orthogonal deprotection
with aqueous ammonia (pH 9−10, ice-bath) followed by
column chromatography furnished Glc-Azo and Mal-Azo.
Structures were confirmed by NMR spectroscopy, mass
spectrometry, and IR spectroscopy.
Supramolecular Self-Assembly in Glc-Azo
The assembly behavior of Glc-Azo was first examined
spectroscopically in dilute solution. In DMSO (5 × 10−5 M),
the UV−Vis spectrum displayed bands at 258, 358, and 450
nm; the latter two were assigned to π−π* and n−π* transitions
of the azobenzene unit,35−37 respectively (Figure 2a). To
assess aggregation, spectra were recorded in DMSO−water
mixtures with increasing water fractions. As water content
increased, the 358 nm band progressively blue-shifted. The
observed 12 nm shift from pure DMSO to pure water is a clear
signal for the formation of supramolecular H-aggregates in the
aqueous medium (Figure 2b).

Given its self-assembly in water, gelation was evaluated by
vial inversion. Due to low solubility at room temperature, Glc-
Azo required intensive heating to dissolve. Although gelation
occurred upon cooling at 3 wt % (Figure S13a), the resulting
gel did not withstand repeated thermal cycles, likely due to

molecular degradation induced by excessive heating. Trans-
mission electron microscopy (TEM) revealed sheet-like
nanostructures with nonuniform dimensions in aqueous
solution (Figure S13b).

To probe azobenzene interactions during assembly, solvent-
dependent 1H NMR spectra were collected at room temper-
ature by varying the DMSO-d6/D2O ratio (2 × 10−2 M)
(Figure 3).38 Amide and sugar hydroxyl protons were not
observed due to rapid exchange with the solvent, confirmed by
complete disappearance upon addition of 20% D2O.39

Increasing D2O content up to 70%, where precipitation
occurred, induced weak upfield shifts of aromatic signals
(Hb/Hc, Ha, Hd/He), ultimately coalescing into composite
resonances. These data suggest a non−closely packed
azobenzene arrangement with minimal π−π stacking in the
assembled state.

To further elucidate the noncovalent packing mode, single
crystals of Glc-Azo suitable for X-ray diffraction were grown
from DMSO/water (2:3 v/v). The single-crystal structure
provides a reference model for intermolecular interactions and
packing tendencies, although the actual arrangement in
aqueous assemblies may differ. The corresponding crystallo-
graphic parameters are summarized in Table S1, and key
intermolecular interactions are illustrated in Figure 4. The
solid-state structure revealed one-dimensional chains stabilized
by intermolecular hydrogen bonds between adjacent sugar
units (O7···H6, d = 1.8040 Å) together with very weak C−H···
H−C contacts among azobenzene units (H4A···H4A, d =

Figure 1. (a) Rational design and chemical structures of the Glc-Azo and Mal-Azo molecules. (b) Schematic of their self-assembly process and
photoresponsive behavior.

Figure 2. (a) UV−Vis absorption of Glc-Azo (5 × 10−5 M) in DMSO
and (b) normalized spectra with increasing water fraction.

Bioconjugate Chemistry pubs.acs.org/bc Communication

https://doi.org/10.1021/acs.bioconjchem.5c00626
Bioconjugate Chem. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00626/suppl_file/bc5c00626_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00626/suppl_file/bc5c00626_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00626/suppl_file/bc5c00626_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.5c00626/suppl_file/bc5c00626_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.bioconjchem.5c00626?fig=fig2&ref=pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.5c00626?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


2.3974 Å) (Figure 4a). Chains interconnected via hydrogen
bonds (O7···H6, d = 1.8040 Å; O4···H3, d = 1.9716 Å) formed
two-dimensional layers (Figure 4b). No intralayer π−π
stacking between azobenzenes was detected; vertical ring
distances (2.0594 Å and 1.7715 Å) and slip angles (69.852°
and 72.767°) fall well outside the typical π−π stacking regime
(Figure S14). By contrast, weak interlayer π−π interactions
(3.6590 and 3.5637 Å; slip angles 13.718° and 18.903°) linked
the layers into a three-dimensional network (Figures 4c and
4d), consistent with the solvent-dependent NMR observations.
Photoresponsive Behavior of Glc-Azo
The photoresponsive properties of Glc-Azo were evaluated
using UV−Vis spectroscopy, 1H NMR, and TEM for

comprehensive analysis. In the monomeric state (DMSO, 5
× 10−5 M), 365 nm irradiation increased absorption at 258 and
450 nm without significant shifts, while the 358 nm band
decreased and blue-shifted by 42 nm, reaching a photosta-
tionary state within seconds (Figure 5a). In the dark, only
marginal cis-to-trans recovery occurred over 2 h (Figure S15).
Upon heating to 75 °C, the UV−Vis spectrum gradually
reverted over time and was nearly fully restored within 1.5 h
(Figure 5b), indicating that while the molecules can undergo
photoisomerization in solution, the efficient reversion from the
cis to the trans conformation required thermal energy. The
photoresponse was further supported by 1H NMR spectros-
copy (Figure 5c). In DMSO-d6 (2 × 10−2 M), prolonged 365
nm irradiation induced pronounced upfield shifts of the amide
(10.33 to 10.03 ppm) and aromatic protons (region of 7.90 to
7.51 ppm), consistent with trans-to-cis conversion (∼95% by
1H NMR). Subsequent thermal treatment returned all signals
to their initial positions, confirming excellent thermal
reversibility.

In self-assembled state in water (5 × 10−5 M), Glc-Azo
remained photoactive and underwent trans-to-cis isomerization
upon 365 nm irradiation, as evidenced by rapid spectral
changes (intensity increase and slight red shift at ∼235 nm;
intensity decrease and 26 nm blue shift at ∼346 nm;
sharpening at ∼438 nm) (Figure S16a). Notably, in the
assembled state the system spontaneously recovered to the
trans configuration in the dark without heating, achieving near-
complete restoration within ∼40 min (Figure S16b). This self-
recovery contrasts sharply with the behavior of Glc-Azo in
DMSO solution, which showed no significant recovery even
after standing for 2 h under identical test conditions. The
absence of recovery in the molecularly dissolved state further
confirms that the self-recovery observed in the assembled
system is not thermally driven. Moreover, the assembled
system exhibited high reversibility over eight consecutive
irradiation−recovery cycles without apparent fatigue (Figure

Figure 3. Solvent-dependent 1H NMR spectra of Glc-Azo (2 × 10−2

M) in DMSO-d6/D2O with varying volume ratios.

Figure 4. Crystal structure of Glc-Azo showing (a) 1D chain formation, (b) 2D sheet assembly and (c) packing arrangement between the layered
structures. (d) π-π stacking interactions.
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S16c). Nevertheless, upon prolonged 365 nm irradiation, the
hydrogel underwent collapse into a precipitate and could not
be reconstituted even upon heating. This indicates that the
inherent limitations of the hydrogel itself prevented reversible
macroscopic gel−sol transition under such conditions.

To elucidate self-recovery, UV−Vis spectra in DMSO and
water after 365 nm irradiation showed blue shifts of the 261
and 442 nm bands to 248 and 431 nm, respectively, while the
316 nm band remained largely unchanged (Figure S17a),
suggesting formation of a distinct assembled morphology
postirradiation. TEM revealed smaller nanostructures (∼200
nm length, ∼300 nm width) compared to preirradiation
assemblies (Figure S17b). We infer that weak azobenzene−
azobenzene interactions in Glc-Azo permit configurational
changes under UV light that disrupt H−H contacts and
modest π−π interactions without dismantling the hydrogen-
bond network. Self-recovery reflects the system’s relaxation to
a global energy minimum, wherein the hydrogen-bond-rich
glyco-supramolecular matrix preferentially stabilizes trans-
azobenzene assemblies.
Supramolecular Self-Assembly and Hydrogel Formation in
Mal-Azo

To improve the hydrogel property and overcome the
irreversible UV-induced collapse observed in Glc-Azo, we
introduced maltose, a disaccharide containing a higher number
of hydroxyl groups, to simultaneously enhance hydrogen-
bonding capacity and hydration. This structural modification
creates a robust yet dynamic glycosidic environment that
effectively confines the azobenzene units. The designed
structure is intended to achieve an optimal balance between
structural integrity−ensuring stable gelation−and favorable

self-assembly and photoresponsive properties, culminating in
the successful development of Mal-Azo. In DMSO, Mal-Azo
exhibited UV−Vis bands analogous to Glc-Azo (258, 358, 450
nm) and a 12 nm blue shift of the 358 nm band upon transfer
to water (Figure S18), indicative of H-aggregates in water.

Unlike Glc-Azo, Mal-Azo formed a stable, thermoreversible
hydrogel at 1.2 wt % after ultrasonication or standing (Figure
6a). The hydrogel remained intact for weeks and underwent

multiple thermoreversible sol−gel cycles (Figure S19). TEM
showed an interconnected network of micrometer-length
nanofibers (∼25 nm width) (Figure 6b). Solvent-dependent
1H NMR revealed tighter molecular packing than in Glc-Azo:
at 70% D2O, distinct upfield shifts and signal changes of
azobenzene protons indicated enhanced π−π stacking without
precipitation (Figure S20).

Figure 5. Investigation of the photoresponse of Glc-Azo (5 × 10−5 M) in DMSO. (a) UV−Vis spectra before and after 365 nm light irradiation. (b)
Complete recovery of the UV−Vis absorption upon heating at 75 °C for 1.5 h. (c) 1H NMR spectra of Glc-Azo (2 × 10−2 M in DMSO-d6)
showing reversible photoisomerization: initial state, after 365 nm irradiation, and following thermal recovery.

Figure 6. (a) Photographs demonstrating thermoreversible sol−gel
transition and (b) TEM image revealing a nanofibrillar network
responsible for gelation.
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Photoresponsive Behavior and Self-Regulating Hydrogel
of Mal-Azo
The photoisomerization properties of Mal-Azo were thor-
oughly investigated in both molecular and assembled states. In
DMSO, Mal-Azo underwent efficient trans-to-cis photoisome-
rization under 365 nm irradiation (∼95% by 1H NMR).
Thermal recovery required heating to 75 °C and occurred over
∼1.5 h (Figures S21 and S22). In aqueous assemblies, Mal-Azo
displayed spontaneous cis-to-trans recovery within ∼40 min
without heating and maintained excellent reversibility over
eight irradiation−recovery cycles without fatigue (Figures
7a−7c). Although the exact proportion of the cis isomer in the

photostationary state could not be precisely quantified, this
conclusion is clearly supported by the observed UV−Vis
spectral changes and the corresponding recovery behavior.
Postirradiation characterization indicated that Mal-Azo re-
mained assembled, undergoing morphological transitions from
nanofibers to fragmented structures (Figure S23).

The combination of photoresponsive behavior and self-
recovery enabled a self-regulating hydrogel system. Upon
extended UV irradiation (5 h), the Mal-Azo hydrogel
underwent complete dissolution into a sol state. Crucially, it
spontaneously reassembled into a stable gel after 12 h in the
dark at 25 °C without external intervention, and gelation
occurred rapidly when assisted by ultrasonication (Figure 7d).
Quantitative rheological measurements were attempted on the
Mal-Azo hydrogel before irradiation and after self-recovery, but
the obtained modulus data were not reproducible and fell
below the reliable detection limit due to the very weak
mechanical strength of the gel. This fully reversible, photo-
controlled sol−gel transition originated from the unique glyco-
supramolecular microenvironment, which provided optimal
spatial confinement while maintaining structural flexibility. The
hydrogen-bond-rich glycoside matrices facilitated self-recovery
of the trans configuration, enabling supramolecular network

reconstruction. This autonomous self-regulating characteristic
established Mal-Azo as a promising smart material platform for
biomedical applications requiring spatiotemporal control and
repair capabilities.40

■ CONCLUSIONS
The glyco-supramolecular microenvironment plays a decisive
role in orchestrating the photobehavior of azobenzene
conjugates. Carbohydrate-driven self-assembly templates nano-
structure formation and confers autonomous function by
facilitating spontaneous cis-to-trans recovery postirradiation.
Strategic expansion of the sugar unit from glucose (Glc-Azo)
to maltose (Mal-Azo) enabled fabrication of a stable
supramolecular hydrogel capable of fully reversible, light-
regulated gel−sol transitions. The observed autonomy and self-
regulation underscore the potential of sugar-directed inter-
actions to encode life-like properties�adaptivity and
autonomy�into synthetic materials, providing a robust
foundation for next-generation energy-efficient, stimuli-respon-
sive biomaterials.

■ EXPERIMENTAL SECTION

Synthesis of Compound Glc-Azo
The specific synthetic route of Glc-Azo is shown in Scheme S1. The
compounds Glc-OAc and Glc-OAc-OH were synthesized according
to the literature.41

Synthesis of Glc-OAc-Azo. To a solution of triphosgene (2.4
mmol) in dry dichloromethane (DCM, 20 mL) under nitrogen was
added a solution of 4-aminoazobenzene (2.0 mmol) in dry DCM. Dry
triethylamine (5 mL) was then added dropwise. The resulting mixture
was stirred at room temperature for 30 min, after which 2,3,4,6-tetra-
O-acetyl-D-glucopyranose (Glc-OAc, 2.0 mmol) was added. Upon
reaction completion, the mixture was diluted with DCM (40 mL) and
washed with water (2 × 100 mL). The organic layer was dried over
anhydrous Na2SO4, filtered, and concentrated in vacuo. The residue
was purified by flash column chromatography on silica gel (DCM/
EtOAc, 10:1 v/v) to afford Glc-OAc-Azo as a yellow solid. Yield: 55%,
1H NMR (CDCl3, 400 MHz, ppm) δ 7.93−7.88 (m, 4H), 7.56−7.43
(m, 5H), 7.16 (s, 1H), 5.79 (d, J = 8.2 Hz, 1H), 5.32 (t, J = 9.4 Hz,
1H), 5.23−5.14 (m, 2H), 4.34 (dd, J = 12.6, 4.5 Hz, 1H), 4.15 (dd, J
= 12.5, 1.9 Hz, 1H), 3.93−3.89 (m, 1H), 2.09−2.03 (m, 12H). 13C
NMR (101 MHz, CDCl3) δ 170.8, 170.3, 169.8, 169.7, 152.8, 150.7,
149.2, 139.5, 131.1, 129.3, 124.3, 123.0, 119.0, 93.2, 72.9, 72.8, 70.3,
61.7, 20.9, 20.8. MS (APCI) m/z: calcd for [M + H]+, 572.1875;
found, 572.1872. FT-IR (cm−1): 3387, 1740, 1597, 1528, 1366, 1223,
1066, 1034, 843, 687, 548.

Synthesis of Glc-Azo. A solution of Glc-OAc-Azo (1.0 mmol) in
methanol (MeOH, 30 mL) was treated dropwise with ammonium
hydroxide until pH 9 was reached. The reaction mixture was stirred at
0 °C for 12 h. The solvent was removed by rotary evaporation, and
the crude product was purified by flash column chromatography on
silica gel (EtOAc/MeOH, 8:2 v/v) to afford Glc-Azo as a yellow solid.
Yield: 65%, 1H NMR (DMSO-d6, 400 MHz, ppm) δ 10.33 (s, 1H),
7.90−7.84 (m, 4H), 7.71 (d, J = 8.9 Hz, 2H), 7.60−7.51 (m, 3H),
5.42 (d, J = 8.1 Hz, 1H), 5.32 (d, J = 5.2 Hz, 1H), 5.16 (d, J = 4.9 Hz,
1H), 5.03 (d, J = 5.5 Hz, 1H), 4.62 (t, J = 5.9 Hz, 1H), 3.70−3.66 (m,
1H), 3.49−3.43 (m, 1H), 3.32−3.10 (m, 4H). 13C NMR (101 MHz,
DMSO-d6) δ 152.1, 147.4, 142.0, 131.0, 129.4, 123.8, 122.3, 118.6,
95.3, 77.8, 76.7, 72.5, 69.6, 60.6. MS (APCI) m/z: calcd for [M +
H]+, 404.1452; found, 404.1459. FT-IR (cm−1): 3278, 1741, 1597,
1540, 1411, 1310, 1219, 1065, 1020, 843, 683, 541.

Synthesis of Compounds Mal-Azo
The specific synthetic route of Mal-Azo is shown in Scheme S2. The
compounds Mal-OAc and Mal-OAc-OH were synthesized according
to the literature.42,43 The synthesis methods of Mal-OAc-Azo and

Figure 7. Photoresponsive behavior of Mal-Azo in water (5 × 10−5

M). (a) UV−Vis spectral evolution under 365 nm irradiation,
indicating the occurrence of photoisomerization. (b) Self-recovery of
the absorption spectrum to its initial state within 40 min in the dark
after irradiation. (c) Reversible switching over 8 consecutive cycles,
demonstrating excellent repeatability and cycling stability. (d)
Illustration of the reversible gelation behavior, showing photo-
triggered dissolution, subsequent spontaneous reformation in the
dark (12 h, 25 °C), and rapid gelation via ultrasonication.
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Mal-Azo were the same as that of Glc-OAc-Azo and Glc-Azo,
respectively.

Mal-OAc-Azo, yellow solid, yield: 70%, 1H NMR (CDCl3, 400
MHz, ppm) δ 7.93−7.88 (m, 4H), 7.55−7.45 (m, 5H), 7.08 (s, 1H),
5.80 (d, J = 8.2 Hz, 1H), 5.42−5.33 (m, 3H), 5.06 (q, 2H), 4.87 (dd,
J = 10.5, 4.0 Hz, 1H), 4.48 (dd, J = 12.3, 2.3 Hz, 1H), 4.29−4.22 (m,
2H), 4.10−4.04 (m, 2H), 3.97−3.87 (m, 2H), 2.13−2.00 (m, 21H).
13C NMR (101 MHz, CDCl3) δ 170.8, 170.7, 170.2, 170.1, 169.7,
152.8, 150.6, 149.2, 139.5, 131.1, 129.3, 124.3, 123.0, 119.0, 95.9,
92.8, 75.4, 73.2, 72.6, 71.0, 70.2, 69.5, 68.8, 68.2, 62.7, 61.6, 21.1,
21.0, 20.9, 20.8. MS (ESI) m/z: calcd for [M + Na]+, 882.2539;
found, 882.2565. FT-IR (cm−1): 3294, 1740, 1597, 1540, 1369, 1308,
1227, 1031, 853, 687, 553.

Mal-Azo, yellow solid, yield: 68%, 1H NMR (DMSO-d6, 400 MHz,
ppm) δ 10.35 (s, 1H), 7.90−7.84 (m, 4H), 7.71 (d, J = 8.9 Hz, 2H),
7.60−7.53 (m, 3H), 5.66 (d, J = 3.2 Hz, 1H), 5.51−5.44 (m, 3H),
5.06 (d, J = 3.7 Hz, 1H), 4.92 (q, 2H), 4.61 (t, J = 5.9 Hz, 1H), 4.53
(t, J = 5.5 Hz, 1H), 3.71 (q, 1H), 3.65−3.57 (m, 3H), 3.51−3.40 (m,
5H), 3.29−3.23 (m, 2H), 3.11−3.05 (m, 1H). 13C NMR (101 MHz,
DMSO-d6) δ 152.1, 152.0, 147.4, 142.0, 131.1, 129.5, 123.8, 122.3,
118.6, 100.8, 95.1, 78.9, 76.3, 76.0, 73.5, 73.3, 72.5, 72.1, 69.9, 60.8,
60.2. MS (ESI) m/z: calcd for [M + Na]+, 588.1800; found, 588.1824.
FT-IR (cm−1): 3294, 1726, 1600, 1548, 1309, 1225, 1021, 842, 764,
685, 546.

No unexpected or unusually high safety hazards were encountered
in this work.
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