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Herein we report the Wittig reaction conducted under environmentally friendly conditions for the synthesis
of borylated analogues of resveratrol. For the synthesis of analogues featuring the boronic ester functional
group, we developed a micellar agueous method that yielded borylated-stilbenes in good yields with a low

diastereomeric ratio. To circumvent this low selectivity, we employed an isomerization reaction, which

provided borylated stilbenes with high selectivities (=95: 05). For synthesizing analogues containing the
benzoxaborole and boronic acid functional groups, a biphasic toluene-water system emerged as the
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optimal reaction medium. Three functionalized stilbenes-bearing boronic ester, benzoxaborole, and

boronic acid interact with a single binding site on HSA, with the benzoxaborole derivate exhibiting the
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Introduction

Human serum albumin (HSA), the most abundant protein in
blood plasma, plays a crucial role in the transport and distri-
bution of various biological and pharmacological species, such
as nutrients, fatty acids, steroids, and many commonly used
drugs like warfarin and ibuprofen.* The abundance of HSA in
the blood plasma together with its extraordinary binding
capabilities make it an important tool in the development of
novel drugs.”> Drug delivery to cells may be facilitated through
binding to serum albumin and improving its solubility. Hence
plasma protein binding has been considered as one of the most
important physicochemical characteristics of drugs that can
alter their pharmacokinetics and pharmaco-dynamics.’®
Achieving information on the nature of drug-HSA interaction
provides a better understanding for its use and can suggest new
approaches to structural modifications.

Resveratrol is a natural stilbene found in grapes and conse-
quently in red wine (Fig. 1).* This bioactive polyphenol exhibits
many functional properties, including antioxidant, anti-
inflammatory, neuro- and cardioprotective, anticarcinogenic,
anti-aging, anti-diabetic, and anti-obesity properties.> The
distribution of resveratrol in humans and its therapeutic
applications are affected by its low solubility in water (0.023 mg
mL 1), low oral bioavailability, tendency to undergo oxidation
and high photosensitivity in aqueous media.® HSA plays
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highest affinity. Based on thermodynamic analysis, boronic ester and the benzoxaborole derivate bind to
HSA via hydrophobic interactions, whereas the boronic acid derivate binds via electrostatic forces.

a fundamental role in the distribution and bioavailability of
resveratrol in the bloodstream, and protection from the degra-
dative effects of radiation.” However, the HSA binds resveratrol
only when its concentration is high.®* Therefore, significant
efforts have been made for the development of technologies or
analogues that overcome these limitations. The methoxylated
analogues of resveratrol possess increased lipophilicity and
a pharmacological profile comparable or even superior to that
of resveratrol.” Among them, DMU-212 has disclosed a strong
anti-cancer activity with higher chemoprotective activity than
resveratrol. In this regard, the synthesis of boronated analogues
of resveratrol present an interesting alternative, especially after
the FDA approval of bortezomib and ixazomib for multiple
myeloma treatment, crisaborol for atopic dermatitis treatment,
vaborbactam for urinary tract infection treatment, and tava-
borole for onychomycosis treatment. Some synthesized boro-
nated analogues of resveratrol already exhibit activity as
inhibitor human cancer cells and lipogenic inhibitor in
mammalian hepatocytes (Fig. 1)."

A Wittig reaction is a widely used method for the synthesis of
stilbenes." However, when applied to the synthesis of boro-
nated analogues of resveratrol, the reaction is conducted in the
presence of strong bases (such as tBuONa or nBuLi) and DMF or
THF as the solvent (Scheme 1a).*” In this case, the use of the
traditional Wittig condition has been applied to a limited
number of substrates, and with the boron functionality placed
at the same position (para). The reported examples typically
result in low to moderate E/Z selectivity which requires sepa-
ration of diastereoisomers when they are necessary for biolog-
ical studies. Based on our research group's experience in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Traditional Wittig approach and (b) this work.

conducting organic reactions in aqueous or more environ-
mentally friendly media," we directed our efforts to improving
the conditions used in the Wittig reaction for boron-
functionalized stilbenes, especially towards their study for
interaction with HSA protein, which required the compounds to
be stereochemically pure.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Inspired by the bioactive structures of resveratrol and its
analogue DMU-212, our main focus was to develop a synthetic
method for E-stilbenes featuring one, two, or three methoxy
groups on one aryl ring, and various boron-containing func-
tional groups positioned differently on the second ring (Scheme
1b).

Results and discussion

To investigate the optimal conditions for the Wittig reaction,
the selected model substrates were aldehyde 1a, which contains
a boronic ester group in the para-position, and phosphonium
salt 2a. The initial conditions evaluated were based on previous
studies that conducted Wittig reactions in aqueous systems
with non-functionalized boron substrates. In the work by
Ismael and coworkers," which employed NaOH in a biphasic
CH,Cl,/H,0O system, the boron-containing Wittig product 3a
was obtained with a yield of 63%, favoring the Z-isomer ata 36 :
64 ratio (Table 1, entry 1). Using the methodology described by
Wu and collaborators,'® which involves an aqueous solution of
LiCl and NaOH, the product 3a was obtained with a 39% yield
and a 33:67 ratio favoring the Z-isomer (entry 2). Conducting
the reaction without LiCl and any organic solvent resulted in an
increased yield (entry 3). However, a decrease in yield was noted
when ethanol was used as a solvent (entry 4). Inspired by the
work of Orsini and coworkers, sodium dodecyl sulfate (SDS) was
employed as a surfactant in water for the Wittig reaction, but
this resulted in a low yield (entry 5). Switching the surfactant to
SPGS-550M" allowed for the isolation of a mixture of diaste-
reoisomers 3a with a yield of 57% (entry 6). In contrast, using
TPGS-750M" as a surfactant resulted in a high yield of 89% for
the desired product 3a (entry 7). TPGS-750 M has a larger
micelle size (50-100 nm) compared to SPGS-550 M (40-60 nm),
which may have better accommodated the bulky reagents, thus
enhancing reaction efficiency within the micelle.
Subsequently, the effects of phosphonium salt stoichiometry
and reaction temperature were evaluated. Reducing the amount
of phosphonium salt from 1.5 to 1.1 equivalents, resulted in
a decrease inyield to 47% (entry 8). Lowering the temperature to
25 °C and 60 °C caused a significant drop in yield (entries 9 and
10). Finally, weaker bases were evaluated, considering that more

RSC Adv, 2025, 15, 37474-37481 | 37475
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Table 1 Optimizations of the Wittig reaction using 1a and 2a

o ©/\Pph33r O
2a
fonde——nlion
base, Solvent
pinB 1a T (°C), 20h pinB 3a
Entry® Base T (°C) Solvent E:Z"  Yield® (%)
14 NaOH 100 CHCI3/H,0 (2:1) 36:64 63
2 NaOH 100 H,0/LiCl 1.4 M 33:67 39
3 NaOH 100 H,0 36:64 67
4¢ NaOH 100 EtOH 46:56 47
5 NaOH 100 H,0/SDS 10% 41:59 37
6 NaOH 100 H,0/SPGS-550M 2%  40:60 57
7 NaOH 100 H,0/TPGS-750M 2% 48:52 89
8¢ NaOH 100 H,O/TPGS-750M 2%  46:54 47
9 NaOH 25 H,O/TPGS-750M 2% 5347 42
10 NaOH 60 H,O/TPGS-750M 2%  47:53 45
11 K,CO; 100 H,O/TPGS-750M 2%  46:54 63
12 Et;N 100 H,O/TPGS-750M 2%  46:54 67
13 DIPEA 100 H,O/TPGS-750M 2%  42:58 37

“ Using 1a (1.0 mmol), 2a (1.5 mmol), base (1.5 mmol) in solvent (2 mL),
24 h. " The E:Z ratio determined by the proportion of Bpin methyl
signals in the "H NMR spectrum. ¢ Isolated yields after treatment with
ZnCl, and purification by column chromatography. ¢ Reaction carried
out in a sealed tube. ¢ 1.1 equivalent of the phosphonium salt were used.
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reactive boron species with a higher tendency for proto-
deboronation in basic conditions would be investigated later.
The use of K,CO; and Et;N (entries 11 and 12) yielded moderate
results of 63% and 67%, respectively, while DIPEA produced
a lower yield of 37% (entry 13). Across all evaluated reactions,
there was no significant preferential formation of a single
diastereoisomer.

The Wittig reaction has the disadvantage of producing tri-
phenylphosphine oxide (OPPh;3) as a by-product during the
formation of the C=C bond. This oxide complicates the puri-
fication of the Wittig product and was removed from the crude
reaction mixture by treatment with ZnCl, in ethanol, which
leads to the precipitation of the complex ZnCl,(OPPh,),,
removed by filtration. After this treatment, the mixture of
stereoisomers 3a was purified by column chromatography,
resulting in the separation of the E and Z stereoisomers. The
differentiation of the E and Z diastereoisomers was performed
using the "H NMR analyses, considering the chemical shifts of
the olefinic hydrogens and their coupling constants.
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After obtaining the Wittig products as a mixture of diaste-
reoisomers, different isomerization conditions were studied to
favor the E isomer as the major product. The studies were
conducted according to the method of Ismail and coworkers,**
which involves the isomerization of stilbenes with I, in hexane
under reflux (Table 2). Under the evaluated conditions, a strong
dependence on temperature was observed in the performance
of the reaction when it was changed from 40 to 100 °C, using
a series of halogenated solvents (Table 2, entries 1-4). The
higher the reaction temperature, the greater the ratio of the £
isomer obtained at the end. The reaction at 100 °C in dichlo-
roethane yielded the E isomer in a ratio of =95:5 (entry 4).
When the solvent was changed to more environmentally
friendly options, such as ethanol, ethyl acetate, and water with
and without the presence of TPGS-750 M, the E isomer was
obtained in high yields and diastereomeric ratios (entries 5-8).

Notably, the products were obtained in good purity without
the need for additional purification. Considering that both the
Wittig reaction and isomerization can be performed in water,
an attempt was made to carry them out in a one-pot manner.
Performing the Wittig reaction in water/TPGS-750 M at 100 °C
with the addition of I,, with or without ZnCl,, did not result in
efficient isomerization, and stilbene 3a was obtained as
a mixture of diastereoisomers. No improvement was observed
with the addition of toluene as a co-solvent.

Despite the high yield and selectivity for the isomerization of
3a in water, when applied to other substrates, there were diffi-
culties in solubilizing most of the compounds, which drastically
affected the yield of the isomerization. Therefore, ethyl acetate
was the chosen solvent for the isomerization, leading to high
yields and selectivities for the desired stilbenes (Scheme 2).

Aldehydes containing boronic ester groups in the para-,
meta-, and ortho-positions were subjected to reaction in
a micellar aqueous medium with phosphonium salts contain-
ing 1, 2, or 3 methoxy groups. For the para- and meta-substituted

Table 2 Optimizations of isomerization using 3a

\;,

g

O solvent, T °C O

. 3a f 3a

B B

pin 45:55 (E:2) pin

Entry Solvent T (°C) E:Z final ? Yield” (%)
1 CH,Cl, 40 45:55 72
2 CHCl; 60 45:55 70
3 CICH,CH,CI 85 86:14 79
4¢ CICH,CH,Cl 100 =95:05 82
5 H,O0 100 =95:05 82
6¢ H,0 100 91:09 84
7¢ EtOH 100 92:08 90
8¢ AcOEt 100 =95:05 86

“Yields without column chromatography purification. ? The E:Z
diastereomeric ratio was determined by 'H NMR from the Bpin
methyl signals in the spectrum. ° Reaction conducted in a sealed
tube. ¢ TPGS-750 M 2% used as a surfactant.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Wittig products bearing boronic esters.

aldehydes with boronic ester, there was no selectivity favoring
one of the isomers in the Wittig reaction. However, for the ortho-
substituted aldehydes with boronic ester, the formation of the E
isomer predominated (examples 3h, 3i, and 3j), particularly for
compound 3h, which exhibited a selectivity of 85 : 15. The yields
for all reactions were moderate to good, ranging from 41% to
65%. All isomerizations were effective, providing products with
high diastereoselectivity (=95 : 05) in favor of the E isomer. The
developed methodology was applied to the aldehyde containing
the benzoxaborole core 4, resulting in the cleavage of the C-B
bond and the formation of the protodeboronation product.
After a brief study of this reaction, it was observed that in
a micellar aqueous medium, protodeboronation occurred
rapidly. Subsequently, other solvents and biphasic systems were
evaluated, and it was found that protodeboronation did not
occur using the biphasic toluene and water system (Scheme 3).
Consequently, under these conditions, three derivatives con-
taining the benzoxaborole core were synthesized in moderate
yields (5a, 5b and 5c). Finally, isomerization was performed,
allowing the synthesis of compounds 5a and 5c¢ with high di-
astereoselectivity. However, adduct 5b proved resistant to the
isomerization process, maintaining an E: Z ratio of 50 : 50.
The biphasic toluene and water system were also used for the
reaction of boronic acid-containing aldehyde 6 (Scheme 4). The
yields obtained were low, ranging from 23% to 30%, for the
three synthesized compounds 7a-c. The isomerization step

© 2025 The Author(s). Published by the Royal Society of Chemistry
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occurred with high yield and high diastereoselectivity for
compounds 7a and 7c. Once again, isomerization failed for the
substrate 7b, which does not contain an electron-donating
group at the para position of the ring. It is worth noting that,

1. Wittig Reaction

Z PPh3Br
oH Meo@” '
B, X

o} NaOH, PhMe:H,0, 100 °C

4 2. Isomerization
I, AcOEt, 100 °C

5a 5b 5¢c
1:52% (50:50 E:Z) 1:42% (50:50 E:Z) 1:50% (50:50 E:2)
2:78% (=95:05 E:Z) 2:nr 2:74% (295:05 E.Z)

Scheme 3 Wittig products bearing benzoxaborole.
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Scheme 4 Wittig products bearing boronic acid.

despite the low yields of the Wittig reaction for boronic acid-
functionalized substrates, no examples were found in the
literature of Wittig reactions with these free groups, without the
presence of pinacol as protecting group.

The Wittig reaction did not tolerate the presence of phos-
phonium salts containing a free hydroxyl group, regardless of
whether the reaction was conducted in a micellar aqueous
medium or an organic solvent. Due to the incompatibility of the
developed methodology for the Wittig reaction with a phos-
phonium salt containing a free hydroxyl group, hydroxylated
analogs of resveratrol were synthesized through the demethyl-
ation of the previously obtained methoxylated compounds
(Scheme 5). The first methodology evaluated used AICl; and
pyridine in toluene under reflux; however, the starting material
was not consumed in the process. Demethylation was efficient
when BCl; and nBu,NI were used in dichloromethane at 0 °C,
yielding the demethylated products 8 and 10 with 71% and 70%
yield, respectively. By using an excess of BCl;/nBuyNI, it was

plns/‘/\/ﬂ’/

BCl3 (2 equiv.)
nBuyNI (2 equiv.)

(:qu2 0°C, 2h

pinB’ OH
BCl3 (10 equiv.)
nBu4NI (2 equiv.)
CH Clp 0°C, 2h
2 9 80%

BCl3 (2 equiv.)
nBuAN[ (2 equiv.)

CH20I2 0°C, 2h
10 70%

o

Scheme 5 Demethylation and deprotection of 3b and 5a.
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possible to carry out the demethylation and the removal of the
pinacol in a single step, resulting in the formation of 9 with an
80% yield. It's worth to point out that this strategy allowed us to
prepare three phenolic derivatives with different organoboron
functionalities, boronic ester, boronic acid, and benzoxaborole.

The interaction between HSA and three functionalized
boronic ester (3b), benzoxaborole (5a) and boronic acid (7a) was
investigated using tryptophan fluorescence quenching experi-
ments. HSA was prepared in Tris-HCI buffer (4.5 mM Trizma
HC], 0.5 mM Trizma Base and 50 mM NacCl) and the intrinsic
fluorescence of its tryptophan residues was monitored using
a Cary Eclipse fluorescence spectrophotometer. The concen-
tration of HSA in the samples was maintained constant at 2.5
uM, while the quencher concentrations were varied from 1, 2.5,
5, 10, 15, 20, 25, to 30 uM using 10% dimethylsulfoxide. After
sample preparation, the solutions were incubated in a water
bath for 24 h at 300 K or 310 K. Fluorescence intensity values
were measured in triplicate for each concentration. Upon exci-
tation at 270 nm, fluorescence emission spectra were recorded
at 300-500 nm.

The tryptophan 217 residue is largely responsible for the
fluorescence of HSA, with minor contribution of tyrosine and
phenylalanine residues.'® Organic and inorganic compunds can
acting as substrate binding to HSA altering it's intrinsic fluo-
rescence, inducing conformational changes in the structure.
The binding constant force and the thermodynamic nature of
these interactions can be elucidated by mathematical models.

Pioneering studies by Sudlow in 1975 and 1976, identified
two specific binding sites on HSA known as: site I and site II,
referred to as the warfarin and benzodiazepine binding sites,
respectively.’>?® Site I typically binds substrates containing
carboxylic acids or bulky heterocycles with a negative charge at
the center of the structure. It is also described as having a broad
and flexible region, capable of accommodating a wide range of
ligands, including multiple ligands simultaneously. For the
other hand, the site II is predominantly a hydrophobic cavity,
with only a small polar region containing the residues tyr-411
and arg-410. This characteristic makes the site II more likely
to bind structures with carboxylic acids at one end, separated
from hydrophobic fragments.**

The fluorescence spectra revealed a gradual reduction in the
intrinsic fluorescence of HSA at 330 nm as the increased
concentration of the studied compounds 3b, 5a and 7a (Fig. 2).
The fluorescence decay followed a linear pattern with increasing
concentrations of the boronic acid, while an exponential decay
pattern was observed for the boronic ester and benzoxaborole.
Notably, the benzoxaborole and boronic ester compounds di-
splayed fluorescence emission maxima at 379 nm and 435 nm,
respectively. The fluorescence emission pattern of the
compounds is similar in the absence of HSA, indicating that the
observed spectra does not result from any interaction of the
compounds with the protein.

The Stern-Volmer equations along with their corresponding
graphs (Fig. 3), were employed to investigate the interaction
between each compound and HSA.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A-C) Fluorescence spectra (ex = 270 nm) of HSA were
recorded in the presence of the compounds at concentrations ranging
from 1 to 30 uM, prepared in a solution of 10% v/v DMSO in water and
Tris—HCL buffer (pH = 7.4). (D—F) The fluorescence decay pattern of
HSA at 330 nm was analysed as a function of increasing compound
concentrations.

F .
FO = kq70[Q] + 1 = Ki[Q] + 1(Stern — Volmer equation)

where F, and F are the fluorescence intensity in the absence and
presence of the quencher, Kj, is the Stern-Volmer constant, [Q]
is the concentration of the quencher, K, is the fluorescence
quenching rate, and 7, is the fluorescence half-life of the protein
in the absence of the quencher.

log (@) = log Ky, + nlog[Q]

where K}, is the binding constant and »n the number of binding
sites. These analyses of the van't Hoff were used also to calculate
the thermodynamic parameters AH® and AS°.

K 1 1\ AH , .
In <KZ:> = (?l — Tz) = (vant Hoff equation)

where the values of Ky, and Ky, correspond to the binding
constants at temperatures at 7, (310 K) and 7, (298 K); R is the
universal gas constant.

Furthermore, the change AG was calculated from the
following equation: AG = —RT In K, = AH — TAS. All values
for compound—HSA systems at different temperatures are
summarized in the Table 1. The K, values obtained at 300 and
310 K for 5a indicate an inversely proportional relationship,
suggesting a static fluorescence quenching mechanism. This
implies the formation of a non-fluorescent adduct between HSA

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (A-C) Stern—-Volmer plots (Fo/F vs. [Q]) for fluorescence
quenching and (D—-F) Double logarithmic plots (log((Fo—F)/F) vs. log
[Q]) at two temperatures, generated from the fluorescence decay of
HSA at 330 nm.

and the boronic acid, which accounts for the observed
phenomenon. In contrast, the K, values for 3b and 5a show
a directly proportional relationship with temperature, indi-
cating a dynamic fluorescence quenching mechanism driven by
molecular collisions.??

It was observed that the three compounds tend to interact
with a single binding site (n) on HSA at both temperatures with
a range value of n between 0.6 to 1.2 (Table 3). The binding
constants K; revealed that the benzoxaborole 5a exhibits
a higher affinity for HSA compared to the boronic ester 3b and
the boronic acid 7a. Additionally, for 3b and 5a, an increase in
temperature led to a rise in the binding constant Kj, suggesting
that their association with HSA is an endothermic process. In
contrast, for the compound 5a, the binding constant K
decreased with increasing temperature, indicating an
exothermic interaction. Ross et al. propose three predominant

Table 3 Stern—Volmer Quenching constant (Ksy M%), biomolecular
binding constant (K, M%), number of binding sites (n), AG (kJ mol™),
AH (kJ mol™), and AS (J mol™ K™ compound-HSA systems at
different temperatures

T(K) Ko x 10" K, x 10" n AG AH AS
3b 300 5.91 1.53 0.8 —23.8 0.65 82.1
310 8.69 3.11 0.9 —26.6 83.3
5a 300 10.1 13.9 1.1 —29.3 1.96  105.1
310 17.7 115 1.2  —35.9 122.4
7a 300 1.05 8.20 1.2  —28.0 —5.82 74.5
310 0.53 0.01 0.6 —12.9 22.9
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modes of interaction based on thermodynamic parameter
values: hydrophobic interactions (AH > 0 and AS > 0), van der
Waals forces or hydrogen bonding (AH < 0 and AS < 0), and
electrostatic forces (AH < 0 and AS > 0).

For boronic ester 3b and the benzoxaborole 5a, the ther-
modynamic parameters indicate that the driving force for their
association with HSA is related to an increase in the system's
entropy. The AH values for both compounds suggest an endo-
thermic association with HSA, consistent with the temperature-
dependent increase in their binding constants Kj,. According to
Ross's proposal, the predominant interaction mode between
HSA and 3b or 5a is through hydrophobic interactions.

In the case of the boronic acid 7a, its association with HSA is
governed by both the exothermic nature of the reaction and an
increase in entropy. The AH value indicates an exothermic
association, aligning with the temperature-dependent decrease
in its binding constant K. Based on Ross's proposal, the
predominant interaction mode between HSA and the boronic
acid 7a is through electrostatic forces.

The interaction between boronic acid derivatives and bovine
serum albumin (BSA) can significantly enhance fluorescence
and binding affinity, as demonstrated previously by the
complexation of phenylboronic acid (PBA) with 2-(2-hydrox-
yphenyl)benzimidazole (HPBI). This complexation not only
enhances the fluorescence of the enol form of HPBI but also
increases its affinity for proteins. For instance, the binding
constant of free HPBI to BSA (2 x 10* M) increases dramati-
cally to 1.2 x 10° M~ when HPBI is complexed with benzoxa-
borole. This phenomenon highlights the potential of boronic
acid derivatives for non-covalent protein interaction or
bioconjugation.**

Conclusions

In conclusion, this study successfully synthesized borylated
analogues of resveratrol via the Wittig reaction under environ-
mentally friendly conditions. A micellar aqueous method
produced borylated stilbenes with good yields, followed by
isomerization to achieve high selectivity. By our method we
obtained the synthesis of E-stilbenes bearing one, two or three
methoxy groups at one of the aryl rings and different boron-
containing functional group at different position of the
second ring. The borylated stilbenes showed interaction with
a single binding site on HSA, with the boronic ester and benz-
oxaborole derivatives binding through hydrophobic interac-
tions, while the boronic acid derivative bound via electrostatic
forces.
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