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A series of chalcone–sulfonate ester derivatives (1–7) were synthesized and evaluated for their potential

inhibitory activity against urease and a-amylase enzymes. The chemical structures of the synthesized

compounds were confirmed using appropriate spectroscopic techniques (IR, NMR and mass

spectrometry). The biological potential of these derivatives was assessed through in vitro enzyme

inhibition assays, where several compounds demonstrated promising activity against both urease and a-

amylase, suggesting their possible application in the management of urease-related infections and

disorders associated with carbohydrate metabolism. Structure–activity relationship (SAR) analysis

revealed that the nature and position of substituents on the aromatic rings significantly influenced the

inhibitory potency of the compounds. To further understand the interaction mechanisms, molecular

docking studies were performed to investigate the binding modes of the synthesized molecules within

the active sites of the target enzymes. In addition, pharmacokinetic properties were evaluated through in

silico ADME analysis to assess drug-likeness and potential bioavailability. Furthermore, molecular

dynamics (MD) simulations were carried out to examine the stability and dynamic behaviour of the

ligand–enzyme complexes, while density functional theory (DFT) calculations were employed to explore

the electronic characteristics and reactivity parameters of the compounds. The integrated experimental

and computational findings highlight the potential of chalcone–sulfonate esters as promising scaffolds

for the development of novel urease and a-amylase inhibitors.
1. Introduction

Chalcones represent an important class of naturally occurring
and synthetic compounds belonging to the avonoid family.
Structurally, chalcones consist of two aromatic rings connected
through an a,b-unsaturated carbonyl system, which provides
a highly conjugated framework capable of interacting with
various biological targets.1 Owing to their structural simplicity,
synthetic accessibility, and versatile reactivity, chalcone
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derivatives have gained considerable interest in medicinal
chemistry.2 Numerous investigations have demonstrated that
chalcones possess a wide spectrum of pharmacological prop-
erties, including antimicrobial, antioxidant, anti-inammatory,
anticancer, antimalarial, and enzyme inhibitory activities.3–7

These biological properties make chalcones valuable scaffolds
for the development of new therapeutic agents.8

Chemical modication of the chalcone backbone has been
widely explored to enhance biological activity and improve
pharmacological proles.9 Among the various structural modi-
cations, the incorporation of sulfonate ester groups into
chalcone frameworks has emerged as an attractive strategy for
designing biologically active molecules.10,11 Chalcone–sulfonate
esters (Fig. 1) are hybrid structures in which the chalcone core is
functionalized with sulfonate moieties (–SO3R), providing
additional electronic and steric characteristics that may inu-
ence biological interactions.12 The presence of the sulfonate
ester group can signicantly alter physicochemical properties
such as polarity, lipophilicity, and hydrogen-bonding capability,
which may enhance the binding affinity of these molecules
toward biological targets.13
RSC Adv., 2026, 16, 27915–27936 | 27915
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Fig. 1 Chemical structure of chalcone–sulfonate ester hybrid.
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Sulfonate esters are well known in medicinal chemistry due
to their role as useful pharmacophores in various bioactive
compounds.14 The strong electron-withdrawing nature of the
sulfonyl group can modulate the electronic distribution within
the chalcone scaffold, potentially increasing its electrophilicity
and reactivity toward enzyme active sites.15–17 Moreover, the
sulfonate functionality can participate in additional intermo-
lecular interactions such as hydrogen bonding, dipole–dipole
interactions, and electrostatic contacts with amino acid resi-
dues in enzyme binding pockets.18 As a result, chalcone–sulfo-
nate esters have attracted increasing attention as promising
candidates for the development of enzyme inhibitors and other
biologically active molecules.19,20

Recent literature demonstrates the growing interest in
chalcone–sulfonate derivatives as biologically active
compounds.21 For example, a series of chalcone derivatives
containing thiophene–sulfonate groups were synthesized and
evaluated for biological activity, and several compounds exhibi-
ted signicant antibacterial and antiviral activities, suggesting
that the incorporation of sulfonate groups can enhance biolog-
ical potency.22 Structural modication of chalcones with sulfo-
nate esters and heterocyclic moieties such as thiophene has been
shown to enhance their pharmacological potential. Recent
studies reported that chalcone–sulfonate derivatives bearing
thiophene exhibited strong enzyme inhibition, including
pancreatic lipase and a-amylase, with IC50 values comparable to
standard drugs, while molecular docking conrmed favorable
binding interactions with enzyme active sites.12,13

Among the important enzymatic targets for therapeutic
intervention, urease and a-amylase have been extensively
studied due to their involvement in several pathological
conditions. Urease is a nickel-dependent metalloenzyme that
catalyzes the hydrolysis of urea into ammonia and carbon
dioxide.23 This reaction plays a crucial role in the survival and
pathogenicity of ureolytic microorganisms, particularly Heli-
cobacter pylori, which is responsible for gastritis, peptic ulcer
disease, and gastric carcinoma.24 Excessive urease activity is
also associated with various medical complications, such as
urinary tract infections, urolithiasis, and hepatic
encephalopathy.25
27916 | RSC Adv., 2026, 16, 27915–27936
Similarly, a-amylase is a key digestive enzyme responsible for
the hydrolysis of dietary starch into oligosaccharides and
glucose.26,27 Inhibition of a-amylase is recognized as an effective
approach for managing postprandial hyperglycemia in patients
with type 2 diabetes mellitus.28 By slowing down carbohydrate
digestion and glucose absorption, a-amylase inhibitors help
regulate blood glucose levels.29

In recent years, computational approaches have become
valuable tools in modern drug discovery for understanding
ligand–protein interactions and predicting the binding behav-
iour of small molecules with biological targets.30 These studies
complement experimental biological assays and provide insights
into structure–activity relationships, facilitating the rational
design ofmore potent compounds. In addition, DFT calculations
are widely employed to investigate the electronic properties,
molecular stability, and frontier molecular orbitals (HOMO–
LUMO) of synthesized compounds, which are important for
understanding their chemical reactivity and potential biological
activity.31,32 Furthermore, in silico ADME (absorption, distribu-
tion, metabolism, and excretion) analysis plays a crucial role in
evaluating the pharmacokinetic properties and drug-likeness of
candidate molecules, helping to predict their suitability as
potential drug candidates in the early stages of drug discovery.33

In the present study, a series of chalcone–sulfonate ester
derivatives was synthesized and characterized. The synthesized
compounds, for the rst time, were evaluated for their urease
and a-amylase inhibitory activities using in vitro enzymatic
assays. Furthermore, molecular docking studies were per-
formed to explore the binding interactions of these compounds
within the active sites of urease and a-amylase enzymes. DFT
calculations and ADME predictions were also carried out to gain
deeper insight into the electronic characteristics and pharma-
cokinetic properties of the synthesized molecules. This
combined synthetic, biological, and computational investiga-
tion aims to explore the potential of chalcone–sulfonate esters
as promising enzyme inhibitors and to provide insights for the
development of new therapeutically relevant molecules.
2. Materials and methods

All chemicals and solvents were purchased from Sigma-Aldrich
and were used without any purication. The NMR data were ob-
tained in a Bruker Advance III 400MHz spectrometer with a 5mm
BBI H-BB-D probe, 25 °C (293 K), in CDCl3 solution. The chemical
shis (d) are also given in parts permillion (ppm) and the coupling
constants (J) in hertz (Hz). The FTIR spectra were measured using
a ThermoFisher Scientic FTIR spectrophotometer, and spectral
positions were described in wavenumbers (cm−1).
2.1. General procedure for the synthesis of chalcone–
sulfonate esters

In step-1, 2-hydroxybenzaldehyde (1 mmol, 122 mg) was di-
ssolved in ethanol (10 mL) in a round-bottom ask equipped
with a magnetic stirrer. An 8% aqueous solution of sodium
hydroxide (1 mmol, 0.04 mL) was then added dropwise to the
reaction mixture under continuous stirring. The mixture was
© 2026 The Author(s). Published by the Royal Society of Chemistry
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stirred for 30 minutes to ensure proper mixing and activation of
the aldehyde component. Subsequently, acetophenone
(1 mmol, 120 mg) was added dropwise to the reaction mixture.
The resulting reaction mixture was allowed to stir at room
temperature for 24 hours. The progress of the reaction was
monitored by thin-layer chromatography (TLC). Aer comple-
tion, the reaction mixture was carefully neutralized using dilute
hydrochloric acid until the pH reached approximately 7, which
led to the formation of a yellow precipitate. The precipitated
solid was collected by ltration, thoroughly washed with
distilled water, and allowed to dry. The crude product was
puried by recrystallization from methanol (5–10 mL) to obtain
pure yellow crystalline 2-hydroxychalcone. The crystals were
further rinsed with chilled methanol to remove any remaining
impurities.12

In step-2, 2-hydroxychalcone (1 mmol, 146 mg) and tri-
ethylamine (TEA) (1.2 mmol, 0.17 mL) were dissolved in di-
methylformamide (DMF, 10 mL) in a conical ask. The reaction
mixture was cooled in an ice bath and stirred for 30 minutes to
stabilize the reaction environment. Following this, the appro-
priate aryl benzenesulfonyl chloride (1 mmol, 190–220 mg,
depending on the nature of the aryl substituent) was added
dropwise to the chilled reaction mixture. The reaction was then
allowed to proceed under continuous stirring at room temper-
ature for 24 hours. Upon completion of the reaction, the
mixture was poured into ice-cold water (50 mL), which induced
the precipitation of the desired product. The resulting solid was
collected by ltration, thoroughly washed with distilled water,
and dried. The crude precipitate was puried by recrystalliza-
tion from methanol (5–10 mL). The obtained crystals were
further washed with chilled methanol to remove any residual
impurities, yielding the chalcone–sulfonate ester derivatives in
high purity.12,14

2.1.1. Spectroscopic data of synthesized compounds
2.1.1.1 (E)-2-(3-Oxo-3-phenylprop-1-en-1-yl)phenyl 2,4,6-tri-

methylbenzenesulfonate (1).

Bright yellow powder, yield: 87%; MP 108–110 °C; FTIR (cm−1):
3082, 1696, 1564, 1469, 1372, 1222, 1191, 769; 1H NMR (400
MHz, CDCl3) d 7.97–7.92 (m, 4H, Ar–H), 7.66–7.63 (m, 2H, Ar–
H), 7.61–7.54 (m, 1H, Ar–H), 7.52–7.49 (m, 2H, Ar–H), 7.22–7.19
(m, 2H, Ar–H), 6.85 (s, 2H, Ar–H), 2.48 (s, 6H, 2 × CH3), 2.10 (s,
3H, CH3);

13C NMR (101 MHz, CDCl3) d 190.0, 148.3, 144.0,
140.5, 138.0, 137.7, 136.4, 133.5, 132.8, 132.0, 131.1, 130.4,
129.3, 128.6, 128.2, 128.0, 127.2, 124.3, 124.1, 23.0, 20.8; accu-
rate mass (ESI) of [M + H]+: calculated for C24H23O4S 407.1307;
found 407.1312.
© 2026 The Author(s). Published by the Royal Society of Chemistry
2.1.1.2 2-[(1E)-3-Oxo-3-phenylprop-1-en-1-yl]phenyl 4-
bromobenzene-1-sulfonate (2).

Pale yellow powder, yield: 87%; MP 122–124 °C; FTIR (cm−1):
3067, 1654, 1570, 1442, 1376, 1266, 1195, 791; 1H NMR (400
MHz, CDCl3) d 7.98–7.91 (m, 2H, Ar–H), 7.67–7.56 (m, 4H, Ar–
H), 7.57 (d, J = 15.8 Hz, 1H, H-b), 7.56–7.48 (m, 4H, Ar–H), 7.48–
7.41 (m, 1H, Ar–H), 7.40–7.30 (m, 2H, Ar–H), 7.26 (d, J= 15.8 Hz,
1H, H-a); 13C NMR (101 MHz, CDCl3) d 189.7 (C]O), 148.1,
137.7, 137.2, 133.8, 133.0, 132.7, 131.5, 130.0, 129.9, 128.8,
128.7, 128.6, 128.0, 127.7, 124.4 and 124.0; accurate mass (ESI)
of [M + H]+: calculated for C21H16BrO4SNa 442.9952; found
442.9946.

2.1.1.3 2-[(1E)-3-Oxo-3-phenylprop-1-en-1-yl]phenyl 4-
methoxybenzene-1-sulfonate (3).

Bright yellow powder, yield: 78%; MP 104–106 °C; FTIR (cm−1):
3054, 1660, 1571, 1451, 1355, 1180, 1012, 792; 1H NMR (600
MHz, CDCl3) d 7.92 (br d, J = 8.6 Hz, 2H, Ar–H), 7.65 (d, J =
8.9 Hz, 2H, Ar–H), 7.62–7.57 (m, 2H, Ar–H), 7.56 (d, J = 15.8 Hz,
1H, H-b), 7.50 (br td, J = 7.6, 1.4 Hz, 2H, Ar–H), 7.44–7.40 (m,
1H, Ar–H), 7.38 (br d, J = 7.6 Hz, 1H, Ar–H), 7.31 (td, J = 7.5,
1.4 Hz, 1H, Ar–H), 7.21 (d, J = 15.8 Hz, 1H, H-a), 6.80 (d, J =
8.9 Hz, 2H, Ar–H), 3.59 (s, 3H, OCH3);

13C NMR (151 MHz,
CDCl3) d 189.9, 164.4, 148.4, 137.8, 137.7, 133.1, 131.5, 130.9,
129.1, 128.8, 128.7, 128.6, 127.9, 127.5, 124.4, 124.0, 114.6, 55.5;
accurate mass (ESI, −ve) of [M]−: calculated for C22H18O5S
394.0880; found 394.0757.

2.1.1.4 2-[(1E)-3-Oxo-3-phenylprop-1-en-1-yl]phenyl 4-
chlorobenzene-1-sulfonate (4).

Bright yellow powder, yield: 56%; MP 128–130 °C; FTIR (cm−1):
3065, 1652, 1576, 1474, 1389, 1279, 1152, 774; 1H NMR (400
RSC Adv., 2026, 16, 27915–27936 | 27917
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MHz, CDCl3) d 7.97–7.90 (m, 2H, Ar–H), 7.71 (d, J = 8.7 Hz, 2H,
Ar–H), 7.64 (dd, J = 7.8, 1.7 Hz, 1H, Ar–H), 7.64–7.57 (m, 1H, Ar–
H), 7.58 (d, J = 15.8 Hz, 1H, H-b), 7.51 (t, J = 7.5 Hz, 2H, Ar–H),
7.45 (ddd, J = 8.7, 7.2, 1.7 Hz, 1H, Ar–H), 7.40–7.31 (m, 4H, Ar–
H), 7.27 (d, J = 15.8 Hz, 1H, H-a); 13C NMR (101 MHz, CDCl3)
d 189.8 (C]O), 148.1, 141.4, 137.7, 137.2, 133.3, 133.0, 131.5,
129.9, 129.7, 128.8, 128.7, 128.5, 128.0, 127.7, 124.4 and 124.0;
accurate mass (ESI) of [M + Na]+: calculated for C21H15ClO4SNa
421.0277; found 421.0270.

2.1.1.5 2-[(1E)-3-Oxo-3-phenylprop-1-en-1-yl]phenyl
naphthalene-2-sulfonate (5).

Pale yellow powder, yield: 83%; MP 112–114 °C; FTIR (cm−1):
3057, 1658, 1573, 1481, 1377, 1280, 1154, 785; 1H NMR (400
MHz, CDCl3) d 7.97–7.93 (m, 1H, Ar–H), 7.84 (d, J = 8.3 Hz, 2H,
Ar–H), 7.76 (dd, J = 8.7, 1.9 Hz, 1H, Ar–H), 7.74–7.67 (m, 3H, Ar–
H), 7.60 (d, J = 15.8 Hz, 1H, H-b), 7.57–7.52 (m, 2H, Ar–H), 7.52–
7.46 (m, 2H, Ar–H), 7.46–7.38 (m, 4H, Ar–H), 7.35–7.28 (m, 1H,
Ar–H), 7.06 (d, J= 15.8 Hz, 1H, H-a); 13C NMR (101 MHz, CDCl3)
d 189.5, 148.3, 137.5, 137.5, 135.4, 133.5, 132.8, 131.9, 131.8,
131.5, 130.6, 129.6, 129.6, 129.4, 129.0, 128.6, 128.5, 128.4,
128.2, 128.1, 127.9, 127.7, 127.5, 124.12, 124.07, 122.9; accurate
mass (ESI) of [M + Na]+: calculated for C25H18O4SNa 437.0824;
found 438.0843.

2.1.1.6 2-[(1E)-3-Oxo-3-phenylprop-1-en-1-yl]phenyl 2-
chlorobenzene-1-sulfonate (6).

Pale yellow powder, yield: 81%; MP 79–81 °C; FTIR (cm−1):
3055, 1665, 1565, 1447, 1394, 1280, 1161, 765; 1H NMR (400
MHz, CDCl3) d 7.96–7.91 (m, 3H, Ar–H), 7.82 (d, J = 15.9 Hz,
1H, H-b), 7.68 (dd, J = 7.6, 1.9 Hz, 1H, Ar–H), 7.63–7.54 (m,
1H, Ar–H), 7.55–7.43 (m, 4H, Ar–H), 7.39 (ddd, J = 8.0, 7.4,
1.9 Hz, 1H, Ar–H), 7.34–7.30 (m, 2H, Ar–H), 7.33 (d, J =

15.9 Hz, 1H, H-a), 7.28 (dd, J = 7.4, 1.8 Hz, 1H, Ar–H); 13C
NMR (101 MHz, CDCl3) d 190.3, 148.1, 137.8, 137.8, 135.3,
133.8, 133.7, 133.5, 132.9, 132.5, 132.0, 131.3, 129.1, 128.7,
128.3, 128.2, 127.6, 127.1, 125.1, 123.8; accurate mass (ESI) of
[M + Na]+: calculated for C21H15ClO4SNa 421.0277; found
421.0265.
27918 | RSC Adv., 2026, 16, 27915–27936
2.1.1.7 (E)-2-(3-Oxo-3-phenylprop-1-en-1-yl)phenyl 2-
nitrobenzenesulfonate (7).

Pale yellow powder, yield: 87%; MP 135–137 °C; FTIR (cm−1):
3092, 1736, 1607, 1444, 1384, 1253, 1143, 774; 1H NMR (400
MHz, CDCl3) d 7.96–7.92 (m, 4H, Ar–H), 7.69 (dd, J = 8.0,
4.0, Hz, 1H, Ar–H), 7.61–7.57 (m, 1H, Ar–H), 7.52–7.46 (m, 4H,
Ar–H), 7.39 (dd, J= 8.0, 4.0, Hz, 1H, Ar–H), 7.36–7.26 (m, 4H, Ar–
H); 13C NMR (101 MHz, CDCl3) d 190.2, 148.1, 137.8, 137.7,
135.2, 133.7, 133.5, 132.8, 132.0, 131.30, 129.0, 128.6, 128.2,
127.6, 127.1, 125.1, 123.7; accurate mass (ESI) of [M + H]+:
calculated for C21H16NO6S 410.0698; found 410.0689.
2.2. Determination of urease and a-amylase inhibitory
activities

2.2.1. Urease and a-amylase inhibitory activities. The
experimental protocols for the a-amylase and urease assays were
carried out following previously reported literature methods.25,34
2.3. In silico investigations

2.3.1. SwissADME. The SwissADME online server was used
to evaluate the pharmacokinetic properties of the synthesized
chalcone sulfonate esters based on SMILES notation. The study
assessed key ADME parameters, including drug-likeness, GI
absorption, and BBB permeability.35 A detailed computational
workow is provided in the SI.

2.3.2. Molecular docking
2.3.2.1 Protein selection and protein preparation. Molecular

docking studies were performed to investigate the binding inter-
actions of the synthesized compounds with urease and a-amylase
enzymes usingMolegro Virtual Docker. Protein targets and ligands
were prepared prior to docking, and binding affinities were eval-
uated using standard docking protocols. Crystal structures of
urease (1OTH, 2ZAV) and a-amylase (1SMD, 5U3A) were obtained
from the Protein Data Bank (Table S1). Proteins were prepared for
docking by removing water molecules and optimizing active
sites.36 Full methodological details are provided in the SI le.

2.3.2.2 Ligand preparation. The synthesized compounds and
reference drugs were energy-minimized and converted into
appropriate formats for docking studies.37 Ligand optimization
and preparation steps are described in detail in the SI le.

2.3.2.3 Molecular docking assay. Docking simulations were
performed using MVD to predict binding modes and affinities
of ligands within enzyme active sites. The best poses were
selected based on MolDock scores.38,39 Full docking protocol
details are provided in the SI le.

2.3.2.4 Visualization. Protein–ligand interactions were
analyzed using 2D and 3D visualization tools to identify
© 2026 The Author(s). Published by the Royal Society of Chemistry
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hydrogen bonding and hydrophobic interactions.40 Details of
visualization soware and parameters are provided in the SI le.

2.3.2.5 Validation of docking. Docking accuracy was vali-
dated using redocking of co-crystallized ligands, and RMSD
values were used to assess reliability.41 A full validation protocol
is provided in the SI le.
2.4. MD simulation

Molecular dynamics simulations were performed to evaluate
the stability of selected protein–ligand complexes using Web-
GRO (GROMACS). Structural stability was analysed over 25 ns
simulation time.42,43 Detailed simulation parameters are
provided in the SI le.
2.5. Density functional theory (DFT)

DFT calculations were performed using Gaussian 09 at the
B3LYP/6-311G level to investigate electronic properties of
selected compounds. Frontier molecular orbitals and reactivity
descriptors were analyzed.44–47 Complete computational details
are provided in the SI le.
3. Results and discussion
3.1. Chemistry

A series of chalcone-hybrid compounds was synthesized via
Claisen–Schmidt condensation using simple acetophenone and
salicylaldehyde as starting materials. The intermediate 2-
Scheme 1 Synthesis of chalcone-sulfonate esters/hybrid compounds (1

© 2026 The Author(s). Published by the Royal Society of Chemistry
hydroxychalcone subsequently reacted with various aryl
sulfonyl chlorides to afford the target chalcone–sulfonate
derivatives. Using a triethylamine (TEA) base/substrate ratio of
1 : 1, ve novel substituted chalcone–sulfonate compounds (1–
7) were obtained aer stirring for 65 min under ice-cold
conditions (0–5 °C) (Scheme 1).

The synthesized chalcone sulfonate ester was characterized
using FT-IR, NMR, and mass spectrometry techniques. In the
FT-IR spectrum, the absorption band at 3065 cm−1 corresponds
to aromatic C–H stretching, while the strong band at 1652 cm−1

is attributed to the conjugated carbonyl (C]O) group of the
chalcone moiety. Additional bands at 1576, 1474, and
1389 cm−1 indicate aromatic C]C vibrations, whereas the
peaks at 1279 and 1152 cm−1 conrm the presence of the
sulfonate (S]O) functional group; the band at 774 cm−1 is
assigned to aromatic C–H out-of-plane bending. The 1H NMR
spectrum shows multiple signals in the aromatic region (d 7.97–
7.31 ppm) corresponding to protons of substituted phenyl
rings. The characteristic trans-olenic protons of the chalcone
framework appear as doublets at d 7.58 and 7.27 ppm with
a large coupling constant (J = 15.8 Hz), conrming the E-
conguration of the a,b-unsaturated system. The 13C NMR
spectrum further supports the structure by displaying
a carbonyl carbon resonance at d 189.8 ppm along with several
signals between d 148.1–124.0 ppm corresponding to aromatic
and olenic carbons. High-resolution mass spectrometry also
corroborated the structural assignment obtained from the
spectroscopic techniques.
–7).

RSC Adv., 2026, 16, 27915–27936 | 27919
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3.2. Urease and a-amylase inhibitory activities

The synthesized series of chalcone–sulfonate derivatives (1–7)
was evaluated for their inhibitory potential against urease and
a-amylase enzymes (Table 1). The inhibitory activity was
expressed as IC50 values (mM) and compared with standard
inhibitors, thiourea for urease and acarbose for a-amylase.
Overall, the compounds demonstrated moderate to excellent
enzyme inhibition, suggesting that substitution on the
benzenesulfonate moiety signicantly inuences biological
activity.

For urease inhibition, IC50 values ranged from 6.5 to 19.5
mM, whereas for a-amylase inhibition, the values varied between
5.2 and 27.5 mM. Several derivatives displayed stronger inhibi-
tory activity than the standard drug in at least one assay,
highlighting the therapeutic potential of this structural scaf-
fold. Compound 7, containing 2-nitrobenzenesulfonate
substituent, showed high inhibition of urease activity (IC50 =

6.5 ± 0.3 mM), which was found to be signicantly more potent
than the standard thiourea (21.0 ± 0.9 mM). Similarly,
compound 5 with a naphthalene-2-sulfonate moiety was found
to be the most potent among the tested derivatives with an IC50

value of 6.9 ± 0.3 mM and 5.2 ± 0.6 mM against urease and a-
amylase, respectively. In comparison, compound 3, with a 4-
methoxybenzenesulfonate group, was comparatively less active
with IC50 values of 19.5 ± 1.0 mM and 20.6 ± 0.9 mM against
urease and the a-amylase, respectively.

3.2.1. Structure–activity relationship (SAR) analysis. SAR
reveals clearly that electronic and steric properties of the
substituents on the sulfonate aromatic ring are decisive deter-
minants of enzyme inhibitory activity.

First, the presence of electron-withdrawing substituents
signicantly enhanced enzyme inhibition. Compound 7 showed
strong urease and a-amylase inhibitory activities because it
contains a nitro group at the ortho position. The nitro group
strongly attracts electrons, which results in increased electro-
philic properties for the chalcone system to create greater
binding strength with active site residues of the enzyme.

The halogenated derivatives showed better inhibitory effects
than their unsubstituted or electron-donating counterparts.
Compound 2 with a p-bromo substituent showed strong a-
amylase inhibition which had an IC50 value of 9.8 ± 0.7 mM
Table 1 Inhibition of urease and a-amylase activities by the synthe-
sized compounds (1–7)

Compound no.

Urease a-Amylase

IC50 � SEM (mM) IC50 � SEM (mM)

1 16.8 � 0.9 27.5 � 1.2
2 10.2 � 0.5 9.8 � 0.7
3 19.5 � 1.0 20.6 � 0.9
4 9.4 � 0.4 17.9 � 0.8
5 6.9 � 0.3 5.2 � 0.6
6 12.6 � 0.6 13.6 � 0.7
7 6.5 � 0.3 7.8 � 0.5
Standard 21.0 � 0.9 (Thiourea)a 12.0 � 0.5 (Acarbose)a

a Used as a positive control for urease and a-amylase enzymes.

27920 | RSC Adv., 2026, 16, 27915–27936
because the larger halogen atom improves hydrophobic
binding interactions inside the enzyme binding pocket.
Compound 4, which contains a p-chloro group, showed
moderate enzyme activity because halogen substitution
produces hydrophobic and electronic effects that improve
enzyme function.

Compound 5 showed the strongest dual inhibition effect
because it contains a bulky naphthalene-2-sulfonate moiety,
which most effectively inhibits the tested molecules. The
naphthalene ring extended aromatic system creates additional
p–p stacking interactions, which establish hydrophobic
contacts with the enzyme active site to stabilize the enzyme–
inhibitor complex and increase inhibitory strength.

In contrast, derivatives bearing electron-donating groups
tended to show reduced activity. The methoxy substituent in
compound 3 showed decreased inhibition effects against both
studied enzymes. The presence of electron-donating substitu-
ents causes a decline in electrophilicity for the chalcone
carbonyl system, which leads to decreased benecial interac-
tions with catalytic residues. The activity of compound 1, which
contains trimethyl substituents, remained at a low level because
its steric hindrance and decreased electron-withdrawing power
restricted its effectiveness. The positioning of substituents on
a compound proves to have important effects. The compound 7,
which contains an o-chloro group, demonstrated moderate
inhibitory effects, which were less than those shown by the p-
substituted analogue compound 4, because the sulfonate
linkage area created steric hindrance that limited enzyme
binding efficiency.

Among the synthesized compounds, compound 5 and
compound 7 emerged as the most promising dual inhibitors,
displaying stronger activity than the reference drugs in at least
one assay. These ndings suggest that structural optimization
focusing on strong electron-withdrawing substituents and
extended aromatic frameworks could further improve the
potency of this class of compounds.
3.3. SwissADME analysis

SwissADME online server was used to determine the pharmaco-
kinetic and drug-like properties of the synthesized chalcone
sulfonate ester derivatives (1–7). The resulting values of the
physicochemical descriptors, lipophilicity, water solubility, phar-
macokinetics, and medicinal chemistry characteristics are
summarized in Table S2 in the SI le, and the general drug-
likeness prole and absorption forecasts are shown in Fig. 2
(bioavailability radar) and Fig. 3 (BOILED-Egg model).

3.3.1. Physicochemical properties. Physicochemical prop-
erties of all the synthesized compounds were analyzed to
identify their appropriateness as a potential drug candidate.
According to Table S2 in the SI le, the molecular weight (MW)
of the compounds was between 394.44 and 443.31 g mol−1,
which is within the acceptable range of orally active drugs (less
than 500 g mol−1). Compounds 3 (394.44 g mol−1) and 4
(398.86 g mol−1) had relatively low molecular weights, which
indicates good permeability of the membrane and oral
bioavailability.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 ADME radar of synthesized compounds (1–7).
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Hydrogen bond acceptors were 4 to 6, and hydrogen bond
donors were 0 to 1, which met the requirements of the recom-
mendation of drug-like molecules. Topographical polar surface
area (TPSA) observed a range of 68.82 to 114.64 Å, which falls
within the acceptable range (less than 140 Å) of intestinal
absorption. It is important to note that compounds (1–7) had
TPSA values of 68.82 Å, which demonstrated great potential of
passive diffusion through the membrane. Compound 7 (114.64
Å) had a relatively higher polarity, however, which could
decrease the permeability of the membrane. According to these
descriptors, compounds 3, 4, and 6 may be regarded as one of
themost appropriate variants as they have a balancedmolecular
size and polarity.

3.3.2. Lipophilicity. Lipophilicity is a major parameter that
affects the membrane permeability and the distribution of
drugs. Table S2 in the SI le displays the results of the predicted
lipophilicity values of various algorithms (iLOGP, XLOGP3,
WLOGP, MLOGP, and Silicos-IT) and the overall trend line is
© 2026 The Author(s). Published by the Royal Society of Chemistry
given by the consensus log P values. The values of consensus
log P that were within the range of 3.47 to 5.21 meant moderate
to high lipophilicity. Compound 1 (log P = 5.21) exhibited
a comparatively greater lipophilicity, which could positively
impact membrane permeability but may have a negative effect
on solubility. Conversely, compound 7 (log P = 3.47) had more
balanced lipophilicity values in the ranges of drug friendliness
(1–4). Thus, compounds 7 and 3 could be discussed as the most
reasonable options regarding the balanced lipophilicity and
drug-like properties.

3.3.3. Water solubility. The solubility of water is also
important in drug absorption and bioavailability. Table S2 in
the SI le shows the predicted values of ESOL log S and solu-
bility classes. The majority of the compounds were character-
ized as poorly soluble with a range of −6.41 to −6.13.
Compounds 3, 4, 6, and 7 were, however, predicted to be
moderately soluble, which is favorable in oral drug formula-
tions. Compounds 7 (log S = −5.29) and 3 showed the best
RSC Adv., 2026, 16, 27915–27936 | 27921
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Fig. 3 BOILED-egg of ADME study synthesized compounds (1–7).
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predicted solubility. These compounds thus may have better
dissolution characteristics as well as increased gastrointestinal
absorption than the other derivatives.

3.3.4. Pharmacokinetic properties. Table S2 in the SI le
summarizes the predicted pharmacokinetic prole using Swis-
sADME, whereas the absorption properties are presented
through the BOILED-Egg model (Fig. 3). The majority of the
compounds (1–6) were expected to show high gastrointestinal
(GI) absorption and hence good oral bioavailability. Compound
7, on the other hand, recorded low GI absorption, which is
probably because of its increased polarity and TPSA. No
compounds were predicted to be blood–brain barrier (BBB) per-
meant, and this implies that these compounds might be less
likely to penetrate the central nervous system, which may be
advantageous in limiting the neurological side effects. In terms of
interactions with efflux transporters, the majority of the
compounds were predicted to have interaction with the P-
glycoprotein, with the exception of compound 3, are likely to
have better retention in the cell. Moreover, some compounds
were found to exhibit inhibitory activity against some cytochrome
P450 enzymes, especially CYP2C19 and CYP2C9, but none were
predicted to inhibit CYP2D6 or CYP3A4, indicating that there has
been a low risk of drug–drug interaction with metabolism. Based
on the overall pharmacokinetic prole, compound 3 was the
most promising candidate as they have high GI absorption and
neither has a P-glycoprotein substrate feature.

3.3.5. Drug-likeness evaluation. The analysis of drug-
likeness was done based on various established lters such as
Lipinski, Ghose, Veber, Egan, and Muegge lters. The ndings
summarized in Table S2 in the SI le show that the majority of
compounds did not violate the Lipinski rule more than once,
also, in most cases, because of high lipophilicity. Compounds 3
and 7, however, indicated zero Lipinski violations, indicating
high adherence to drug-likeness criteria. In addition, the Veber
rule was met by all compounds, which meant that oral
27922 | RSC Adv., 2026, 16, 27915–27936
bioavailability was reasonable regarding molecular exibility and
polar surface area. It is expected that the bioavailability score of
all compounds (0.55) was not high, as is normally the case with
compounds that are well absorbed orally. According to these
requirements, it can be said that compounds 3 and 7 are themost
promising drug-like molecules of the series synthesized.

3.3.6. Medicinal chemistry assessment. Medicinal chem-
istry lters were also examined to determine possible structural
alerts. All of the compounds indicated no traces of PAINS (Pan-
Assay Interference Compounds) as observed in Table S2 in the
SI le, which means that the molecules are unlikely to yield
false-positive biological results. Nevertheless, most compounds
were alerted to compound 7with four alerts, whichmay indicate
structural liabilities. The scores of synthetic accessibilities were
between 3.40 and 3.84, which is a sign that the compounds have
an average synthetic feasibility. Compound 4 (3.44) had rela-
tively easier accessibility regarding synthesis.

Altogether, the SwissADME revealed the fact that most of the
synthesized chalcone sulfonate ester derivatives have good
pharmacokinetic and drug-likeness characteristics. Out of the
examined molecules, 3 and 7 turned out to be the best possible
options, since they do not violate Lipinski's rule, exhibit high GI
absorption, moderate solubility, moderate lipophilicity, and
decent medicinal chemistry behavior. The bioavailability radar
(Fig. 2) also substantiates the pleasant physicochemical space of
these compounds, and the predicted gastrointestinal absorption
characteristics of these compounds are validated using the
BOILED-Egg model (Fig. 3). These results imply that compounds
3 and 7 can be used as possible leadmolecules to conduct further
biological assessment and drug development activities.
3.4. Molecular docking analysis

Molecular docking simulations were performed to determine
the affinity of binding and the mechanism of interaction
© 2026 The Author(s). Published by the Royal Society of Chemistry
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between the synthesized chalcone sulfonate ester derivatives
and the target enzymes surrounding the urea metabolism and
carbohydrate metabolism. Docking experiments also give
structural information on the ligand–protein interactions by
predicting a ligand with the most stable orientation with the
active site of a protein. In the current research, synthesized
compounds (1–7) were docked against two urease related
proteins (1OTH and 2ZAV) and two a-amylase proteins (1SMD
and 5U3A) by Molegro Virtual Docker. The synthesized deriva-
tives were compared to the performance of the docking with the
reference inhibitors thiourea (urease inhibitor) and acarbose (a-
amylase inhibitor). The results of the computation of the Mol-
Dock scores, hydrogen bonding, and hydrophobic contacts are
presented in Table S3 and S4 in SI le, whereas the plot of the
chosen complexes between proteins and their ligands is
depicted in Fig. 4–11. The docking score (MolDock score) is an
expression of the predicted binding affinity of the ligand with
the active site of the enzyme. A decrease in docking scores
implies that there is greater binding interaction and increased
binding stability. Besides docking scores, types of interaction
like hydrogen bonding, p–p interactions, and hydrophobic
contacts are signicant in the stabilization of the ligand in the
enzyme binding site.

3.4.1. Docking analysis versus urease proteins
3.4.1.1 The interaction with the 1OTH protein. The docking

study versus the urease-related protein 1OTH revealed good
binding affinities to a number of synthesized chalcone
Fig. 4 Interaction of 1OTH protein with compound 7 (A) structure of pro
diagram of ligand.

© 2026 The Author(s). Published by the Royal Society of Chemistry
sulfonate derivatives. The interaction proles and docking
scores are shown in Table S3 in the SI le. Compound 7 was one
of the studied compounds with the best docking score, indi-
cating that it has a high binding affinity with the enzyme cata-
lytic pocket. The interaction analysis showed that the ligand
established numerous hydrogen bonding interactions with
important residues that are related to the binding of the
substrate. Like other active compounds, hydrogen bond inter-
actions were predominantly found to the residues of ARG270,
ASN198, HIS202, and SER267, which are found in the active
region of the protein. The binding affinity is also increased by
these hydrogen bonds, which stabilize the ligand in the binding
cavity.

Besides hydrogen bonding, there were a number of hydro-
phobic interactions noted between the aromatic rings of the
chalcone backbone and other hydrophobic residues within the
protein, including ASP165, LEU166, and ARG270. Such inter-
actions comprise p–alkyl and amide–p stacked interactions,
which also lead to the stabilization of the protein complex with
the ligand. Fig. 4 depicts the spatial orientation of compound 8
in the active pocket of the 1OTH protein, the three-dimensional
complex, hydrophobic interactions and the two-dimensional
interaction diagram.

By way of comparison, the interaction pattern of the same
protein with the reference inhibitor, thiourea, is displayed in
Fig. S1 in the SI le. Though thiourea has the capacity of making
hydrogen bonds in the binding pocket, the interaction network
tein (B) protein–ligand interaction (C) hydrophobic interaction (D) 2D

RSC Adv., 2026, 16, 27915–27936 | 27923
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and the docking score of compound 7 reveals that it is more
stabilized in the catalytic site. Hydrophobic interactions of the
chalcone framework with the other residues are likely to be
increased by the presence of aromatic rings and long conjuga-
tion in the structure, thus improving the binding affinity.

3.4.1.2 The interaction with 2ZAV protein. Additional dock-
ing was done against the second protein related to urease, 2ZAV,
and the output is also given in Table S3 in the SI le. The
compounds displayed good binding orientations in the active
cavity of the enzyme. Compound 7was once again found to have
binding interactions with the 2ZAV protein as one of the tested
derivatives. The ligand forms stabilizing hydrogen bonding
interactions with active site residues and retains a good orien-
tation in the catalytic pocket. According to the interaction
diagram in Fig. 5, the active site is well accommodated with the
compound and is hydrogen-bonded and hydrophobically
interacting with the amino acid residues around the active site.
The hydrophobic residues are p–alkyl intermolecular interac-
tions with the aromatic rings of the chalcone structure, and
thus, contribute to the stability of the complex between the
protein and the ligand. These interactions are signicant in
keeping the ligand in the active cavity and enhancing the
inhibitory potential. Fig. S2 in the SI le shows the docking
action of the reference inhibitor thiourea with the 2ZAV protein.
The interaction of thiourea with multiple active site residues is
Fig. 5 Interaction of 2ZVA protein with compound 7 (A) structure of pro
diagram of ligand.

27924 | RSC Adv., 2026, 16, 27915–27936
supported by hydrogen bonding, but the docking score and
interaction network with compound 7 indicate that this
compound has a higher binding affinity and improved stabili-
zation in the enzyme active site. The general trend of docking
outcomes with urease proteins shows that compound 7 has the
most promising interaction prole, which consists of multiple
hydrogen bonds and hydrophobic contacts with key catalytic
residues. Such interactions affirm their possible usage as a lead
compound as a urease inhibitor.

3.4.2. Docking analysis against a-amylase proteins
3.4.2.1 Interaction with 1SMD protein. Docking experiments

were also done to determine the binding properties of the
synthesized products with the salivary protein 1SMD. Table S4
in the SI le shows a summary of the docking scores and
interaction details. Compound 5 exhibited the best docking
prole with the 1SMD protein of all the derivatives studied.
Despite the small amount of hydrogen bonding contacts that
were noted, the ligand establishes a large network of hydro-
phobic interactions with residues present in the active site of
the enzyme. The contact analysis showed contacts with the
residues of TYR62, HIS201, TRP58, TRP59, HIS305, ALA198,
LYS200, and ILE235. These are p–p stacked interactions,p–p T-
shaped interactions, and p-alkyl interactions that play an
important role in the stabilization of the ligand in the binding
pocket. Another factor that inuences the manner in which
tein (B) protein–ligand interaction (C) hydrophobic interaction (D) 2D

© 2026 The Author(s). Published by the Royal Society of Chemistry
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these hydrophobic contacts are facilitated is the aromatic rings
of the chalcone scaffold. Fig. 6 shows the docking pose and
interaction diagram of the compound 5-1SMD protein in three
dimensions, with the positional orientation of the ligand in the
enzyme active site clearly shown. In comparison, Fig. S3 in the
SI le shows the interaction pattern of the reference drug
acarbose with the same protein. Even though acarbose estab-
lishes numerous hydrogen bonds because of its poly-
hydroxylated structure, compound 5 exhibits intense
hydrophobic reactions that also facilitate stable binding in the
active cavity.

3.4.2.2 Interaction with 5U3A protein. Docking simulations
of the synthesized derivatives against the pancreatic 5U3A
protein were also conducted to provide further evidence
regarding the inhibitory potential of the compounds. The
results of the docking are summarized in Table S4 in the SI le.
Like the ndings made on the 1SMD protein, compound 5
possessed good binding affinity to the 5U3A protein. It was
observed in the interaction analysis that the ligand establishes
stabilizing contacts with enzyme residues found within the
catalytic region of the enzyme. The hydrophobic interactions
with the aromatic and nonpolar residues also have a major role
in stability of the ligand in the binding pocket.

Fig. 7 shows the graphical depiction of the docking contacts
between compound 5 and the 5U3A protein: the three-
Fig. 6 Interaction of 1SMD protein with compound 5 (A) structure of pro
diagram of ligand.

© 2026 The Author(s). Published by the Royal Society of Chemistry
dimensional binding conformation, hydrophobic effects and
the interaction diagram in 2D format. Fig. S4 in SI le
demonstrates the docking interaction of the reference inhibitor
acarbose with 5U3A protein to aid in a comparative framework
of assessing the prole of interaction between the synthesized
compounds. On the whole, the docking results indicate that
compound 5 has positive binding affinities with both of the a-
amylase proteins, and therefore, demonstrates that compound
5 has the potential to be a viable carbohydrate-digesting enzyme
inhibitor.

3.4.3. General impression of docking study. The molecular
docking experiment on Molegro Virtual Docker has shown that
meaningful interactions existed between the synthesized
chalcone sulfonate ester derivatives and the chosen enzyme
targets to urea and carbohydrate metabolism. The most prom-
ising binding interactions with urease-related proteins (1OTH
and 2ZAV) were observed in compound 7, which has several
hydrogen bonds with the following residues (ARG270, ASN198,
HIS202, and SER267) as well as hydrophobic interactions
(ASP165 and LEU166). Moreover, compound 5 exhibited the
highest level of interaction with the 5U3A and 1SMD proteins (a-
amylase) mainly due to the extensive p–p interactions and
hydrophobic interactions of the compounds with the residues,
namely, TYR62, TRP58, TRP59, HIS201, HIS305, and ILE235.
These results indicate that compounds 5 and 7 can be taken as
tein (B) protein–ligand interaction (C) hydrophobic interaction (D) 2D
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02588a


Fig. 7 Interaction of 5U3A protein with compound 5 (A) structure of protein (B) protein–ligand interaction (C) hydrophobic interaction (D) 2D
diagram of ligand.
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potential lead molecules, because they have high docking
scores and stable interaction with the active sites of the corre-
sponding target enzymes. Due to the consistent results of the
docking study, the experimental inhibitory activity, and the
valuable structural insights that can be obtained, the study will
be useful in the optimization and development of the chalcone-
based enzyme inhibitors.

3.4.4. Validation of docking. The redocking study was done
to establish the validity of the docking methodology used in the
current study. The natural co-crystallized ligands of the chosen
protein structures 1OTH, 2ZAV, 1SMD and 5U3A were initially
stripped off and re-docked into the binding cavities of the
respective proteins withMolegro Virtual Docker. Accuracy of the
docking protocol was measured as the root mean square devi-
ation (RMSD) between the docked ligand pose and the obtained
crystallographic ligand conformation. The value of RMSD gives
a measure of how similar the two ligand structures are, but the
smaller the RMSD values, the more the structures agree with the
experimental binding orientation. The RMSD of the redocked
ligands in the proteins 1OTH and 2ZAV (urease proteins) and
1SMD and 5U3A (a-amylase proteins) were observed to be in an
acceptable range of less than 2.0 Å. Such values have shown that
the docking procedure effectively recapitulated the experimen-
tally determined ligand binding affinity poses at the active sites
of the chosen proteins.

Fig. 8 shows the superimposition of the redocked ligand and
crystallographic ligand conformations. This gure clearly shows
that there is a great overlap between the two structures, which
means that there is less deviation between the experimental and
predicted binding orientation. The low RMSD values and
similar close structural overlap of the docked and crystallo-
graphic ligand conrm that the Molegro Virtual Docker docking
27926 | RSC Adv., 2026, 16, 27915–27936
protocol employed in this study is an effective and reliable one
that can predict accurately the ligand binding orientations
within the active site of the target proteins. Thus, the docking
values achieved on the synthesized chalcone sulfonate ester
derivatives with urease (1OTH and 2ZAV) and a-amylase (1SMD
and 5U3A) can be deemed as valid and structurally sound to
deduce the mechanism of interactions of the studied
compounds.

3.4.5. MD simulation study. The simulation of stability and
dynamics of docked complexes of chalcone sulfonate esters and
their respective target proteins was performed using the method
of MD simulations. MD simulation helps to supply valuable data
on the structural stability of protein–ligand complexes in
a physiological environment over time. The ligands, compound
7-2ZAV and compound 5-5U3A, in this study were subjected to
evaluation of the dynamic stability of the complexes over
a simulation time of 25 ns. A number of structural parameters,
such as RMSD, RMSF, radius of gyration, hydrogen bonding, and
SASA were examined in order to ascertain the stability and
conformational alterations of the complexes. The simulation
ndings are described in Fig. 9 and 10.

3.4.5.1 RMSD analysis. An important parameter that is used
to measure the extent of stability of a protein–ligand complex in
the MD simulation is the root mean square deviation (RMSD).
The values of RMSD show the extent of the deviation of the
structure from its original conformation over time in the
simulation. The prole of RMSD values of the compound 7-
2ZAV complex, as depicted in Fig. 9A, indicated a rise at the
beginning of the nanoseconds as the system acclimatized to the
simulated environment. Following this equilibration step, the
values of the RMSD have reached a value of stability and oscil-
lated within a reasonable range, which proves that the complex
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Superimposable structures of redocking proteins.

Fig. 9 MD simulation of a complex of compound 7with 2ZAV (A) RMSD (rootmean square deviation) (B) RMSF (root mean square fluctuation) (C)
radius of gyration (D) hydrogen bonds (E) SASA (solvent accessible surface area).
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had retained its structural integrity within the timeframe of the
simulation. The small deviations are indicative of the fact that
the ligand was very tightly bound to the active site of the
protein. Fig. 10A of the RMSD plot of the 5-5U3A complex
showed a similar trend. RMSD had initially risen as a result of
structural relaxation but reached a steady level. The fact that the
values of the RMSD stabilized during the rest of the simulation
© 2026 The Author(s). Published by the Royal Society of Chemistry
period suggests that the complex was in the same conforma-
tion, and that the interaction between the ligand did not cause
signicant structural changes in the protein. In general, the
RMSD ndings indicate the dynamic stability of the two
complexes at 25 ns of the simulation time.

3.4.5.2 RMSF analysis. Root mean square uctuation
(RMSF) can be used to give information about the exibility of
RSC Adv., 2026, 16, 27915–27936 | 27927

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra02588a


Fig. 10 MD simulation of a complex of compound 5 with 5U3A (A) RMSD (root mean square deviation) (B) RMSF (root mean square fluctuation)
(C) radius of gyration (D) hydrogen bonds (E) SASA (solvent accessible surface area).
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individual amino acid residues in the protein at the time of the
simulation. RMSF prole of the compound 7-2ZAV complex in
Fig. 9B indicates that the majority of the residues had fairly low
uctuations, which implies that there were not much mobility
and the structure of the protein remained stable throughout the
course of the simulation. The terminal regions and loop areas of
the protein were found to bemore uctuated than the rest of the
protein, which is common as these areas tend to be more ex-
ible than the structural core of the protein.

In the case of the compound 5-5U3A complex, Fig. 10B of the
RMSF graph depicted a similar pattern, and most residues had
low values of uctuations. The residues in the proximity of the
binding pocket had minimal variations, which indicates that
the binding of the ligand helped to stabilize the active site
region. These results mean that the binding of the ligands did
not destabilize the protein structure signicantly and the
complexes retained stable dynamics of the residues during the
simulation.

3.4.5.3 Radius of gyration (Rg). The radius of gyration (Rg) is
used to show the compactness of the protein structure during
the simulation. A constant Rg value usually means that the
protein does not change its structural compactness and does
not change signicantly in its conformational form. Fig. 9C
demonstrates that the compound 7-2ZAV complex had rather
stable values of the Rg during the course of the simulation,
which means that the protein retained the same degree of
compactness. It only saw slight variations, and this is normal in
the course of dynamic simulations. Equally, the Rg prole of the
compound 5-5U3A complex, as illustrated in Fig. 10C, depicted
a steady behavior with slight changes across the simulation.
27928 | RSC Adv., 2026, 16, 27915–27936
These values of Rg are consistent, which implies that the protein
structure was not unfolded or unstable by the ligand binding.

3.4.5.4 Hydrogen bond analysis. Hydrogen bonds are
important in stabilizing the protein–ligand interactions. The
simulation of hydrogen bond formation between the protein
and the ligand gives an idea of the binding reaction strength
and stability. The analysis of hydrogen bonds of the compound
7-2ZAV complex, as depicted in Fig. 9D, indicated that
a persistent hydrogen bond existed during the duration of the
simulation. The number of hydrogen bonds had minor
changes, though the interactions were mostly preserved, which
implied that the ligand was not washed out of the active site. In
the case of the compound 5-5U3A complex, the hydrogen bond
prole, as indicated in Fig. 10D, revealed similar hydrogen bond
interactions within the simulation period. The existence of
hydrogen bonds throughout the interaction with the ligand
assists in the stability of the interaction with the protein and the
additional demonstration of the high affinity of the binding
proposed by the docking outcomes.

3.4.5.5 Solvency-accessible surface area (SASA). The surface
area of the protein that is available to solvent molecules is
termed the solvent accessible surface area (SASA). The alteration
of SASA values may reect the structural reorganization or
a conformational alteration of the protein. Fig. 9E, which is
a SASA proling of compound 7-2ZAV complex, indicated that
values were quite constant with some slight uctuations
throughout the simulation. This is a pointer that the structure
of the protein did not experience signicant unfolding
throughout the simulation. On the same note, the analysis
using SASA on the compound 5-5U3A complex, illustrated in
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10E, revealed that the values were stable throughout the
simulation period. Theminor changes that have been witnessed
are characteristic of normal protein breathing movements and
are not indicative of signicant structural instability.
3.5. Density functional theory

The electronic structure, stability, and chemical reactivity of
chalcone sulfonate ester derivatives (5 and 7) were determined
through DFT calculations as compared to the reference inhib-
itors acarbose and thiourea. The calculations were all done
using Gaussian 09 at a B3LYP/6-311G level of theory. To assess
the stability and reactivity of the molecules, several electronic
parameters were obtained, such as dipole moment, HOMO–
LUMO energies, energy gap (DE), and global reactivity param-
eters. The electronic parameters have been calculated and
optimized in Table S5 in the SI le, and the frontier molecular
orbitals, molecular electrostatic potential maps, and optimized
molecular structures are shown in Fig. 11–13.

3.5.1. Optimized molecular structures. All the studied
molecules have been optimized using the full geometry opti-
mization of theory at the level of B3LYP/6-311G. The optimized
conrmations are given in Fig. 11. The chalcone derivatives
have fairly planar structures since the aromatic rings and the
unsaturated carbonyl group (amine group) are extensively p-
conjugated. This conjugated structure facilitates the delocal-
ization of electrons across the molecular structure, which leads
to a higher level of structural stability. The total electronic
energies of the compounds calculated show some slight
Fig. 11 Optimized structure of lead compounds and reference drugs ac

© 2026 The Author(s). Published by the Royal Society of Chemistry
differences. Table S5 in the SI le indicates that compound 7
has a lower total energy (−1713.182469 hartree) than compound
5 (−1662.361236 hartree) and consequently, compound 7 has
a relatively greater thermodynamic stability. Different mole-
cules are used to obtain these reference molecules since they
have varying energy values due to their size and structure.
Values of dipole moments give information on the degree of
polarity and the possibilities of intermolecular interactions of
the molecules. Acarbose is more polar in nature and can easily
interact with the polar environment, as indicated by its highest
dipole moment (9.20 debye) among the compounds studied. On
the contrary, compound 5 has a dipole moment of 6.71 debye,
with a slightly lower measurement of 5.57 debye in compound
7. Their moderate dipole moments are believed to favor drug-
like behavior because they are able to maintain the balance
between solubility andmembrane permeability, and still enable
effective interactions with the biological targets.

3.5.2. Frontier molecular orbital (FMO) analysis. FMO
analysis is useful in giving a clue to the reactivity and ability to
interact with other molecules in a system through electronics.
The Highest Occupied Molecular Orbital (HOMO) is the ability
of a molecule to donate electrons, and the Lowest Unoccupied
Molecular Orbital (LUMO) is the ability to accept electrons. The
spatial distribution of these orbitals has been given in Fig. 12,
and their corresponding energies have been tabulated in Table
S5 in the SI le. The HOMO of acarbose, thiourea, compound 5,
and compound 7 were calculated to be −0.21573 hartree,
−0.21029 hartree, −0.24412 hartree, and −0.24634 hartree,
respectively. The observed slightly lower HOMO energies of the
arbose and thiourea.

RSC Adv., 2026, 16, 27915–27936 | 27929
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Fig. 12 HOMO, LUMO, and energy gap of lead compounds and reference drugs acarbose and thiourea.
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chalcone derivatives indicate that the compounds are more
stable in electrons compared to the reference compounds, since
more energy is needed to remove an electron from the
compounds. Similarly, the chalcone derivatives have lower
LUMO energies than the reference molecules. Compound 7 is
the one with the lowest LUMO energy (−0.14741 hartree), then
compound 5 (−0.13624 hartree), which means an increased
electron-accepting capacity. Another valuable parameter to
consider in measuring the stability of a molecule and its
chemical reactivity is the HOMO–LUMO energy gap (DE). The
smaller the energy gaps are, the more chemical reactivity and
potential interaction. The energy gaps that have been computed
are 0.20117 hartree for acarbose, 0.20357 hartree for thiourea,
0.10788 hartree for compound 5, and 0.09893 hartree for
compound 7. These ndings make it clear that compound 7 has
the smallest energy gap, followed by compound 5, which is the
indication of greater reactivity than the reference compounds.
The higher the reactivity, the greater the biological activity is
usually related to this, and again, the higher docking interac-
tions were seen with these chalcone derivatives.

3.5.3. Global reactivity parameters. FMO-derived global
reactivity descriptors have valuable information on the chem-
ical reactivity, stability, and electron transfer properties of
molecular systems. The global descriptors calculated, such as
ionization potential (I), electron affinity (A), chemical potential
(m), electronegativity (c), chemical hardness (h), chemical so-
ness (S), electrophilicity index (u), nucleophilicity index (N),
among other electronic charges, are listed in Table S5 in the SI
le. Ionization potential is the energy needed to lose an electron
27930 | RSC Adv., 2026, 16, 27915–27936
in a molecule, and thus it is linked to molecular stability to
oxidation. An increase in the ionization potential values is
usually a sign of greater resistance to the removal of electrons.
In this study, compound 7 (0.24634 hartree) and compound 5
(0.24412 hartree) have slightly higher ionization potential than
the reference compounds acarbose (0.21573 hartree) and thio-
urea (0.21029 hartree), indicating the possibility of increased
electronic stability of the chalcone derivatives.

Electron affinity is a property that denes the capacity of
amolecule to take in an electron. The highest electron affinity of
the studied molecules is compound 7 (0.14741 hartree), and
then there is compound 5 (0.13624 Hartree). These values
suggest that the chalcone derivatives are more likely to accept
electrons during intermolecular interactions and thus they may
show a higher binding affinity with biological targets. The
chemical hardness (h) and chemical soness (S) are the terms
used to characterize the resistance and the exibility of
a molecule to transfer charges. Lower values of hardness and
higher values of soness are normally associated with greater
chemical reactivity and exibility of the molecules. Compounds
5 and 7 are found to be less hard than the reference molecules
(0.05394 hartree and 0.04947 hartree, respectively), and the
soness values of 5 and 7 are signicantly larger (18.54 and
20.22, respectively). In contrast, acarbose and thiourea have
relatively lower soness values (9.94 and 9.83). Such ndings
suggest that the chalcone derivatives are more exible and have
a higher potential in binding the biological receptors.

Chemical potential (m) is the escaping value of electrons out
of a molecule and the potential to engage in an electron transfer
© 2026 The Author(s). Published by the Royal Society of Chemistry
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reaction. Compound 7 has the highest chemical potential
(0.19688 hartree), then compound 5 (0.19018 hartree), meaning
it has the most propensity to engage in charge transfer inter-
actions in the process of molecular recognition. Electrophilicity
index is the measure of the ability of a molecule to accept
electrons. Compound 7 has the greatest electrophilicity value
(0.3918 hartree) and 5 (0.3353 hartree), which is larger than that
of the reference compounds. The behavior is expected by their
frontier orbital properties, with especially low LUMO energies
that are conducive to electron acceptance. Also, the extra values
of the electronic charges of the chalcone derivatives (−3.53 in
case of compound 5 and−3.98 in case of compound 7) are more
negative than the ones of reference molecules, which conrms
their greater acceptance of electrons and higher values of
charge transfer interaction. Therefore, global reactivity param-
eters reveal that compounds 5 and 7 have a smaller HOMO–
LUMO energy gap, greater soness, and electrophilic nature
than the reference compounds. Compound 7 has the most
favorable electronic properties, indicating increased chemical
reactivity and improved possibilities to interact with the bio-
logical target.

3.5.4. Molecular electrostatic potential (MEP) analysis.
MEP mapping can be very useful in obtaining the charge
distribution information in a molecule and in identifying areas
prone to electrophilic or nucleophilic attack. Fig. 13 gives the
Fig. 13 MEP structure and scale of lead compounds and reference drug

© 2026 The Author(s). Published by the Royal Society of Chemistry
MEP surfaces of the optimized structures. The electrostatic
potential is indicated by a color scale in these maps; red is used
to denote the parts of the map that have high electron density,
blue is used to denote the parts of the map that lack electrons,
and green is used to denote the parts of the map that have
neutral potential. In the case of the chalcone sulfonate ester
derivatives, the regions of negative electrostatic potential are
mainly localized in the oxygen atom of the carbonyl and sulfo-
nate groups. These sites are shown in red on the MEP surface
and are sites rich in electrons, which may be involved in elec-
trophilic reactions with amino acid residues or a hydrogen bond
in biological systems. On the other hand, positive electrostatic
potential areas (blue) are primarily located around hydrogen
atoms and some aromatic areas, as well as the possibility of
nucleophilic interaction points. Electrostatic distribution is in
agreement with the patterns of interactions found in molecular
docking and molecular dynamics modeling of the interaction;
hydrogen bonds and electrostatic interactions have a signicant
part in the stabilization of protein–ligand complexes.

3.5.5. ELF and LOL analysis. To explore further the electron
distribution and bonding features of the chalcone sulfonate
derivatives in the ester form, Electron Localization Function
(ELF) and Localized Orbital Locator (LOL) calculations were
carried out. These descriptors in real space give a clue to the
localization of electrons, bonding interaction, lone pair, and
s acarbose and thiourea.

RSC Adv., 2026, 16, 27915–27936 | 27931
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delocalization of p electrons in molecular systems. Fig. 14 and
15 give the corresponding ELF and LOL isosurfaces obtained
using DFT wavefunction data. The ELF maps show the localized
and delocalized electron density distribution within the
molecular structure. Those regions that are high in ELF (almost
reaching 1.0) are those that would be represented by red or
yellow colors and are highly localized electrons, including
bonding pairs and lone pairs. Regions with smaller ELF values
(green or blue), in contrast, have delocalized electron density.
There is great evidence of electron localization around oxygen
atoms of the sulfonate groups that can be seen in the ELF
visualization, which makes sense given the existence of lone
pair electrons. These areas are represented by bright red spots,
which validate the high density of electrons of these hetero
atoms. A high level of localization is also observed in the
carbonyl (C]O) and (C–O) bonds, which indicates that there
were strong covalent bonding interactions. In the meantime, it
is possible that the aromatic rings in the chalcone structure
have moderate levels of electron localization on the ring struc-
tures, which implies that there is delocalized p-electron
conjugation, resulting in general molecular stability. These
observations are also supported by the LOL analysis. Large LOL
values are associated with localized bonding orbitals and lone
pairs, whereas smaller ones are associated with electron delo-
calization. The LOL contour plots show high orbital localization
of the oxygen atom of the sulfonate and carbonyl groups, which
are signicant in the intermolecular interactions and the
Fig. 14 ELF plots of lead compounds and reference drugs acarbose and

27932 | RSC Adv., 2026, 16, 27915–27936
donation of electrons. Furthermore, moderate orbital localiza-
tion of the aromatic rings is an indication that there is a pres-
ence of long p-conjugation in the backbone of chalcone.

3.5.6. RDG and NCI analysis. Multiwfn program was used
to perform Reduced Density Gradient (RDG) and Non-Covalent
Interaction (NCI) analyses to study weak intermolecular and
intramolecular interactions. Fig. 16 and 17 show the RDG
scatter plots and the isosurface of NCI. The RDG scatter plot is
used to show the correlation between the decreasing density
gradient and the electron density that is sign(l2)r, so that
various forms of non-covalent interactions can be identied.
Attractive interactions, hydrogen bonding, and electrostatic are
associated with negative values of sign(l2)r, attractive but
weakly attractive van der Waals are associated with zero values,
and steric repulsion with positive values. A number of spikes of
sign(l2)r of the RDG plots show that there were weak van der
Waals interactions in the molecular framework. They are
primarily involved in reactions between aromatic rings and
other functional groups that are adjacent and provide structural
stabilization. The negative region also has some small peaks,
which indicate the existence of weak hydrogen bonds between
the oxygen atom of the sulfonate groups and the surrounding
hydrogen atom. Such interactions are also visualized by NCI
isosurface analysis. The blue regions in the NCI plots are strong
attractive forces like hydrogen bonds, the green ones are weak
van der Waals forces, and the red ones are steric repulsions. The
NCI isosurfaces reveal a lot of green areas dispersing around the
thiourea.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 LOL plots of lead compounds and reference drugs acarbose and thiourea.

Fig. 16 RDG plots of lead compounds and reference drugs acarbose and thiourea.
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aromatic rings and among the functional groups adjacent to
each other, and it proves the existence of weak van der Waals
interactions stabilizing the molecular geometry. The fact that
there are small regions of blue color seen around the oxygen
© 2026 The Author(s). Published by the Royal Society of Chemistry
atom of the sulfonate and carbonyl groups implies that there
are weak attractive forces that can cause the stabilization of the
molecule and binding to biological targets. The presence of red
RSC Adv., 2026, 16, 27915–27936 | 27933
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Fig. 17 NCI plots of lead compounds and reference drugs acarbose and thiourea.
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regions in places of close atomic proximity indicates steric
repulsion in some of the parts of the molecular structure.
4. Conclusions

In this study, a series of chalcone–sulfonate ester derivatives (1–
7) were successfully synthesized and evaluated for their inhib-
itory potential against urease and a-amylase enzymes. The in
vitro enzymatic assays demonstrated that the synthesized
compounds possess promising inhibitory activities, with IC50

values ranging from 6.5–19.5 mM for urease and 5.2–27.5 mM for
a-amylase. Among the evaluated derivatives, compounds 5 and
7 emerged as themost potent inhibitors. Compound 7 exhibited
the strongest urease inhibition, surpassing the reference
inhibitor thiourea, whereas compound 5 showed the highest
dual inhibitory activity against both enzymes, including supe-
rior potency against a-amylase compared with acarbose. The
SAR analysis has demonstrated the critical role of the chemical
nature of substituents on the sulfonate aromatic ring to regulate
biological activity. A few derivatives were expected to have a high
gastrointestinal absorption and pass signicant drug-likeness
lters. In particular, compounds 3 and 7 proved to have
balanced lipophilicity, encouraging predictions of absorption,
and limited the number of violations of essential sets of rules,
which highlights their potential as drug-like candidates. The
molecular docking experiments provided additional evidence
on the binding of the synthesized derivatives to enzymes, urease
and a-amylase. Compound 7 has a high binding affinity toward
proteins of urease 1OTH and 2ZAV, which was mediated by
27934 | RSC Adv., 2026, 16, 27915–27936
multiple hydrogen bonds and hydrophobic interactions
between catalytic residues. In contrast, compound 5 interacted
well with the proteins of 1SMD and 5U3A amylases and with
both of them largely due to the presence of p–p screenings and
hydrophobic interactions. The reliability of the computational
methodology was validated by redocking experiments that
eventually provided RMSD values that were less than 2.0 A. The
most valid protein–ligand complexes retained the stability of
interaction during a 25 ns MD simulation. DFT calculations
were important in giving valuable insight into the electronic
properties and chemical reactivity of the main compounds.
Compounds 5 and 7 were found to be more chemically so,
electrophilic, and less HOMO–LUMO energy gaps than the
reference inhibitors, which showed lower chemical reactivity
and lower biological binding affinity. Accordingly, compounds 5
and 7 appear as viable lead molecules that should be further
rened structurally and eventually tested biologically. Subse-
quent research involving mechanistic analysis, toxicity, and in
vivo analysis could further enhance in vitro studies of these
derivatives as therapeutic agents for disorders related to urease
activity and carbohydrate metabolism.
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13 H. Aslan, F. Yetişsin, A. Korkmaz and E. Bursal,

ChemistrySelect, 2024, 9, e202400053.
14 A. Korkmaz, J. Mol. Struct., 2023, 1286, 135597.
15 A. Korkmaz and E. Bursal, Chem. Biodiversity, 2022, 19,

e202200140.
16 X. Chen, C. Chen, X. Tian, L. He, E. Zuo, P. Liu, Y. Xue,

J. Yang, C. Chen and X. Lv, Talanta, 2024, 266, 125052.
17 X. Chen, C. Chen, C. Ma, W. Kang, J. Wu and X. Fu, Food Sci.

Hum. Wellness, 2025, 14, 9250007.
18 A. Günsel, C. C. Karanlık, P. Taslimi, H. Günsel, T. Taskin-

Tok, A. T. Bilgiçli, E. M. Özden, İ. Gülçin, A. Erdoğmuş
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