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ABSTRACT: Nineteen biscoumarins were synthesized, well-charac-
terized, and evaluated against α-glucosidases in vitro. Of these, six
compounds (10, 12, 16, and 17−19) were newly synthesized and not
previously reported in the chemical literature. The majority of the
synthesized derivatives demonstrated significant inhibitory activity. A
quantitative structure−activity relationship (QSAR) model was
developed, revealing a strong correlation between the anti-α-glucosidase
activity and selected molecular descriptors. Based on this model, two
new compounds (18 and 19) were designed, which exhibited the
strongest inhibition with IC50 values of 0.62 and 1.21 μM, respectively,
when compared to the positive control (acarbose) with an IC50 value of
93.63 μM. Enzyme kinetic studies of compounds 18 and 19 revealed
their competitive inhibition with Ki values of 3.93 and 1.80 μM,
respectively. Computational studies demonstrated that compound 18 could be inserted into the original binding site (OBS) of α-
glucosidase MAL12 and form multiple hydrophobic interactions with nearby amino acids, with the bromo group playing an essential
role in enhancing the binding strength and stability at the OBS of the enzyme based on the quantum mechanical calculations using
the fragment molecular orbital method. These findings provide valuable insights into the design of potent α-glucosidase inhibitors,
which may have potential therapeutic applications in the treatment of diabetes and related diseases.

■ INTRODUCTION
Diabetes mellitus is one of the most common metabolic
diseases in the world.1 The imbalance of glucose homeostasis
from diabetes mellitus causes an increase in glucose levels in
the blood or hyperglycemia.2 Type 1 diabetes is due to insulin
deficiency, accounting for only 5−10% of the diabetic
population, while type 2 diabetes, referred to as noninsulin-
dependent diabetes, accounts for 90−95% of cases of
diabetes.1 Diabetes mellitus can lead to serious complications
in many parts of the body, such as stroke, blindness, heart
attack, kidney failure, and amputation.3 Alarmingly, the
worldwide prevalence of diabetes has been increasing sharply.2

α-Glucosidase plays a key role in the digestion of
polysaccharides, oligosaccharides, and disaccharides to mono-
saccharides.4 α-Glucosidase inhibitors are oral antidiabetic
drugs used to treat type 2 diabetes currently2 since they delay
the absorption of sugars from the gut5 reducing the glucose
uptake.6 Acarbose, miglitol, and voglibose are used as α-
glucosidase inhibitors in the market.1 Acarbose is one of the
most widely prescribed α-glucosidase inhibitors in diabetes.5

Nevertheless, using these α-glucosidase inhibitors might
increase the risk of hepatotoxicity7 and cause gastrointestinal
side effects such as flatulence and diarrhea,8 which is
considered a limiting factor for treating diabetes. To discover

better safety and efficacy of α-glucosidase inhibitors for drug
development, scientists have been continuously further study-
ing diverse compounds including the coumarin scaffold.

Coumarin compounds are oxygen-containing heterocycles
with a typical benzopyrone framework that are essential in
natural products and organic synthesis. Numerous studies have
been proven about multiple potential activities of coumarins,
including antiproliferative,9 anticancer,10,11 antihepatitis C
virus (HCV),12 antihuman immunodeficiency virus (HIV),13

anti-Alzheimer,14 antimalarial,15,16 antibacterial,17 antifungal,18

antioxidant,19 anticonvulsant,20 anti-inflammatory,21 and en-
zyme inhibition.22 Coumarins were reported to inhibit several
enzymes, i.e., cholinesterase, monoamine oxidase (A and B),
aldehyde/aldose reductase, alkaline phosphatase, urease,
carbonic anhydrase, lysine-specific demethylase, histone
deacetylase, lipoxygenase, topoisomerase, tyrosinase, cyclo-
oxygenase, and α-glucosidase.22 Many coumarins were
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investigated on α-glucosidase inhibitors such as substituted
coumarins,23 hydroxycoumarin derivatives,24 sulfonamide
coumarins,25 and biscoumarins (Figure 1).26−29 However,
there are a few reported synthetic biscoumarin derivatives that
exhibit potent α-glucosidase inhibition. In addition, biscou-
marins displayed a wide range of biological versatility.30−41

This motivated us to design, synthesize biscoumarins, and
evaluate biscoumarins for their inhibition effect and mecha-
nism of action against α-glucosidase. In this research, we also

performed quantitative structure−activity relationship
(QSAR), molecular docking, molecular dynamics (MD)
simulations, and fragment molecular orbital (FMO) method.
The best active biscoumarin derivative could be further studied
as a potential compound for the treatment of diabetes.

■ RESULTS AND DISCUSSION
Synthesis of Biscoumarins 1−16 and Their Inhibition

against α-Glucosidase. To study QSAR of halogenated

Figure 1. α-Glucosidase inhibitors containing a biscoumarin skeleton.

Scheme 1. Synthesis of Biscoumarin Derivatives 1−16
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biscoumarins, 16 derivatives 1−16 (Scheme 1) were
synthesized and tested against α-glucosidase. The inhibitory
activity of these compounds at a concentration of 10 μM was
screened, and their IC50 values were subsequently evaluated.
The results are shown in Figure 2 and Table 1. In general, the

synthesized derivatives showed better activity compared to the
positive control (acarbose, IC50 = 93.63 μM) and starting
material (4-hydroxycoumarin, IC50 > 200 μM). In addition, the
substituents on the phenyl ring of the benzaldehydes affected
the inhibition of α-glucosidase. The inhibition of compounds
2−16 was much higher than that of the unsubstituted
biscoumarin 1.

Almost all biscoumarins containing halogen exhibited good
to excellent inhibitory activity. Replacement of m-chloro with
m-nitro led to reduced inhibitory activity, as observed in 3 and
9. Moreover, the introduction of a chloro group at different
positions resulted in different inhibitory activities (2−4, 7, and
8). The activity was enhanced by placing the chloro substituent
at the p-position.

Additionally, among chloro, fluoro, and bromo (4−6), the F
group obviously led to lower inhibitory activity. The best result
was obtained with p-bromo in biscoumarin 6 with an IC50 of
2.95 μM. It was worth noting that adding the bromo group at
the m-position in compound 11 improved the inhibition to
2.89 μM compared to 5 bearing fluoro at the p-position (IC50
12.31 μM). The same effect could be seen when the inhibitory
activities of 12 and 14, 15 and 16, or 9 and 10 (bromo at the
p-position) were compared. When the bromo group was
replaced by an electron-donating group like methoxy, the
inhibitory activity decreased three times as in 12 and 15.
Taken together, the above findings suggest that the existence of
bromo was the most favorable to enhance the inhibitory
activity against α-glucosidase.
QSAR Study. The α-glucosidase inhibitory activity and

physical and chemical properties of 16 biscoumarin derivatives
were analyzed using the Materials Studio program (MS)42 to
establish a quantitative structure−activity relationship (QSAR)
model. The model was developed using genetic algorithm
(GA)-based multiple linear regression (MLR) techniques. The
best obtained QSAR model as shown in eq 1 was used to

predict the α-glucosidase inhibitory activity of biscoumarin
derivatives with reasonable accuracy. The square correlation
coefficient (R2) value was 0.835. Additionally, the cross-
validated square correlation coefficient (Q2) with a value of
0.747 affirmed the robustness of this obtained model

XY

pIC 0.547 Alog P98 0.024

shadow area: plane 1.923
50 = × [ ] +

× [ ] (1)

According to the intuitive observations of the model, the
high lipophilicity of the biscoumarin series (AlogP98) had a
great positive effect on the inhibition of α-glucosidase.
Combining the above discussions of 16 compounds that
introducing more halogen groups was pivotal to enhance the
inhibitory activities, this speculation was consistent with the
previous consensus in the field of drug discovery that halogen
substituents will increase the lipophilicity of molecules,43

which will help improve the penetration through the cell’s lipid
membrane, especially when the halogen element became bulky
and more polarized functional groups, leading to a
corresponding increase in the London dispersion forces.
Moreover, expanding the shadow area of the XY plane,
which corresponded to the p-substituent of the R group, could
bring about a moderate increase in the α-glucosidase
suppression performance of biscoumarin derivatives. Thus,
the bulky substitutions could slightly support the inhibitory
activity of α-glucosidase, as found in a comparison between
compounds 12 and 13.

According to Figure 3, the QSAR results suggested that
biscoumarins bearing 3,5-dibromo and 4-alkoxy groups may be
potent compounds to study α-glucosidase inhibition further.
Inspired by the result and aiming to investigate potent
inhibitors, we synthesized three new compounds 17−19
according to the procedure in Scheme 1. Their inhibitory
activity against α-glucosidase was determined. Interestingly, as
expected, biscoumarin 17 enhanced the activity slightly
compared to monobromo biscoumarin 13. 18 and 19
displayed excellent activity with IC50 values of 0.62 ± 0.01
and 1.21 ± 0.16 μM, respectively. The long-chain alkoxy
substituent (−OC4H9, −OC8H17) at the p-position on the
phenyl ring of benzaldehyde was highly preferred.
Kinetic Study and Binding of Halogenated Biscou-

marins to α-Glucosidase. The enzyme kinetic study was
performed to study the inhibition mode of 17−19 against α-
glucosidase. The activity was determined at different
concentrations of p-nitrophenyl-α-D-glucopyranoside (pNPG)
in the presence or absence of 17−19 and analyzed using
Lineweaver−Burk plots. As can be seen in Figure 4A, Km
increased, while Vmax values were unaffected. Therefore, this
study indicated that compounds 17−19 should be competitive
inhibitors for α-glucosidase. The Ki values 4.81, 3.93, and 1.80
μM were calculated directly by the secondary replot of the

Figure 2. α-Glucosidase inhibition of biscoumarin derivatives 1−16.

Table 1. In Vitro α-Glucosidase Inhibitory Activities of Biscoumarins 1−16

compound IC50 (μM) compound IC50 (μM) compound IC50 (μM)

1 30.77 ± 1.25 7 3.15 ± 0.31 13 3.80 ± 0.05
2 8.12 ± 0.59 8 1.90 ± 0.14 14 2.38 ± 0.24
3 6.06 ± 0.06 9 14.80 ± 0.32 15 15.23 ± 0.45
4 3.19 ± 0.41 10 3.41 ± 0.17 16 5.10 ± 0.18
5 12.31 ± 0.08 11 2.89 ± 0.25 acarbose 93.63 ± 0.49
6 2.95 ± 0.05 12 4.15 ± 0.06
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Lineweaver−Burk plots against the different concentrations of
17, 18, and 19, respectively.

The binding affinity of acarbose and designed biscoumarins
(17−19) was evaluated by docking them to the original
binding site (OBS) of α-glucosidase MAL12. The docking
results and inhibitory activity are presented in Table 2 and
Figure 4B. 18 exhibited the most promising inhibitory
potential by targeting the OBS of α-glucosidase MAL12 as a
competitive inhibitor, based on the binding affinity score
obtained from the molecular docking study. Computational
studies provided insight into the molecular mechanism by
which 18 inhibits the α-glucosidase activity. Compound 18
was found to be accessible to the OBS of the α-glucosidase,

similar to acarbose, the native inhibitor, as shown in Figure 4B.
The binding poses of these compounds were also similar, with

Figure 3. (A) Experimental pIC50 versus predicted pIC50 from the QSAR model (compounds 1−16). (B) Compounds 17, 18, and 19 are newly
designed candidate biscoumarin compounds.

Figure 4. (A) Kinetic study of 17−19. The Lineweaver−Burk plot for α-glucosidase inhibition and plots of slope versus concentration of 17−19
for determining the inhibition constant Ki. (B) Molecular docking analysis of acarbose (a native inhibitor) and 18 with α-glucosidase.

Table 2. Molecular Docking Results and Inhibitory Activity
of Acarbose and 17−19 against α-Glucosidase

binding affinity score
(kcal/mol) IC50 (μM)

%inhibition
(10 μM)

17 −9.00 3.31 ± 0.03 99.77 ± 0.49
18 −9.71 0.62 ± 0.01 99.67 ± 0.42
19 −8.90 1.21 ± 0.16 98.95 ± 0.26
acarbose −8.47 93.63 ± 0.49a -b

aData according to the literature. b-, not determined.
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the isomaltotriose group of acarbose aligned with one 4-
hydroxycoumarin ring in biscoumarin 18. The residues N237,
H275, E300, and P305 interacted with this moiety in both
systems. Additionally, the core structure of acarbose and the
3,5-dibromo-4-butoxybenzene group of 18 revealed similar
binding poses and common interacting residues, which were
hydrophobic amino acids, such as F153, F154, F173, and F296.
Although 18 did not show any interaction with the maltose-
binding region, the double size of the 4-hydroxycoumarin ring
could block the OBS entry pore by forming several
hydrophobic interactions, such as π−π, alkyl−π, and anion−π,
with nearby amino acids at the OBS.

Dynamics and Binding Efficiency of Potent Com-
pound. The binding of biscoumarin 18 to α-glucosidase at the
OBS was found to be stable during the 500 ns MD simulation,
and the resulting structural dynamics were compared with the
apo form of the enzyme in Figure 5. The root-mean-square
deviation (RMSD) value showed that the overall system had a
lower fluctuation in the bound complex (2.00 ± 0.20 Å)
relative to the apo form (2.20 ± 0.25 Å), as shown in Figure
5A. The normalized root-mean-square fluctuation (RMSF) was
calculated for the free enzyme and 18-bound complex over the
last 100 ns, revealing flexible and rigid domains in the protein
(Figure 5B). Compared to the apo system, the residues 226−

Figure 5. Structural analysis of α-glucosidase by comparing (A) Cα-RMSD and (B) the normalized RMSF between apo (yellow) and holo (green)
forms.

Figure 6. Analysis of the binding pattern and interaction profile between 18 and α-glucosidase at the OBS using the FMO-RIMP2 method. The
electrostatic (red), charge-transfer (yellow), dispersion (purple), and charge exchange (green) interactions of key residues with 18 are depicted,
with the amino acids having PIEDAtotal values <−3 or >3 kcal/mol labeled.
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230, 270−275, and 300−360 with lower RMSF values were
relatively stable in the 18-bound complex, indicating that the
ligand restricts protein motion and binding site dynamics.44

The binding free energy of the 18/α-glucosidase complex of
−21.74 ± 0.65 kcal/mol was estimated using the MM/GBSA
method, showing a primary interaction toward α-glucosidase
(−65.76 ± 0.32 kcal/mol) through van der Waals forces
(Table S2 in the Supporting Information).

The presence of halogen atoms in a potent inhibitor
prompted quantum mechanics calculations to investigate their
influence on the binding interaction with the protein
target.45−47 The FMO-RIMP2 method was used to calculate
the total pair interaction energy (PIEDAtotal) between 18 and
bound residues within 7 Å of the representative structure
derived from RMSD clustering, revealing a robust binding
interaction (−91.45 kcal/mol). The PIEDA was further
decomposed into each interacting residue, as shown in Figure
6. The dispersion (EIJ

DI) and charge-transfer (EIJ
CT+mix)

interactions between bromo substituents and nearby residues
(F153, F154, F296, and Y309) were found to be crucial for
enhancing the binding strength and stability to the OBS of α-
glucosidase. Additionally, the electrostatic energy (EIJ

ES)
between bromine and Y309, combined with the hydrophobic
interaction from H235, H275, G276, and S304 at the entry
pore of the OBS, was also essential for 18 to maintain its
binding in this site and reduce enzyme activity. Although the
electrostatic interaction (EIJ

ES), EIJ
DI, and EIJ

CT+mix in R308
displayed a good PIEDA value, it showed a moderate
PIEDAtotal, which could be attributed to the presence of steric
hindrance to 18 considered by charge exchange (EIJ

EX).
Moreover, the repulsive effects caused by EIJ

ES and EIJ
EX found

in K151, T211, and N237 might affect ligand mobility. Overall,
these findings provide insight into the role of brominated
biscoumarin in α-glucosidase inhibition and highlight the
importance of specific interactions with key residues in
enhancing the binding affinity and stability of the inhibitor.

■ CONCLUSIONS
In summary, biscoumarin derivatives, especially halogenated
compounds, were successfully synthesized and their inhibitory
activity toward α-glucosidase was evaluated. The result
revealed that all synthesized derivatives exhibited prominent
inhibitory activity with IC50 values of 0.62−30.77 μM. The
enzyme kinetic study confirmed the competitive binding mode
of the potential compound 18 with a Ki value of 3.93 μM. The
computational study revealed that 18 could fit into the binding
site of α-glucosidase MAL12 and create several hydrophobic
interactions with the adjacent amino acids. The present
findings suggest that biscoumarins containing 3,5-dibromo
substituents and long-chain alkoxy groups at the p-position on
the phenyl ring could be promising compounds for further
study of α-glucosidase inhibitory activity.

■ EXPERIMENTAL SECTION
Chemistry. α-Glucosidase from Saccharomyces cerevisiae

(EC 3.2.1.20) and pNPG were supplied by Sigma-Aldrich. All
of the other commercially available reagents were used without
further purification. 1H and 13C NMR spectra were recorded in
CDCl3 or DMSO-d6 using a JEOL NMR 500 MHz
spectrometer for 1H and 125 MHz for 13C. All solvents used
in this research were distilled prior to use except those that
were reagent grades. Thin-layer chromatography (TLC) was

performed on aluminum sheets precoated with silica gel
(Merck Kieselgel 60 PF254).
General Procedures. 4-Hydroxycoumarin (2 equiv) was

dissolved in ethanol, and benzaldehyde (1 equiv) was added.
The mixture was refluxed until a precipitate occurred within
approximately 24 h. After that, the reaction was cooled down.
The precipitates were filtered and washed with ethanol to
obtain pure products 1−19.
3,3′-(Phenylmethylene)bis(4-hydroxy-2H-chromen-2-one)

1. White solid; yield 70.3%; Rf (dichloromethane/methanol/
acetic acid; 8:1:0.01) = 0.57; 100.00% purity by HPLC; 1H
NMR (500 MHz, CDCl3) δH (ppm) 11.53 (s, 1H), 11.30 (s,
1H), 8.07 (d, J = 8.0 Hz, 1H), 8.00 (d, J = 7.5 Hz, 1H), 7.65−
7.61 (m, 2H), 7.42−7.38 (m, 4H), 7.34−7.31 (m, 2H), 7.29−
7.27 (m, 1H), 7.24−7.22 (m, 2H), and 6.11 (d, J = 1.0 Hz,
1H); 13C NMR (125 MHz, CDCl3) δC (ppm) 169.4, 167.0,
165.9, 164.7, 152.7, 152.4, 135.3, 133.0 (2C), 128.8 (2C),
127.0, 126.6 (2C), 125.0 (2C), 124.5 (2C), 117.0, 116.8 (2C),
116.6, 105.8, 104.0, and 36.3.
3,3′-((2-Chlorophenyl)methylene)bis(4-hydroxy-2H-chro-

men-2-one) 2. White solid; yield 72.0%; Rf (dichloromethane/
methanol/acetic acid; 8:1:0.01) = 0.48; 99.27% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.64 (s, 1H),
10.93 (s, 1H), 8.06 (s, 1H), 8.00 (s, 1H), 7.62 (m, 2H), 7.47−
7.45 (m, 1H), 7.40−7.37 (m, 4H), 7.36−7.35 (m, 1H), 7.29−
7.26 (m, 1H), 7.26−7.22 (m, 1H), 6.14 (s, 1H); 13C NMR
(125 MHz, CDCl3) δC (ppm) 168.9, 167.3, 165.3, 164.4,
152.6, 152.2, 133.6, 133.6, 133.0 (2C), 130.9, 129.4, 128.7,
126.9, 125.0 (2C), 124.5 (2C), 116.9, 116.7 (2C), 116.5,
105.8, 104.5, and 35.8.
3,3′-((3-Chlorophenyl)methylene)bis(4-hydroxy-2H-chro-

men-2-one) 3. White solid; yield 75.0%; Rf (dichloromethane/
methanol/acetic acid; 8:1:0.01) = 0.54; 99.94% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.53 (s, 1H),
11.29 (s, 1H), 8.07 (d, J = 8.5 Hz, 1H), 8.01 (d, J = 8.0 Hz,
1H), 7.66−7.63 (m, 2H), 7.43−7.38 (m, 4H), 7.26 (m, 1H),
7.25 (d, 1H, J = 1.0 Hz), 7.19−7.18 (m, 1H), 7.13−7.10 (m,
1H), and 6.05 (s, 1H); 13C NMR (125 MHz, CDCl3) δC
(ppm) 169.3, 167.0, 166.2, 164.8, 152.7, 152.4, 137.7, 134.8,
133.2 (2C), 130.0, 127.3, 126.8, 125.1 (2C), 124.9, 124.6
(2C), 116.9, 116.9, 116.8, 116.5, 105.3, 103.6, and 36.1.
3,3′-((4-Chlorophenyl)methylene)bis(4-hydroxy-2H-chro-

men-2-one) 4. White solid; yield 62.1%; Rf (dichloromethane/
methanol/acetic acid; 8:1:0.01) = 0.54; 99.41% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.54 (s, 1H),
11.32 (s, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 8.5 Hz,
1H), 7.65−7.62 (m, 2H), 7.42−7.38 (m, 4H), 7.30−7.29 (m,
1H), 7.28−7.27 (m, 1H), 7.16 (m, 1H), 7.14 (m, 1H), 6.04 (s,
1H); 13C NMR (125 MHz, CDCl3) δC (ppm) 169.3, 167.0,
166.1, 164.7, 152.6, 152.4, 134.0, 133.2 (2C), 132.8, 128.9
(2C), 128.1 (2C), 125.1 (2C), 124.5 (2C), 116.9, 116.8,
116.8, 116.4, 105.4, 103.8, and 35.9.
3,3′-((4-Fluorophenyl)methylene)bis(4-hydroxy-2H-chro-

men-2-one) 5. White solid; yield 65.7%; Rf (dichloromethane/
methanol/acetic acid; 8:1:0.01) = 0.51; 98.54% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.54 (s, 1H),
11.32 (s, 1H), 8.07 (1H, d, J = 7.0 Hz), 8.00 (d, J = 8.0 Hz,
1H), 7.65−7.62 (m, 2H), 7.42−7.37 (m, 4H), 7.20−7.17 (m,
2H), 7.03−6.99 (m, 2H), 6.05 (s, 1H); 13C NMR (125 MHz,
CDCl3) δC (ppm) 169.4, 167.0, 166.0, 164.8, 161.8 (d, J =
244.1 Hz, 1C), 152.6, 152.4, 133.1 (2C), 130.9 (d, J = 3.5 Hz,
1C), 128.2 (d, J = 7.8 Hz, 2C), 125.1 (2C), 124.5 (2C), 117.0,
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116.8 (2C), 116.5, 115.6 (d, J = 21.4 Hz, 2C), 105.6, 104.0,
and 35.8.
3,3′-((4-Bromophenyl)methylene)bis(4-hydroxy-2H-chro-

men-2-one) 6. White solid; yield 65.0%; Rf (dichloromethane/
methanol/acetic acid; 8:1:0.01) = 0.51; 99.16% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.54 (s, 1H),
11.32 (s, 1H), 8.06 (d, J = 8.0 Hz, 1H), 7.99 (d, J = 8.0 Hz,
1H), 7.64 (m, 2H), 7.44−7.41 (m, 4H), 7.41−7.40 (m, 2H),
7.11−7.09 (m, 2H), and 6.01 (t, J = 1.5 Hz, 1H); 13C NMR
(125 MHz, CDCl3) δC (ppm) 169.4, 167.0, 166.2, 164.8,
152.6, 152.4, 134.5, 133.2 (2C), 131.8 (2C), 128.5 (2C), 125.1
(2C), 124.5 (2C), 120.9, 116.9, 116.8, 116.8, 116.4, 105.3,
103.7, and 36.0.
3,3′-((2,4-Dichlorophenyl)methylene)bis(4-hydroxy-2H-

chromen-2-one) 7. White solid; yield 65.5%; Rf (dichloro-
methane/methanol/acetic acid; 8:1:0.01) = 0.46; 99.27%
purity by HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm)
11.67 (s, 1H), 10.93 (s, 1H), 8.04 (s, 1H), 8.00 (s, 1H), 7.64−
7.61 (m, 2H), 7.40−7.39 (m, 4H), 7.37−7.36 (m, 2H), 7.24
(dd, J = 8.5, 2.5 Hz, 1H), and 6.08 (d, J = 1.0 Hz, 1H); 13C
NMR (125 MHz, CDCl3) δC (ppm) 168.8, 167.4, 165.5,
164.7, 152.5, 152.3, 134.3, 133.8, 133.2 (2C), 132.4, 130.7,
130.3, 127.1, 125.1 (2C), 124.6 (2C), 116.8 (2C), 116.4 (2C),
105.4, 104.2, and 35.5.
3,3′-((3,4-Dichlorophenyl)methylene)bis(4-hydroxy-2H-

chromen-2-one) 8. White solid; yield 8.2%; Rf (dichloro-
methane/methanol/acetic acid; 8:1:0.01) = 0.48; 99.20%
purity by HPLC; 1H NMR (500 MHz, DMSO-d6) δH
(ppm) 7.87 (dd, J = 8.0, 1.5 Hz, 2H), 7.58−7.55 (m, 2H),
7.45 (d, J = 8.0 Hz, 1H), 7.32 (d, J = 7.5 Hz, 2H), 7.30−7.27
(m, 3H), 7.14−7.11 (m, 1H), 6.27 (s, 1H); 13C NMR (125
MHz, DMSO-d6) δC (ppm) 166.5 (2C), 164.5 (2C), 152.5
(2C), 142.9, 131.8 (2C), 130.6, 130.1, 128.7, 127.9, 127.5,
124.1 (2C), 123.5 (2C), 118.7 (2C), 115.9 (2C), 103.3 (2C),
and 35.9.
3,3′-((3-Nitrophenyl)methylene)bis(4-hydroxy-2H-chro-

men-2-one) 9. White solid; yield 55.4%; Rf (dichloromethane/
methanol/acetic acid; 8:1:0.01) = 0.46; 96.11% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.58 (s, 1H),
11.38 (s, 1H), 8.17−8.13 (m, 1H), 8.08 (d, J = 8.0 Hz, 1H),
8.06 (m, 1H), 7.99 (d, J = 8.0 Hz, 1H), 7.69−7.65 (m, 2H),
7.59−7.56 (m, 1H), 7.51 (t, J = 8.0 Hz, 1H), 7.44 (m, 2H),
7.43−7.38 (m, 2H), 6.12 (d, J = 1.5 Hz, 1H); 13C NMR (125
MHz, CDCl3) δC (ppm) 169.2, 167.1, 166.7, 165.0, 152.7,
152.4, 148.8, 138.1, 133.5 (2C), 132.9, 129.7, 125.3, 125.3,
124.6, 124.6, 122.2, 121.9, 116.9, 116.8, 116.8, 116.4, 104.7,
103.3, and 36.3.
3,3′-((4-Bromo-3-nitrophenyl)methylene)bis(4-hydroxy-

2H-chromen-2-one) 10. White solid; yield 22.3%; Rf
(dichloromethane/methanol/acetic acid; 8:1:0.01) = 0.43;
99.51% purity by HPLC; 1H NMR (500 MHz, CDCl3) δH
(ppm) 11.58 (s, 1H), 11.37 (s, 1H), 8.08 (d, J = 8.0 Hz, 1H),
7.99 (d, J = 8.0 Hz, 1H), 7.69−7.68 (m, 2H), 7.67−7.65 (m,
2H), 7.44−7.40 (m, 4H), 7.31−7.29 (m, 1H), 6.03 (t, J = 1.5
Hz, 1H); 13C NMR (125 MHz, CDCl3) δC (ppm) 169.2,
167.0, 166.9, 165.0, 152.7, 152.5, 150.1, 137.4, 136.4, 133.6
(2C), 131.7, 125.4, 124.7 (2C), 124.2 (2C), 117.0, 116.9,
116.7, 116.3, 113.0, 104.3, 103.0, and 36.0; HRMS (ESI) calcd
for C25H14BrNO8 [M + H]+: 535.9981, found 535.9982.
3,3′-((3-Bromo-4-fluorophenyl)methylene)bis(4-hydroxy-

2H-chromen-2-one) 11. White solid; yield 42.8%; Rf
(dichloromethane/methanol/acetic acid; 8:1:0.01) = 0.48;
99.38% purity by HPLC; 1H NMR (500 MHz, CDCl3) δH

(ppm) 11.57 (s, 1H), 11.30 (s, 1H), 8.07 (d, J = 7.5 Hz, 1H),
8.00 (d, J = 8.0 Hz, 1H), 7.65 (m, 2H), 7.43−7.39 (m, 4H),
7.38−7.36 (m, 1H), 7.16−7.12 (m, 1H), 7.07 (t, J = 8.5 Hz,
1H), and 6.03 (t, J = 1.5 Hz, 1H); 13C NMR (125 MHz,
CDCl3) δC (ppm) 169.2, 167.3, 166.3, 164.9, 158.0 (d, J =
245.6 Hz, 1C), 152.7, 152.4, 133.3 (2C), 132.9 (d, J = 3.6 Hz,
1C), 131.7, 127.3 (d, J = 7.0 Hz, 1C), 125.2 (2C), 124.6 (2C),
116.9, 116.8, 116.6 (d, J = 22.2 Hz, 1C), 116.4 (2C), 109.5 (d,
J = 21.4 Hz, 1C), 105.1, 103.6, and 35.6.
3,3′-((3-Bromo-4-hydroxyphenyl)methylene)bis(4-hy-

droxy-2H-chromen-2-one) 12. White solid; yield 38.9%; Rf
(dichloromethane/methanol/acetic acid; 8:1:0.01) = 0.34;
98.75% purity by HPLC; 1H NMR (500 MHz, CDCl3) δH
(ppm) 11.55 (s, 1H), 11.28 (s, 1H), 8.06 (d, J = 8.0 Hz, 1H),
8.00 (d, J = 7.5 Hz, 1H), 7.64 (m, 2H), 7.42−7.37 (m, 4H),
7.27 (m, 1H), 7.08−7.06 (m, 1H), 6.96 (d, J = 8.5 Hz, 1H),
and 6.01 (t, J = 1.5 Hz, 1H); 13C NMR (125 MHz, CDCl3) δC
(ppm) 169.3, 166.9, 166.1, 164.8, 152.7, 152.4, 151.3, 133.2
(2C), 130.1, 129.0, 127.6, 125.1 (2C), 124.6 (2C), 116.8,
116.8 (2C), 116.3 (2C), 110.7, 105.4, 103.8, and 35.4; HRMS
(ESI) calcd for C25H15BrO7 [M + H]+: 507.0079, found
507.0074.
3,3′-((3-Bromo-4-methoxyphenyl)methylene)bis(4-hy-

droxy-2H-chromen-2-one) 13. White solid; yield 82.1%; Rf
(dichloromethane/methanol/acetic acid; 8:1:0.01) = 0.57;
98.89% purity by HPLC; 1H NMR (500 MHz, CDCl3) δH
(ppm) 11.55 (s, 1H), 11.28 (s, 1H), 8.06 (d, J = 8.0 Hz, 1H),
8.00 (d, J = 8.0 Hz, 1H), 7.64 (m, 2H), 7.42−7.38 (m, 4H),
7.35 (m, 1H), 7.11 (m, 1H), 6.84 (d, J = 7.5 Hz, 1H), 6.02 (t, J
= 1.5 Hz, 1H), and 3.88 (s, 3H); 13C NMR (125 MHz,
CDCl3) δC (ppm) 169.3, 166.9, 166.1, 164.8, 154.9, 152.7,
152.4, 133.1 (2C), 131.4, 128.9, 126.8, 125.1 (2C), 124.6
(2C), 117.0, 116.8 (2C), 116.5, 112.1, 111.9, 105.4, 103.9,
56.4, and 35.3.
3,3′-((3,5-Dibromo-4-hydroxyphenyl)methylene)bis(4-hy-

droxy-2H-chromen-2-one) 14. White solid; yield 68.3%; Rf
(dichloromethane/methanol/acetic acid; 8:1:0.01) = 0.43;
99.36% purity by HPLC; 1H NMR (500 MHz, DMSO-d6)
δH (ppm) 7.87 (dd, J = 8.0, 2.0 Hz, 2H), 7.56 (m, 2H), 7.32
(dd, J = 8.0, 1.0 Hz, 2H), 7.29 (m, 2H), 7.20 (d, J = 1.0 Hz,
2H), and 6.20 (t, J = 1.0 Hz, 1H); 13C NMR (125 MHz,
DMSO-d6) δC (ppm) 166.5 (2C), 164.4 (2C), 152.4 (2C),
148.4, 135.9, 131.7 (2C), 130.4 (2C), 124.1 (2C), 123.5 (2C),
118.7 (2C), 115.9 (2C), 111.8 (2C), 103.3 (2C), and 35.2.
3,3′-((4-Hydroxy-3-methoxyphenyl)methylene)bis(4-hy-

droxy-2H-chromen-2-one) 15. White solid; yield 80.2%; Rf
(dichloromethane/methanol/acetic acid; 8:1:0.01) = 0.37;
99.26% purity by HPLC; 1H NMR (500 MHz, CDCl3) δH
(ppm) 11.52 (s, 1H), 11.28 (s, 1H), 8.06 (brs, 1H), 8.02 (brs,
1H), 7.63 (m, 2H), 7.41−7.40 (m, 4H), 6.86 (d, J = 8.0 Hz,
1H), 6.73−6.71 (m, 1H), 6.68 (m, 1H), 6.06 (t, J = 1.0 Hz,
1H), and 3.75 (s, 3H); 13C NMR (125 MHz, CDCl3) δC
(ppm) 169.4, 166.9, 165.8, 164.8, 152.6 (2C), 146.8, 144.7,
133.0, 127.0 (2C), 125.0 (2C), 124.5 (2C), 119.6, 116.8 (4C),
114.6, 109.6, 105.9, 104.3, 56.2, and 35.9.
3,3′-((3-Bromo-4-hydroxy-5-methoxyphenyl)methylene)-

bis(4-hydroxy-2H-chromen-2-one) 16. White solid; yield
83.4%; Rf (dichloromethane/methanol/acetic acid; 8:1:0.01)
= 0.40; 99.85% purity by HPLC; 1H NMR (500 MHz, CDCl3)
δH (ppm) 11.56 (s, 1H), 11.26 (s, 1H), 8.06 (d, J = 7.5 Hz,
1H), 8.01 (d, J = 8.0 Hz, 1H), 7.64 (m, 2H), 7.42−7.40 (m,
4H), 6.92 (t, J = 1.5 Hz, 1H), 6.64 (d, J = 1.0 Hz, 1H), 6.03 (t,
J = 1.0 Hz, 1H), and 3.76 (s, 3H); 13C NMR (125 MHz,
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CDCl3) δC (ppm) 169.4, 166.8, 166.1, 164.8, 152.4 (2C),
147.4, 142.2, 133.2, 128.1 (2C), 125.1, 124.5 (2C), 122.8
(2C), 116.8 (4C), 109.0, 108.6, 105.4, 103.8, 56.6, 35.7;
DART-MS calcd for C26H17BrO8 [M + H]+: 537.0185, found
537.0244.

To a solution of 3,5-dibromo-4-hydroxybenzaldehyde (0.84
g, 3 mmol), methyl iodide or alkyl bromides (6.6 mmol) and
anhydrous potassium carbonate (K2CO3, 0.828 g, 6 mmol) in
DMF (10 mL) were added. The reaction mixture was stirred at
55 °C for 3 h, cooled to room temperature, and quenched with
the addition of water (80 mL). The resulting white precipitate
was filtered under vacuum, washed with water (40 mL), and
dried to give the anisaldehyde intermediate (0.72 g, 2.44
mmol, 81.4%) as a white solid, Rf (n-hexane/ethyl acetate;
30:1) = 0.51.48 For the reaction with 1-bromobutane or 1-
bromooctane, after the reaction was completed (analyzed by
TLC), the crude product was extracted with EtOAc (3 × 20
mL), and the combined extracts were washed with water. The
organic layer was dried over anhydrous Na2SO4 and
evaporated to dryness. The synthesized 3,5-dibromo-4-
alkoxybenzaldehydes yielded as a light yellow oil (50.0%
yield); Rf (n-hexane/ethyl acetate; 30:1) = 0.51 was used to
synthesize biscoumarins without further purification.
3,3′-((3,5-Dibromo-4-methoxyphenyl)methylene)bis(4-

hydroxy-2H-chromen-2-one) 17. White solid; yield 21.0%; Rf
(CH2Cl2/MeOH/AcOH; 8:1:0.01) = 0.51; 96.63% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.60 (s, 1H),
11.28 (s, 1H), 8.07 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.0 Hz,
1H), 7.66 (m, 2H), 7.43−7.40 (m, 4H), 7.31 (d, J = 1.0 Hz,
2H), 6.00 (t, J = 1.0 Hz, 1H), and 3.89 (s, 3H); 13C NMR
(125 MHz, CDCl3) δC (ppm) 169.2, 166.9, 166.4, 164.9,
153.1, 152.7, 152.4, 134.4, 133.4 (2C), 130.9 (2C), 125.2
(2C), 124.6 (2C), 118.5 (2C), 117.0 (2C), 116.8 (2C), 104.8,
103.3, 60.8, and 35.4; HRMS (ESI) calcd for C26H16Br2O7 [M
+ H]+: 598.9341, found 598.9283.
3,3′-((3,5-Dibromo-4-butoxyphenyl)methylene)bis(4-hy-

droxy-2H-chromen-2-one) 18. White solid; yield 54.0%; Rf
(CH2Cl2/MeOH/AcOH; 8:1:0.01) = 0.54; 98.53% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.59 (s,1H),
11.27 (s, 1H), 8.06 (d, J = 7.5 Hz, 1H), 8.02 (d, J = 8.0 Hz,
1H), 7.65 (td, J = 7.5, 1.5 Hz, 2H), 7.43−7.40 (m, 4H), 7.31
(d, J = 1.5 Hz, 2H), 6.00 (t, J = 1.0 Hz, 1H), 4.01 (t, J = 6.5
Hz, 2H), 1.84 (quint, J = 6.5 Hz, 2H), 1.59−1.54 (m, 2H), and
1.00 (t, J = 7.5 Hz, 3H); 13C NMR (125 MHz, CDCl3) δC
(ppm) 169.2, 166.9, 166.4, 164.9, 152.7, 152.5, 152.4, 134.0,
133.4 (2C), 130.8 (2C), 125.2 (2C), 124.6 (2C), 118.8 (2C),
116.9, 116.8 (2C), 116.4, 104.8, 103.3, 73.5, 35.4, 32.2, 19.3,
and 14.1; HRMS (ESI) calcd for C29H22Br2O7 [M + H]+:
640.9811, found 640.9805.
3,3′-((3,5-Dibromo-4-(octyloxy)phenyl)methylene)bis(4-

hydroxy-2H-chromen-2-one) 19. White solid; yield 50.6%; Rf
(CH2Cl2/MeOH/AcOH; 8:1:0.01) = 0.63; 99.46% purity by
HPLC; 1H NMR (500 MHz, CDCl3) δH (ppm) 11.59 (s, 1H),
11.27 (s, 1H), 8.07 (d, J = 8.0 Hz, 1H), 8.02 (d, J = 8.0 Hz,
1H), 7.65 (td, J = 7.5, 1.5 Hz, 2H), 7.43−7.38 (m, 4H), 7.30
(d, J = 1.5 Hz, 2H), 6.00 (t, J = 1.0 Hz, 1H), 4.00 (t, J = 6.5
Hz, 2H), 1.86 (quint, J = 6.5 Hz, 2H), 1.52 (quint, J = 6.5 Hz,
2H), 1.38−1.29 (m, 8H), and 0.88 (t, J = 6.5 Hz, 3H); 13C
NMR (125 MHz, CDCl3) δC (ppm) 169.2, 166.9, 166.4,
164.9, 152.7, 152.5, 152.4, 134.0, 133.4 (2C), 130.8 (2C),
125.2 (2C), 124.6 (2C), 118.8 (2C), 116.9, 116.8 (2C), 116.4,
104.8, 103.3, 73.8, 35.4, 32.0, 30.2, 29.5, 29.4, 26.0, 22.8, and

14.2; DART-MS (ESI) calcd for C33H30Br2O7 [M + H]+:
697.0437, found 697.0509.
Inhibition of α-Glucosidase Activity In Vitro. The α-

glucosidase inhibition of the synthesized compounds 1−19
was measured using a spectrophotometric method.49 Those
compounds (4 mM) were dissolved in DMSO and diluted by
0.1 mM pH 6.9 phosphate buffer. The enzyme α-glucosidase
from S. cerevisiae E.C. 3.2.1.20 (0.1 U/mL) and 1 mM pNPG
as the substrate were dissolved in 0.1 mM pH 6.9 phosphate
buffer. Then, 10 μL of a test compound or a positive control
was added with 40 μL of the enzyme, and the mixture was then
incubated at 37 °C for 10 min. Afterward, 50 μL of the
substrate was added to the reaction mixture. The mixture was
incubated further for 20 min at 37 °C, and then 1 M of
Na2CO3 (100 μL) was added to stop the reaction. The activity
was measured at 405 nm (Allsheng microplate reader,
AMR100). All samples were analyzed in triplicate at different
concentrations to obtain the IC50 values of each compound.
The mean values and standard deviation were calculated. The
percentage inhibition was calculated by the following equation

A
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%inhibition 1 100sample

control
= ×

i
k
jjjjj

y
{
zzzzz (2)

where % inhibition is the percentage of inhibition, Asample is the
corrected absorbance of the synthesized compound under test
[Asample(initial) − Ablank‑sample], and Acontrol is the absorbance of the
negative control.
QSAR Modeling. The three-dimensional (3D) structures

of all biscoumarin derivatives were imported into the QSAR
module of Material Studio (MS) software.42 In addition, 16
structural descriptors (1−16) generated via the model module
in MS were selected as the independent variables. All
molecular descriptors could be grouped into several categories:
structural descriptors, thermodynamic descriptors, topological
descriptors, E-state keys, fragment counts, shadow indices,
spatial descriptors, and VAMP electrostatic descriptors. In
addition, the α-glucosidase inhibitory experimental values in
the unit of IC50 (μM) were transformed to be pIC50 (M)
values, which act as the response data.

The statistics module in the MS program was used to
establish the QSAR model to predict the inhibitory activity of
α-glucosidase. First, the descriptor selection was performed via
the genetic algorithm methods provided by the genetic
function approximation50 (GFA) of the MS package. The
3000 population size, 200 maximum generations, and Fried-
man’s lack-of-fitness function51 were used for the GFA process.
The regressions were carried out using two-five descriptors,
and R2 and Q2 were monitored.
Molecular Docking, MD Simulation, and FMO

Calculation. The 3D structure of α-glucosidase MAL12 was
obtained from the alphafold2 database52,53 due to the lack of
crystal structure available in the protein database. The 3D
structure of acarbose, 17, 18, and 19 was constructed using
GaussView 6.0.16 and optimized by Gaussian16 using the HF/
6-31G+(d,p) basis set.54 Since the designed biscoumarins
consist of halogen atoms, the complex structure was prepared
by molecular docking using the AutoDock VinaXB pro-
gram,55−57 which contains the halogen force field parameters.
Acarbose and designed biscoumarins were docked to the
original receptor binding site (OBS) with the grid dimensions
of 16 × 16 × 16 Å3.58 The binding pattern of these compounds
and their interaction were carried out using two-dimensional
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(2D) and 3D using Discovery Studio Visualizer Software59 and
Chimera USCF.60 The MD trajectory was analyzed with
regrading to the structural stability by RMSF and RMSD
techniques using the Cpptraj module implemented in the
AmberTools 21.61 The last 100 ns trajectories were used to
calculate the binding free energy between 18 and α-glucosidase
using the MM/GBSA method.62

The fragment molecular orbital method using the second-
order Møller−Plesset perturbation theory with the resolution-
of-identity approximation (FMO-RIMP2) at the B3LYP3/6-
31G+(d,p) level of theory was applied for the representative
model of 18/α-glucosidase complex extracted from the last 100
ns trajectories using RMSD clustering techniques.63,64 The pair
interaction energy (PIE) can be additionally decayed into four
terms of interaction: electrostatic (EIJ

ES), exchange (EIJ
EX),

charge-transfer (EIJ
CT+mix), and dispersion (EIJ

DI) contributions,
which are called PIEDA (eq 3).65 These contributed energies
can explain the essential halogen-containing compounds66

E E E E E
PIE
IJ

ES
IJ

EX
IJ

CT mix
IJ

DI
IJ

= + +
+

+
(3)
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