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e derivatives as multitarget
antidiabetic agents: design, synthesis, and
biological evaluation†

Mohammed Salah Ayoup, *ab Nourhan Khaled,a Hamida Abdel-Hamid,a

Doaa A. Ghareeb,c Samah A. Nasr,c Ahmed Omer,de Amr Sonousi,fg

Asmaa E. Kassab *f and Abdelazeem S. Eltaweilah

A series of new sulfonamide derivatives connected through an imine linker to five or seven membered

heterocycles were designed and synthesized. All synthesized derivatives were characterized using

a variety of spectroscopic methods, including IR, 1HNMR, and 13CNMR. In vitro a-glucosidase and a-

amylase inhibition activities, as well as glucose uptake were assessed for each of the synthesized

compounds. Four sulfonamide derivatives namely 3a, 3b, 3h and 6 showed excellent inhibitory potential

against a-glucosidase with IC50 values of 19.39, 25.12, 25.57 and 22.02 mM, respectively. They were 1.05-

to 1.39-fold more potent than acarbose. Sulfonamide derivatives 3g, 3i and 7 (EC50 values of 1.29, 21.38

and 19.03 mM, respectively) exhibited significant glucose uptake activity that were 1.62- to 27-fold more

potent than berberine. Both a-glucosidase protein (PDB: 2QMJ) and a-amylase (PDB: 1XCW) complexed

with acarbose were adopted for docking investigations for the most active synthesized compounds. The

docked compounds were able to inhabit the same space as the acarviosin ring of acarbose. The docking

of the most active compounds showed an analogous binding with the active site of a-glucosidase as

acarbose. The superior activity of the synthesized compounds against a-glucosidase enzyme than a-

amylase enzyme can be rationalized by the weak interaction with the a-amylase. The physiochemical

parameters of all synthesized compounds were aligned with Lipinski's rule of five.
1. Introduction

The pandemic of type 2 diabetes mellitus (T2DM) is a multi-
factorial chronic health condition and nancial burden on
modern society.1 It accounts for 90% of all cases of diabetes,2
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being distinguished by persistent hyperglycemia brought on by
the inability to utilize insulin due to a problem with the
pancreatic b-cells.3,4 More than 400 million people globally had
T2DM in 2018. The number of diabetic people is increasing at
an alarming rate, and by 2030, this gure is expected to increase
to nearly 500 million.5,6 In 2019,7 diabetes mellitus was the
cause of 4.2 million deaths worldwide. T2DM can lead to
serious chronic consequences include end-stage renal disease,
blindness, vascular disease, poor wound healing, and limb
amputation. It also causes a number of dysfunctions in many
organs and tissues.8 Only a small percentage of patients with
T2DM are able to maintain long-term glycemic control, despite
the development of numerous therapy choices.9,10 Controlling
the elevated blood glucose levels is the primary treatment
method for this disease. Retarding, controlling, and/or blocking
carbohydrate hydrolytic enzymes are methods for regulating
blood sugar levels.11 Starch hydrolysis is facilitated by pancre-
atic enzymes such a-amylase and a-glucosidase, which elevates
postprandial hyperglycemia. The key factor causing T2DM to
develop is this rise in blood sugar levels. Therapeutically, this
postprandial hyperglycemia is managed by blocking these
enzymes that break down carbohydrates. The delay in glucose
absorption caused by a-amylase and a-glucosidase inhibitors
lowers blood sugar levels.12,13 Many a-amylase and a-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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glucosidase inhibitors, including acarbose, miglitol, and vogli-
bose, are utilized clinically to treat diabetic patients.14,15 The
other common groups of drugs for treating hyperglycemia are
sulfonylureas (which enhance insulin release from pancreatic
islets), biguanides (which decrease hepatic glucose synthesis),
and peroxisome proliferator-activated receptor-g (PPARg)
agonists (which increase insulin action).16 These medications
can be taken either on their own or in combination with other
hypoglycemic treatments. Severe hypoglycemia, weight gain,
decreased therapeutic efficiency as a result of an incorrect or
ineffective dosing regimen, low potency and altered adverse
effects as a result of drug metabolism, as well as problems with
target specicity, solubility, and permeability are the main
disadvantages of taking these conventional medications.17

Another crucial tactic that can be used to control blood glucose
levels and prevent diabetic hyperglycemia is the stimulation of
glucose uptake from the bloodstream.18,19 Most drug design
efforts in recent years have focused on creating agents with
a wide range of physiological effects, especially for diseases with
complicated etiologies like diabetes. The development of these
multi-target ligands must prioritize the choice of appropriate
targets, which must be thoroughly characterized and are ideally
linked to several disease-related pathways, as well as the opti-
mization of the relative potency of the drug towards each
receptor.20 Drugs that target proteins in several biochemical
pathways contributing to the pathogenesis of diabetes mellitus
are necessary because of the pathological complexity of this
disease. To improve patient compliance, research is also
concentrating on identifying multi-targeted ligands.21–23 Several
researches described the synthesis of sulfonamides containing
molecules that act as antidiabetics by inhibiting a-glucosidase
enzyme.24–30 These compounds contain some common struc-
tural features namely a p-substituted sulfonamide ring attached
to a nitrogen-containing spacer which is consequently attached
to phenyl, cyclic, or heterocyclic ring as in compounds A,30 B27

and C28 (Fig. 1). The goal of our work is to synthesize new
Fig. 1 Design strategy for the synthesized sulfonamide derivatives.

© 2024 The Author(s). Published by the Royal Society of Chemistry
sulfonamide derivatives with the same essential pharmaco-
phoric features of the reported compounds (Fig. 1). Firstly,
a phenyl sulfonamide scaffold substituted at the p-position was
used in the design of targeted compounds. The 2nd strategy
involved the incorporation of a linker with imine imine-
containing group. Both the phenyl sulfonamide motif and the
linker were selected to share as H-bond acceptors and/or donors
with amino acids in the active sites of a-glucosidase and a-
amylase enzymes. Within the 3rd strategy, a ve-membered
heterocycle (pyrazole or oxazole) or seven-membered hetero-
cycle (diazepine or triazepine ring featuring carbonyl or thioxo
group) was graed. The 4th strategy involved the introduction of
variable hydrophobic aromatic moieties on the pyrazole motif.
These hydrophobic moieties' substitution design was chosen to
ensure a variety of electronic and lipophilic environments,
which could affect the activity of the target compounds. In this
study, all the synthesized compounds were evaluated for their in
vitro a-glucosidase and a-amylase inhibition activities as well as
on glucose uptake by yeast cells. Docking studies were done, for
the most active synthesized compounds, on both a-glucosidase
protein (PDB: 2QMJ) and a-amylase (PDB: 1XCW) complexed
with acarbose.
2. Results and discussion
2.1. Chemistry

The novel functionalization protocol of the bacteriostatic
antibiotic sulfanilamide (Scheme 1) was accomplished
initially by diazotization using NaNO2/HCl/AcOH protocol to
form the diazonium salt 1. Rapid coupling of 1 with pre-
prepared active carbanion of ethyl acetoacetate at 0 °C affor-
ded the corresponding hydrazone ethyl-3-oxo-2-(2-(4-
sulfamoylphenyl)-hydrazineylidene) butanoate (2). The
structure of 2 was conrmed by IR which showed the strong
band at nmax cm

−1 3342, 3250, and 3164 correspond to (NH2,
NH), and 1687 for conjugated (CO), moreover the 1HNMR
RSC Adv., 2024, 14, 7664–7675 | 7665
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Scheme 1 The synthetic pathway and reagents for the preparation of the target compounds 1–5.
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spectrum of 2 showed two separate signals of NH and NH2 at
dH: 11.54 and 7.25 ppm, respectively. Also, three separated
signals in the upeld at dH: 4.28, 2.37, and 1.24 ppm revealed
Scheme 2 The synthetic pathway and reagents for the preparation of th

7666 | RSC Adv., 2024, 14, 7664–7675
the presence of OCH2, COCH3, and CH3, respectively.
Furthermore, the 13CNMR spectrum conrmed the presence
of the acetyl and ester groups where two nonhomotopic
e target compounds 6–8.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Biological evaluation resultsa

Compound a-Glucosidase IC50
b (mM � SD) a-Amylase IC50

b (mM � SD) Glucose uptake EC50
b (mM � SD)

3a 19.39 � 2.7 416.46 � 23.4 124.93 � 9.8
3b 25.12 � 0.7 267.19 � 22.3 429.96 � 33.1
3c 67.68 � 7.1 219.29 � 20.7 176.09 � 11.8
3d 61.67 � 5.6 225.55 � 17.5 283.71 � 19.5
3e 44.82 � 3.4 237.41 � 12.9 52.49 � 4.9
3f 55.44 � 4.8 249.10 � 22.1 106.26 � 9.8
3g 99.11 � 6.8 73.93 � 6.1 1.29 � 0.1
3h 25.57 � 2.1 152.23 � 10.2 331.87 � 22.9
3i 50.16 � 4.8 137.95 � 11.1 21.38 � 1.5
3j 82.73 � 7.4 293.86 � 23.5 299.87 � 15.9
4 76.04 � 6.1 309.19 � 25.1 101.39 � 8.7
5 78.69 � 5.9 75.72 � 6.4 417.94 � 22.5
6 22.02 � 1.9 207.91 � 10.8 235.27 � 11.8
7 85.35 � 2.3 331.96 � 20.3 19.03 � 1.6
8 109.81 � 6.7 57.36 � 4.2 277.79 � 18.9
Acarbose 27.02 � 1.6 13.14 � 1.1 —
Berberine — — 34.70 � 2.7

a The bold text indicates the compounds that are more potent than the reference standard. b All values are expressed as a mean of three replicates.

Fig. 2 Bar graph representation showing the comparative IC50 values
for the a-glucosidase activity of the target compounds and acarbose
as a reference drug.
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carbonyls at dC: 194.4 and 162.8 ppm, respectively were
present beside the aliphatic carbons at dC: 61.9, 25.8 and
14.3 ppm.

A series of sulfonamide hydrazone aryl pyrazole hybrids 3a–j
were prepared utilizing the hydrazone sulfonamide ethyl ace-
toacetate 2 by reux in ethanol with arylhydrazines namely
Fig. 3 Structure–activity relationship (SAR) of the synthesized sulfonam

© 2024 The Author(s). Published by the Royal Society of Chemistry
phenylhydrazine, p-chlorophenylhydrazine, o-uorophenylhy-
drazine, m-uorophenylhydrazine, p-uorophenylhydrazine, m-
methylphenylhydrazine, p-methylphenylhydrazine, m-nitro-
phenylhydrazine, 2,5-dichlorophenylhydrazine and 2-hydrazi-
nopyridine (Scheme 1). The structure of the pyrazole hybrids
were conrmed by NMR spectra where the 1HNMR showed
NH's at a range of dH: 13.19–13.03 ppm, the proton of SO2NH2

resonating at dH:7.34–7.36 ppm. The 13CNMR of the hybrids 3a–
j showed carbonyl carbon at range dC: 157.0–156.7 ppm and the
branched methyl group of pyrazole moiety at dC: 12.2–12.1 ppm.
Moreover, the characteristic signal of the C–F bond of the aryl
pyrazole 3c–e appeared at dC: 157.3, 162.6, and 159.5 ppm,
respectively with 1JCF = 240–249.5 Hz.31,32 sulfanilamide
hydrazone/pyrazole or isoxazole hybrids 4 and 5 (Scheme 1)
were obtained by treatment of 2 with alcoholic hydrazine or
hydroxyl amine, respectively. The IR spectra of 4 and 5 showed
a split band revealed to NH2 at nmax 3208 and 3257 cm−1,
respectively. The 1HNMR of 4 and 5 showed broad signals cor-
responding to NH at dH: 11.62 and 12.73 ppm, respectively
beside the remarkable signals correspond toH2NSO2 at dH: 7.32
ide derivatives.

RSC Adv., 2024, 14, 7664–7675 | 7667
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Fig. 4 Bar graph representation showing the comparative EC50 values for the glucose uptake activity of the target compounds and acarbose as
a reference drug. EC50 means the concentration in mM of the compound that can cause 50% of glucose uptake by the yeast cells.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

26
/2

02
4 

12
:4

1:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
and 7.35 ppm, respectively. Moreover, the 13CNMR conrmed
the presence of C]O of the heterocyclic rings in compounds 4
and 5 which was indicated by a signal at dC: 160.4 and
160.6 ppm, respectively.

Novel sulfonamide hydrazone/seven-membered ring hybrids
6–8 (Scheme 2) were prepared by treatment of 2 with semi-
carbazide or thiosemicarbazide or ethylenediamine, respec-
tively. The reaction proceeded through condensation followed
by ring cyclization. The structures were conrmed by IR spectra,
where a strong band in the range of 3307–3107 cm−1 revealed
the presence of NH2. The C]O band appeared at 1717–
1680 cm−1. The 1HNMR conrmed the structure of compounds
6–8, where 6 and 8 were present in the hydrazone form. While
1HNMR of 6 showed four different signals correspond to four
different nonhomototopic protons of three N–H0s at dH: 12.96,
7.55, and 7.23 ppm and SO2NH2 at dH: 7.35. Alternatively, hybrid
7 was present as in the azo form rather than hydrazono form in
an equilibrium with a tautomer of the azo form 70 as indicated
Fig. 5 (A) Two-dimensional diagram of acarbose binding with alpha-gluc
crystallized acarbose inhibitor (green) and its re-docked pose (magenta) i
acceptable range.

7668 | RSC Adv., 2024, 14, 7664–7675
from the 13CNMR spectrum that revealed the presence of Csp3-
H at dC: 61.9 ppm corresponding to C6 of 1,2,4-triazepine
moiety. Furthermore 8 is more exible to exhibit tautomerism
where the 13C NMR represent the Csp3 at dC: 50.6, 38.6,
15.5 ppm.

2.2. a-Glucosidase inhibitory activity

All the synthesized compounds were evaluated for their in vitro
a-glucosidase inhibition activities through the determination of
their half maximal inhibitory concentration (IC50) values
compared to acarbose as a reference anti-diabetic drug. The
results were summarized in Table 1 and represented graphically
in Fig. 2. The results showed the most prominent sulfonamide
derivatives namely 3a, 3b, 3h, and 6 showed excellent inhibitory
potential against a-glucosidase with IC50 values of 19.39, 25.12,
25.57, and 22.02 mM, respectively. In comparison to acarbose,
they were 1.05 to 1.39 times more potent. Compounds 3c–f and
3i exhibited moderate a-glucosidase inhibitory activity with IC50
osidase binding pocket; (B) three-dimensional diagram of both the co-
n the active site of alpha-glucosidase showing RMSD (0.76 Å) within the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The Lipinski parameters and the docking score of all target compounds

Compound
Docking score
(PDB: 2QMJ) (kcal mol−1) HBA (#10) HBD (#5)

log P
(−4.0–5)

PSA (0–150)
Å2 Interactions

3a −6.054 5 2 3.495 117.22 HB (Asp327)
HB (His600)
Arene–H (Tyr299)
Arene–H (Trp406)

3b −6.295 5 2 4.087 117.22 HB (Asp327)
HB (His600)
Arene–H (Tyr299)
Arene–H (Trp406)

3c −6.394 5 2 2.364 117.22 HB (Asp327)
HB (His600)
HB (Asp443)

3d −6.598 5 2 2.403 117.22 HB (Asp327)
HB (His600)

3e −6.385 5 2 3.648 117.22 HB (Asp327)
HB (His600)
HB (Asp443)

3f −6.501 5 2 3.830 117.22 HB (Asp327)
HB (His600)
HB (Asp443)

3g −6.212 5 2 3.793 117.22 HB (Asp327)
HB (His600)
HB (Asp443)

3h −6.756 5 2 3.467 163.04 HB (Trp441)
HB (Trp539)
HB (Arg526)
Arene–H (Tyr299)
Arene–H (Phe575)

3i −6.740 5 2 4.714 117.22 HB (Asp327)
HB (His600)
HB (Asp443)

3j −6.193 6 2 2.668 130.11 HB (Asp327)
HB (His600)
HB (Asp443)

4 −5.644 5 3 1.644 126.01 HB (Asp203)
HB (His600)
HB (Met444)
HB (Phe450)
HB (Trp539)
Arene–H (Tyr299)
Arene–H (Trp406)

5 −5.516 5 2 2.112 123.21 HB (Met444)
HB (Arg526)
HB (Trp539)
Arene–H (His600)

6 −5.695 6 4 1.265 155.11 HB (Asp327)
HB (His600)
HB (Asp443)
Arene–H (Tyr299)

7 −5.694 6 4 3.216 170.13 HB (Asp327)
HB (His600)
HB (Asp443)
Arene–H (Tyr299)
Arene–H (Trp406)

8 −5.974 5 3 0.750 126.01 HB (Asp327)
HB (His600)
HB (Asp443)
Arene–H (Tyr299)

Acarbose −7.8552 18 13 −7.508 325.75 HB (Arg526)
HB (Met444)
HB (His600)
HB (Asp203)
HB (Asp542)

© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 7664–7675 | 7669
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values in the range of 44.82 to 67.68 mM. Sulfonamide deriva-
tives 3g, 3j, 4, 5, and 7 demonstrated weak a-glucosidase
inhibitory potential with IC50 values in the range of 76.04 to
99.11 mM. Compound 8 (IC50 = 109.81 mM) showed the least
inhibitory activity. The structure–activity relationship (SAR) was
investigated. Unsubstituted phenyl ring as in compound 3a
showed the best a-glucosidase inhibitory activity. Substitutions
on the phenyl ring generally decreased the activity but with 4-Cl
(3b) and 3-NO2 (3h) showed better activity than acarbose.
Shiing of phenyl ring on the pyrazole scaffold to a hydrogen
atom (4) or converting the pyrazole scaffold to isoxazole (5) by
replacing the nitrogen atom with an oxygen atom exhibited
a delirious effect on the a-glucosidase activity. 1,2,4-Triazepine-
3,5-dione (6) increased a-glucosidase activity, changing to 1,2,4-
triazepine-3-thione (7) or 1,4-diazepine (8) greatly decreased the
activity (Fig. 3).

2.3. a-Amylase inhibitory activity

The inhibitory activities of all synthesized compounds against
a-amylase were evaluated by calculating their half maximum
inhibitory concentration (IC50) values in comparison to acar-
bose, the standard anti-diabetic drug (Table 1). The results
indicated that all the synthesized sulfonamide derivatives (IC50

values at the range of 57.36 to 416.46 mM) exhibited weak a-
amylase inhibitory potential compared to acarbose.

2.4. Glucose uptake assay

The glucose uptake by the yeast cells 33can be used as an in
vitro screening tool to evaluate compounds for their hypo-
glycemic activity.34 Glucose along with different concentra-
tions of the tested compounds were added to yeast cells for
a specic amount of time and the amount of glucose
remained serves as an indication of the glucose uptake by the
yeast cells. Five different concentrations were used for each
Fig. 6 (A) Two-dimensional diagram and (B) three-dimensional represen
pocket (PDB: 2QMJ).

7670 | RSC Adv., 2024, 14, 7664–7675
compound and the EC50 values for all compounds were
calculated which correspond to the concentration of the
compound at which 50% of glucose uptake occurs. A lower
EC50 shows a higher antidiabetic activity (Fig. 4). All
compounds showed an increase in glucose uptake with
increased concentrations (see ESI†). Compounds 3g, 3i, and 7
showed higher glucose uptake compared to berberine with
EC50 of 1.29 mM, 21.38 mM, and 19.03 mM, respectively, rep-
resenting 1.62- to 27-fold more potency than reference stan-
dard berberine (EC50 = 34.70 mM). However, other
compounds demonstrated less glucose uptake activity
compared to berberine.
2.5. Molecular docking study

Molecular docking is used as a computational method that
can give valuable information about the binding interactions
between the synthesized molecules and the active site of the
target enzyme. This helps in evaluating the drugs and may
propose further development. Docking studies were done, for
the most active synthesized compounds, on both a-glucosi-
dase protein (PDB: 2QMJ)35 and a-amylase (PDB: 1XCW)36

complexed with acarbose using MOE (2022.09)37 soware. The
co-crystallized acarbose was docked rst the active site to
validate the docking protocol. The docking procedure was
able to replicate the pose of acarbose with the relative mean
standard deviation (RMSD) between the docked and the
modeled acarbose within the cutoff limit (Fig. 5). The struc-
ture of acarbose consists of acarviosin moiety (2 rings) and
maltose moiety (2 rings). In contrast to the maltose moiety
that is solvent exposed and showed no binding with the
enzyme, the acarviosin moiety is embedded deeply in the
gorge of the active site and is responsible for its interaction
with Arg526, Met444, His600, Asp203, Asp542 residues of the
enzyme. The same docking protocol was then applied to the
tation of molecular docking of compound 3a (magenta) in the binding

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (A) Two-dimensional diagram and (B) three-dimensional representation of molecular docking of compound 3h (magenta) in the binding
pocket (PDB: 2QMJ).
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synthesized compounds to evaluate their interactions with
the a-glucosidase binding site. The Lipinski parameters38 and
the docking results of the best derivatives along with the
binding interactions are shown in Table 2. The physi-
ochemical parameters of all synthesized compounds were
aligned with Lipinski's rule of ve. Generally, the docked
compounds were able to inhabit the same region as the
acarviosin ring of acarbose. The docking of the most active
compounds (Fig. 6) showed an similar interaction with the
active site as acarbose. The sulfonamide group of compounds
3a was able to form hydrogen bond with His600 and Asp327.
In addition, the phenyl ring interacts with Tyr299 and Trp406
via Arene–H interactions which help in the stabilization of the
compound conformation in its active site. Compound 3h with
the m-nitro substitution showed higher interactions with the
nitro group accepting 3 hydrogen bonds from Trp441, Trp539
and Arg526. Further, the pyrazolinone carbonyl oxygen
Fig. 8 (A) Two-dimensional diagram and (B) three-dimensional represen
pocket (PDB: 1XCW).

© 2024 The Author(s). Published by the Royal Society of Chemistry
bonded to Arg526 and the phenyl ring interacts with Tyr299
and Phe575 via Arene–H interactions (Fig. 7). In contrast, the
docking simulation of the least active compounds 8 and 5
showed less binding energy to the active site
(−5.974 kcal mol−1 and −5.516 kcal mol−1, respectively)
albeit the same binding pattern (docking poses of compounds
are included in ESI†). The synthesized compounds demon-
strated superior activity to a-glucosidase enzyme than a-
amylase enzyme. For example, compound 3a was 21 times
more active towards a-glucosidase enzyme (IC50 = 19.39 mM)
than a-amylase enzyme (IC50 = 416.46 mM). This difference in
activity can be explained by the weak interaction with the a-
amylase. The docking of compound 3a in the active site of a-
amylase (PDB: 1XCW) showed that compound 3a has less
binding interaction with the a-amylase with only one
hydrogen bond with Glu233 (Fig. 8).
tation of molecular docking of compound 3a (magenta) in the binding

RSC Adv., 2024, 14, 7664–7675 | 7671

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra01060d


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 1
1/

26
/2

02
4 

12
:4

1:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3. Conclusion

In conclusion, a series of novel sulfonamides were synthesized
and evaluated for their a-glucosidase, and a-amylase enzyme
activity as well as their glucose uptake activity. Out of these
een novel compounds, four compounds showed better a-
glucosidase inhibitory compared to the acarbose reference such
as 3a (19.39 mM for a-glucosidase), 3b (25.12 mM for a-glucosi-
dase), 3h (25.57 mM for a-glucosidase) and 6 (22.02 mM for a-
glucosidase). All compounds showed less a-amylase inhibition
activity compared to acarbose. This low amylase activity can be
rationalized computationally by the weak interactions of the
compounds with the gorge of the a-amylase active site.
Compounds 3g, 3i, and 7 showed better glucose uptake activity
with EC50 compared to berberine (EC50 = 34.70 mM) values of
1.29, 21.38 and 19.03 mM, respectively.

4. Experimental
4.1. Chemistry

4.1.1. Procedure for the preparation of ethyl-3-oxo-2-(2-(4-
sulfamoylphenyl)-hydrazineylidene)butanoate (2). A solution
of sodium nitrite (1.5 mmol in 10 mL H2O) was dropwisely
added to solution of sulfanilamide (1.0 mmol) in AcOH (20 mL),
HCl (6 M, 0.5 ml), and H2O (5 mL) at 0 °C, the formed soluble
diazonium salt solution was added to previously prepared
solution from ethylacetoacetae (1.0 mmol) and AcONa (1.5
mmol) in ethanol (25 mL) and water (5.0 mL) at 0–5 °C the
reaction mixture was kept to stir for 4 hours, the precipitated
solid was ltered and recrystallized from ethanol to give 2 as
yellow powder in 77% yield, m.p. 139–141 °C, Rf = 0.54 (EtOAc :
n-hexane, 2 : 1); IR: nmax cm

−1 3342, 3250 (NH2), 3164 (NH), 2994
(Csp3-H), 1687 (CO); 1H NMR (500 MHz, DMSO-d6) dH:11.54 (s,
1H, N–H), 7.76 (d, J = 9.0 Hz, 2H, Ar–H), 7.50 (d, J = 9.0 Hz, 2H,
Ar–H), 7.25 (s, 2H, NH2SO2), 4.28 (q, J = 7.5 Hz, 2H, OCH2), 2.37
(s, 3H, CH3), 1.24 (t, J = 7.0 Hz, 3H, CH2CH3),

13C NMR (125
MHz, DMSO-d6) dC: 194.4, 162.8, 145.7, 138.8, 133.9, 127.8,
115.3 (Ar–C), 61.9, 25.8, 14.3 (aliphatic-C). Anal. calcd for
C12H15N3O5S (313.07): C, 46.00; H, 4.83; N, 13.41. Found: C,
46.21; H, 5.04; N, 13.12.

4.1.2. General procedure for the preparation of compounds
(3a–j). To a solution of 2 (0.32 mmol) in ethanol (10 mL), 0.32
mmol of arylhydrazine namely phenylhydrazine, p-
chlorophenylhydrazine, o-uorophenylhydrazine, m-
uorophenylhydrazine, p-uorophenylhydrazine, m-
methylphenylhydrazine, p-methylphenylhydrazine, m-nitro-
phenylhydrazine, 2,5-dichlorophenylhydrazine and 2-
hydrazinopyridine was added, the reaction mixture was heated
near boiling point for 6 hours, then the solid formed was ltered,
and crystallized from ethanol to give:

4.1.2.1. 4-(2-(3-Methyl-5-oxo-1-phenyl-1,5-dihydro-4H-
pyrazol-4-ylidene) hydrazinyl)benzenesulfonamide (3a). As
reddish orange crystal; 72% yield; m.p. 260–263 °C; Rf = 0.62
(EtOAc : n-hexane, 2 : 1); IR: nmax cm

−1 3350, 3327 (NH2), 3249
(NH), 2924 (Csp3-H), 1668 (CO). 1H NMR (500 MHz, DMSO-d6)
dH: 13.19 (s, 1H, N–H), 7.87 (d, J = 8.0 Hz, 2H, Ar–H), 7.83 (d, J =
8.5 Hz, 2H, Ar–H), 7.72 (d, J = 8.0 Hz, 2H, Ar–H), 7.42 (t, J =
7672 | RSC Adv., 2024, 14, 7664–7675
7.5 Hz, 2H, Ar–H), 7.35 (s, 2H, H2NSO2), 7.18 (t, J = 8.0 Hz, 1H,
Ar–H), 2.27 (s, 3H, CH3).

13C NMR (125 MHz, DMSO-d6) dC:
156.7, 149.2, 144.5, 140.8, 138.3, 129.9, 129.6, 127.8, 125.4,
118.2, 116.6 (Ar–C), 12.1 (aliphatic-C). Anal. calcd for
C16H15N5O3S (357.09): C, 53.77; H, 4.23; N, 19.60. Found: C,
53.52; H, 4.34; N, 19.81.

4.1.2.2. 4-(2-(1-(4-Chlorophenyl)-3-methyl-5-oxo-1,5-dihydro-
4H-pyrazol-4-ylidene)hydrazinyl)benzenesulfonamide (3b).
Reddish orange crystal; 64% yield; m.p. = 247–249 °C; Rf = 0.51
(EtOAc : n-hexane, 1 : 1); IR: nmax cm

−1 3339, 3250 (NH2), 3104
(NH), 2992 (Csp3-H), 1654 (CO); 1H NMR (500 MHz, DMSO-d6)
dH: 13.13 (s, 1H, N–H), 7.87 (d, J = 8.5 Hz, 2H, Ar–H), 7.82 (d, J =
8.5 Hz, 2H, Ar–H), 7.71 (d, J = 8.5 Hz, 2H, Ar–H), 7.46 (d, J =
8.5 Hz, 2H, Ar–H), 7.35 (s, 2H, NH2SO2), 2.24 (s, 3H, CH3);

13C
NMR (125 MHz, DMSO-d6) dC: 156.6, 149.6, 144.4, 140.9, 137.1,
129.6, 129.5, 129.1, 127.8, 119.5, 116.7 (Ar–C), 12.2 (aliphatic-C).
Anal. calcd for C16H14ClN5O3S (391.05): C, 49.05; H, 3.60; N,
17.87. Found: C, 49.31; H, 3.76; N, 17.96.

4.1.2.3. 4-((2-(2-Fluorophenyl)-5-methyl-3-oxo-2,3-dihydro-
1H-pyrazol-4-ylidene)hydrazinyl)benzenesulfonamide (3c). As an
orange powder; in 56% yield; m.p. 224–226 °C; Rf = 0.54
(EtOAc : n-hexane, 1 : 1); IR: nmax cm

−1 3358, 3264 (NH2), 3175
(NH), 2933 (Csp3-H), 1678 (CO); 1H NMR (500 MHz, DMSO-d6)
dH: 13.08 (s, 1H, N–H), 7.82 (d, J = 9.5 Hz, 2H, Ar–H), 7.72 (d, J =
8.5 Hz, 2H, Ar–H), 7.50 (t, J = 7.5 Hz, 1H, Ar–H), 7.45–7.38 (m,
2H, Ar–H), 7.34 (s, 2H, H2NSO2), 7.29 (t, J = 7.5 Hz, 1H, Ar–H),
2.25 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC: 157.3 (d,
1JCF = 249.5 Hz, C–F), 156.7, 149.4, 144.5, 140.8, 130.3 (d, 3JCF =
7.2 Hz, Ar–C), 128.9, 127.8 (d, 2JCF = 12 Hz), 125.4 (d, 4JCF = 2.5
Hz), 124.8 (d, 2JCF = 12 Hz, Ar–C), 117.2, 117.1, 116.7 (Ar–C) 12.2
(aliphatic-C). Anal. calcd for C16H14FN5O3S (375.08): C, 51.20; H,
3.76; N, 18.66. Found: C, 51.43; H, 3.96; N, 18.85.

4.1.2.4. 4-((2-(3-Fluorophenyl)-5-methyl-3-oxo-2,3-dihydro-
1H-pyrazol-4-yl)-diazenyl)benzenesulfonamide (3d). As yellowish
orange powder; in 64% yield; m.p. 265–267 °C, Rf = 0.45
(EtOAc : n-hexane, 1 : 1); IR: nmax cm

−1 3378, 3315 (NH2), 3238
(NH), 1672 (CO); 1H NMR (500 MHz, DMSO-d6) dH: 13.12 (s, 1H,
N–H), 7.82 (d, J = 8.5 Hz, 2H, Ar–H), 7.73–7.67 (m, 4H, Ar–H),
7.47–7.46 (m, 1H, Ar–H), 7.35 (s, 2H, H2NSO2), 7.0 (t, J = 7.0 Hz,
1H, Ar–H), 2.25 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC:
162.6 (d, 1JCF = 240 Hz, C–F), 156.8, 149.8, 144.4, 140.9, 139.7 (d,
3JCF = 10.7, CF), 131.4 (d, 4JCF = 8.3, CF), 127.8, 116.7, 113.6,
111.8 (d, 2JCF = 21.5 Hz, CF), 104.8 (d, 2JCF= 27.5 Hz, CF) (Ar–C),
12.2 (aliphatic-C). Anal. calcd for C16H14FN5O3S (375.08): C,
51.20; H, 3.76; N, 18.66. Found: C, 51.38; H, 3.64; N, 18.76.

4.1.2.5. 4-(2-(1-(4-Fluorophenyl)-3-methyl-5-oxo-1,5-dihydro-
4H-pyrazol-4-ylidene)hydrazinyl)benzenesulfonamide (3e). As
orange powder; in 59% yield; m.p. 277–279 °C; Rf = 0.66
(EtOAc : n-hexane, 1 : 1); IR: nmax cm

−1 3359, 3324 (NH2), 3247
(NH), 2925 (Csp3-H), 1666 (CO). 1H NMR (500 MHz, DMSO-d6)
dH: 13.15 (s, 1H, N–H), 7.88–7.81 (m, 4H, Ar–H), 7.72 (d, J =
8.0 Hz, 2H, Ar–H), 7.35 (s, 2H, H2NSO2), 7.27 (t, J = 8.5 Hz, 2H,
Ar–H), 2.25 (s, 3H, CH3).

13C NMR (125MHz, DMSO-d6) dC: 159.5
(d, 1JCF = 240 Hz, C-F), 156.7, 149.3, 144.4, 140.8, 134.7, 129.7,
127.8, 120.2 (d, 3JCF = 8.3 Hz, Ar–C), 116.7, 116.3 (d, 2JCF =

22.7 Hz, Ar–C), 117.2, 117.1, 116.7 (Ar–C) 12.2 (aliphatic-C).
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Anal. calcd for C16H14FN5O3S (375.08): C, 51.20; H, 3.76; N,
18.66. Found: C, 51.31; H, 3.85; N, 18.42.

4.1.2.6. 4-(2-(3-Methyl-5-oxo-1-(m-tolyl)-1,5-dihydro-4H-
pyrazol-4-ylidene)-hydrazinyl)benzenesulfonamide (3f). As pale
orange solid; in 69% yield; m.p. 242–245 °C; Rf= 0.68 (EtOAc : n-
hexane, 1 : 1); IR: nmax cm

−1 3319, 3227 (NH2), 3122 (NH), 2925
(Csp3-H), 1645 (CO); 1H NMR (500 MHz, DMSO-d6) dH: 13.18 (s,
1H, N–H), 7.82 (d, J = 8.5 Hz, 2H, Ar–H), 7.70–7.66 (m, 4H, Ar–
H), 7.35 (s, 2H, H2NSO2), 7.27 (t, J = 7.5 Hz, 1H, Ar–H), 6.98 (d, J
= 8.0 Hz, 1H, Ar–H), 2.29 (s, 3H, CH3), 2.23 (s, 3H, CH3);

13C
NMR (125 MHz, DMSO-d6) dC: 156.7, 149.1, 144.4, 140.7, 138.9,
138.2, 129.9, 129.3, 127.8, 126.0, 118.6, 116.5, 115.3 (Ar–C), 21.7,
12.1 (aliphatic-C). Anal. calcd for C17H17N5O3S (371.11): C,
54.98; H, 4.61; N, 18.86. Found: C, 55.12; H, 4.81; N, 18.91.

4.1.2.7. 4-(2-(3-Methyl-5-oxo-1-(p-tolyl)-1,5-dihydro-4H-
pyrazol-4-ylidene)-hydrazinyl)benzenesulfonamide (3g). As orange
powder; in 70% yield; m.p. 272–275 °C; Rf = 0.65 (EtOAc : n-
hexane, 1 : 1); IR: nmax cm

−1 3331, 3246 (NH2), 3088 (NH), 2921
(Csp3-H), 1653 (CO)$1H NMR (500 MHz, DMSO-d6) dH: 13.18 (s,
1H, N–H), 7.82 (d, J = 8.5 Hz, 2H, Ar–H), 7.74–7.71 (m, 4H, Ar–
H), 7.35 (s, 2H, H2NSO2), 7.21 (d, J = 8.0 Hz, 2H, Ar–H), 2.26 (s,
3H, CH3), 2.24 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC:
156.5, 149.0, 144.4, 140.7, 135.9, 134.6, 129.9, 127.8, 118.2, 116.5
(Ar–C), 21.0, 12.1 (aliphatic-C). Anal. calcd for C17H17N5O3S
(371.11): C, 54.98; H, 4.61; N, 18.86. Found: C, 55.08; H, 4.77; N,
18.72.

4.1.2.8. 4-(2-(3-Methyl-1-(3-nitrophenyl)-5-oxo-1,5-dihydro-
4H-pyrazol-4-ylidene)hydrazinyl)benzenesulfonamide (3h). As
orange crystals; in 74% yield; m.p. 278–280 °C; Rf = 0.55
(EtOAc : n-hexane, 1 : 1); IR: nmax cm−1 3381 (NH), 3192, 3114
(NH2), 1673 (CO);

1H NMR (500 MHz, DMSO-d6) dH: 13.09 (s, 1H,
N–H), 8.74 (s, 1H, Ar–H), 8.22 (d, J = 6.0 Hz, 1H, Ar–H), 7.98 (d, J
= 6.5 Hz, 2H, Ar–H), 7.98–7.68 (m, 6H, Ar–H), 7.36 (s, 2H,
H2NSO2), 2.26 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC:
156.8, 150.3, 148.5, 144.5, 141.0, 139.0, 131.2, 129.2, 127.8,
123.4, 119.5, 116.9, 111.7 (Ar–C), 12.2 (aliphatic-C). Anal. calcd
for C16H14N6O5S (402.07): C, 47.76; H, 3.51; N, 20.89. Found: C,
47.52; H, 3.74; N, 20.72.

4.1.2.9. 4-(2-(1-(2,5-Dichlorophenyl)-3-methyl-5-oxo-1,5-dihy-
dro-4H-pyrazol-4-ylidene)hydrazinyl)benzenesulfonamide (3i). As
a yellowish Orange powder; in 76% yield; m.p. 227–229 °C; Rf =

0.63 (EtOAc : n-hexane, 1 : 1); IR: nmax cm−1 3239 (NH), 3134,
3088 (NH2), 1674 (CO). 1H NMR (500 MHz, DMSO-d6) dH: 13.03
(s, 1H, N–H), 7.82 (d, J = 8.5 Hz, 2H, Ar–H), 7.74 (d, J = 8.5 Hz,
2H, Ar–H), 7.66 (m, 2H, Ar–H), 7.54 (dd, J = 8.5, 2.0 Hz, 1H, Ar–
H), 7.34 (s, 2H, H2NSO2), 2.25 (s, 3H, CH3)$

13C NMR (125 MHz,
DMSO-d6) dC: 156.8, 149.4, 140.8, 136.0, 132.4, 132.1, 130.5,
130.0, 129.5, 128.6, 127.8, 116.8 (Ar–C), 12.2 (aliphatic-C). Anal.
calcd for C16H13Cl2N5O3S (425.01): C, 45.08; H, 3.07; N, 16.43.
Found: C, 45.22; H, 3.14; N, 16.51.

4.1.2.10. 4-(2-(3-Methyl-5-oxo-1-(pyridin-2-yl)-1,5-dihydro-4H-
pyrazol-4-ylidene)hydrazinyl)benzenesulfonamide (3j). As an
orange powder, in 70% yield; m.p. 274–276 °C, Rf = 0.69
(EtOAc : n-hexane, 2 : 1); IR: nmax cm

−1 3294, 3227 (NH2), 3109
(NH), 1723 (CO). 1H NMR (500 MHz, DMSO-d6) dH: 13.14 (s, 1H,
N–H), 8.44 (s, 1H, Ar–H), 7.90–7.71 (m, 6H, Ar–H), 7.35 (s, 2H,
H2NSO2), 7.24 (t, J = 6.0 Hz, 1H, Ar–H), 2.27 (s, 3H, CH3).

13C
© 2024 The Author(s). Published by the Royal Society of Chemistry
NMR (125 MHz, DMSO-d6) dC: 157.0, 149.9, 149.4, 148.9, 144.6,
140.7, 138.9, 129.5, 127.8, 121.7, 116.7, 114.4 (Ar–C), 12.2
(aliphatic-C). Anal. calcd for C15H14N6O3S (358.08): C, 50.27; H,
3.94; N, 23.45. Found: C, 50.03; H, 4.17; N, 23.22.

4.1.3. Procedure for the preparation of compounds 4 and
5. To a solution of 2 (0.32 mmol in ethanol 10 mL), (0.45 mmol)
of NH2NH2 or NH2OH respectively was added, the reaction
mixture was heated near boiling point for 6 hours, then the
solid formed was ltered, crystallized from ethanol to give 4 or 5
respectively.

4.1.3.1. 4-(2-(3-Methyl-5-oxo-1,5-dihydro-4H-pyrazol-4-
ylidene)hydrazinyl)-benzenesulfonamide (4). As reddish orange
powder; in 58% yield; m.p. 227–229 °C; Rf = 0.58 (EtOAc : n-
hexane, 2 : 1); IR: nmax cm

−1 3208 (split band, NH2), 1677 (CO).
1H NMR (500 MHz, DMSO-d6) dH: 13.12 (bs, 1H, N–H), 11.62 (s,
1H, N–H), 7.79 (d, J = 9.0 Hz, 2H, Ar–H), 7.63 (d, J = 9.0 Hz, 2H,
Ar–H), 7.32 (s, 2H, H2NSO2), 2.12 (s, 3H, CH3)$

13C NMR (125
MHz, DMSO-d6) dC: 160.4, 147.5, 144.6, 140.2, 130.2, 127.8,
116.0 (Ar–C), 12.1 (CH3). Anal. calcd for C10H11N5O3S (281.06):
C, 42.70; H, 3.94; N, 24.90. Found: C, 42.54; H, 4.12; N, 24.81.

4.1.3.2. 4-(2-(3-Methyl-5-oxoisoxazol-4(5H)-ylidene)
hydrazinyl)benzene-sulfonamide (5). As pale yellow powder, in
54% yield; m.p. 227–229 °C; Rf = 0.52 (EtOAc : n-hexane, 2 : 1);
IR: nmax cm

−1 3437 (split band, NH2), 3257 (NH), 1720 (CO); 1H
NMR (500 MHz, DMSO-d6) dH: 12.73 (s, 1H, N–H), 7.81 (d, J =
8.5 Hz, 2H, Ar–H), 7.76 (d, J = 9.0 Hz, 2H, Ar–H), 7.35 (s, 2H,
H2NSO2), 2.22 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC:
162.4, 160.6, 144.5, 141.2, 127.7, 122.7, 117.3 (Ar–C), 10.6
(aliphatic-C). Anal. calcd for C10H10N4O4S (282.04): C, 42.55; H,
3.57; N, 19.85. Found: C, 42.71; H, 3.62; N, 19.72.

4.1.4. Procedure for the preparation of compounds 6–8. To
a solution of 2 (0.32 mmol) in ethanol (10 mL), 0.35 mmol of
semicarbazide, thiosemicarbazide or ethylenediamine was
added respectively, the reaction mixture was heated near
boiling point for 6 hours, then the solid formed was ltered,
and crystallized from ethanol to give:

4.1.4.1. 4-(2-(5-Methyl-3,7-dioxo-1,2,3,7-tetrahydro-6H-1,2,4-
triazepin-6-ylidene)hydrazinyl)benzenesulfonamide (6). As pale
yellow powder, in 51% yield; m.p. 244–247 °C, Rf= 0.56 (EtOAc :
n-hexane, 2 : 1); IR: nmax cm

−1 3419 (NH), 3334, 3307 (NH2), 3193
(NH), 2930 (Csp3-H), 1717 (CO); 1H NMR (500 MHz, DMSO-d6)
dH: 12.96 (s, 1H, N–H), 7.82 (d, J = 7.0 Hz, 2H, Ar–H), 7.73 (d, J =
7.0 Hz, 2H, Ar–H), 7.55 (s, 1H, N–H), 7.35 (s, 2H, H2NSO2), 7.23
(s, 1H, N–H), 2.20 (s, 3H, CH3);

13C NMR (125 MHz, DMSO-d6)
dC: 157.8, 149.8, 149.5, 144.5, 141.0, 128.7, 127.8, 116.9, (Ar–C),
12.2 (aliphatic-C). Anal. calcd for C11H12N6O4S (324.06): C,
40.74; H, 3.73; N, 25.91. Found: C, 40.85; H, 3.81; N, 25.71.

4.1.4.2. (E)-4-((7-methyl-5-oxo-3-thioxo-3,4,5,6-tetrahydro-2H-
1,2,4-triazepin-6-yl)diazenyl)benzenesulfonamide (7). As yellowish
green powder, in 58% yield; m.p. 233–235 °C, Rf = 0.71 (EtOAc :
n-hexane, 2 : 1); IR: nmax cm

−1 3431 (NH), 3244, 3207 (NH2), 1682
(CO); 1H NMR (500 MHz, DMSO-d6) dH: 9.44 (s, 0.44H, N–H),
8.89 (s, 0.36H, N–H), 8.61 (m, 6H (Ar–H), (NH2SO2)), CH3

appeared at 2.37 and 2.23; 13C NMR (125 MHz, DMSO-d6) dC:
181.6, 141.1, 127.8, 127.7, 117.2, 115.3 (Ar–C) 61.9, 14.1, 12.2
(aliphatic-C). Anal. calcd for C11H12N6O3S2. (340.04) C, 38.82; H,
3.55; N, 24.69. Found: C, 38.95; H, 3.62; N, 24.87.
RSC Adv., 2024, 14, 7664–7675 | 7673
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4.1.4.3. 4-(2-(5-Methyl-7-oxo-1,2,3,7-tetrahydro-6H-1,4-
diazepin-6-ylidene)hydrazinyl)benzenesulfonamide (8). As a pale-
yellow powder, in 60% yield; m.p. 283–285 °C; Rf = 0.67
(EtOAc : n-hexane, 2 : 1); IR: nmax cm−1 broad peak 3312–3103
(OH, NH, and NH2), 2945 (Csp3-H), 1638 (CO); 1H NMR (500
MHz, DMSO-d6) dH: 13.90 (s, 1H, N–H), 11.30 (s, 1H, N–H), 7.74–
7.34 (m, 6H, Ar–H,H2NSO2), 3.72–3.54 (m, 4H, CH2CH2), 2.20 (s,
3H, CH3);

13C NMR (125 MHz, DMSO-d6) dC: 168.8, 164.3, 145.9,
138.0, 130.1, 127.9, 114.4 (Ar–C), 50.6, 38.6, 15.5 (aliphatic-C).
Anal. calcd for C12H15N5O3S (309.09): C, 46.59; H, 4.89; N,
22.64. Found: C, 46.45; H, 4.81; N, 22.44.
4.2. Molecular modeling studies

The X-ray structure of the a-glucosidase enzyme (PDB: 2QMJ)
and a-amylase (PDB: 1XCW) were downloaded from the protein
databank (PDB) website (https://www.rcsb.org/), at a resolution
of 1.90 Å and 2.00 Å respectively. All the molecular modeling
and docking studies were carried out using MOE 2020.09
(Chemical Computing Group, Canada) as the computational
soware. First, all the hydrogen atoms were added using the
Protonate 3D algorithm where the protonation states of the
amino acid residues were assigned, and the partial charges of
atoms were added. In addition, the compounds were drawn
using the builder tool and energy was minimized using the
MMFF94× force eld. MOE induced-t Dock tool used to
dock the synthesized compounds into the active site. The
selection of the nal docked ligand–enzyme poses was accord-
ing to the criteria of binding energy score and combined with
ligand–receptor interactions.
4.3. Biological evaluation

The biological assays were carried out according to the previ-
ously reported procedures and have been provided in the ESI;†
alpha-glucosidase inhibitory assay,39 alpha-amylase inhibitory
assay,40 and glucose uptake assay.33
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2022, 52(2), 108–113, DOI: 10.26650/
istanbuljpharm.2022.1018698.
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