
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
0:

10
:5

1 
PM

. 
 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
View Journal  | View Issue
Synthesis, charac
aDepartment of Chemistry, Quaid-i-Azam

E-mail: asaeed@qau.edu.pk
bDepartment of Pharmacy, Quaid-i-Azam

E-mail: kbashir@qau.edu.pk
cInstitute of Pharmaceutical Sciences, Unive

Lahore 54000, Pakistan
dDepartment of Chemistry, COMSATS Uni

Abbottabad, 22060, Pakistan
eDepartment of Chemistry, Pennsylvania Sta

Cite this: RSC Adv., 2026, 16, 21447

Received 15th February 2026
Accepted 9th April 2026

DOI: 10.1039/d6ra01337f

rsc.li/rsc-advances

© 2026 The Author(s). Published by
terization, in vitro and in silico
studies of novel lophine clubbed acylthioureas
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In the present study, a chemical library of novel lophine clubbed acylthioureas (8a–l) was designed and

synthesized through a multistep sequence. 2-(4-Nitrophenyl)-4,5-diphenyl-1H-imidazole (3) was synthesized

from benzil, 4-nitrobenzaldehyde, and ammonium acetate via multicomponent reaction. Then the nitro

group of the synthesized compound was reduced using zinc and hydrochloric acid to furnish 4-(4,5-

diphenyl-1H-imidazol-2-yl) aniline (4). On the other hand, the acid chloride (6a–l) of substituted benzoic

acids was prepared by reacting acids (5a–l) with thionyl chloride, followed by their reaction with potassium

thiocyanate to afford corresponding acyl isothiocyanates (7a–l), which were further reacted with 4-(4,5-

diphenyl-1H-imidazol-2-yl)aniline (4) to produce acylthioureas (8a–l) in good yield. The synthesized series

(8a–l) was characterized by using a combination of spectroscopic techniques, including FT-IR, 1H NMR, and
13C NMR. Moreover, the synthesized acylthiourea derivatives were assayed for their in vitro and in silico

xanthine oxidase and thymidine phosphorylase inhibitory activities. In the tested series, compounds 8j, 8d, and

8i showed robust dual inhibition profiles in low micromolar ranges. Among them, compound 8j revealed the

most potent activity, with IC50 values of 1.87 ± 0.26 mM against xanthine oxidase and 1.62 ± 0.27 mM against

thymidine phosphorylase. Compound 8d sits in the next position, with an IC50 value of 3.34 ± 0.37 mM

(xanthine oxidase) and 3.31 ± 0.06 mM (thymidine phosphorylase), while compound 8i demonstrated

considerable xanthine oxidase inhibition with an IC50 of 2.06 ± 0.36 mM. These values have outperformed the

standard drug allopurinol (IC50 = 7.4 ± 0.07 mM), which was found to be less potent against xanthine oxidase.

Considering the established involvement of these enzymes in oxidative stress, hyperuricemia, and

inflammation-based disorders, the results endorse the idea of these derivatives being promising

multifunctional therapeutic agents in the treatment of metabolic, inflammatory, and neoplastic diseases.
1 Introduction

In medicinal chemistry, molecular hybridization is an
intriguing technique for creating pharmaceuticals with two or
more moieties of distinct pharmacological properties.1 It is
feasible to develop hybrid compounds that are more effective by
considering the biological behaviors of the moieties. These
molecules would have improved binding interactions and
inhibitor pocket packing with the receptors. Imidazole is a ve-
membered planar aromatic ring that contains two nitrogen
atoms at positions 1 and 3. C3H4N2 is the molecular formula of
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the simplest imidazole.2 Imidazole was discovered in the early
1840s, and the name imidazole was coined by Arthur Rudolf
Hantzsch in 1887.3 The name glyoxaline was used before 1887
for the compounds because it was synthesized for the rst time
by Henrich Debus in 1858 from glyoxal and ammonia.4

Research on the synthesis of imidazole-based organic
compounds is being carried out due to their diverse applica-
tions as agrochemicals, articial acceptors, medicinal drugs,
biomimetic catalysts, man-made materials, supramolecular
ligands, and so on.5–9 Imidazole contains a peptide backbone
unit and shows similarity with carboxamide in physicochemical
and biological properties; thus, these are considered as bi-
oisosteres of one another and provide metabolic stability
against amidases. Imidazole consists of two nitrogen atoms,
one acts as an H-bond acceptor, and the other one as a donor,
and the same is the case for carboxamide; the only difference is
the presence of one oxygen instead of a nitrogen atom.10,11

Similarly, imidazole is found as an isostere replacement of
various 5-membered heterocycles such as thiazole,12 oxazole,13

tetrazole,14 pyrazole,15 and triazole16 because all these
RSC Adv., 2026, 16, 21447–21464 | 21447
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compounds show similarity in biological and physicochemical
properties due to the same valence electronic distribution, and
all compounds have the same hydrogen bonding and p–p

stacking interactions with biological systems.17

2,4,5-Triphenyl-1H-imidazole, also called lophine, is an
attractive chemiluminescent and uorescence compound. Rad-
ziszewski reported the chemiluminescence properties of lophine
for the rst time in 1877. He observed that when lophine reacts
with oxygen and a strong base, it emits yellow light.18 Thioureas
are organosulfur compounds with the general formula RNHC(S)
NHR0 and are similar in structure to urea except for the
replacement of the oxygen atom of urea by a sulfur atom;
consequently, the chemical characteristics of both are consider-
ably different.19 Thiourea was synthesized in 1873 by Marceli
Nencki as a white solid crystal with a melting point of 176–178 °C
for the rst time as a urea analog.20 The reason for extensive
research and interest in thioureas is due to their diverse appli-
cations, such as plastics,21 formation of photographic lm,22 and
dyes.23 The derivatives of thiourea have also been reported to have
Fig. 1 Previously reported some biologically potent compounds.

21448 | RSC Adv., 2026, 16, 21447–21464
biological applications, such as preservatives,24 insecticides,25

and as precursors of pharmaceutical drugs.26

Acylthiourea with the general formula (RCONHC(S)NHR0) is
obtained by replacing one H atom of NH2 in thiourea with an
acyl group (RC]O), where R may be an aryl, alkyl, aralkyl, or
heterocyclic group. Acylthioureas have two coordinating sulfur
and nitrogen atoms, thus acting as bidentate ligands and
leading to the formation of metal complexes.27 Extensive
research on acyl thiourea was due to its effective, diverse nature
of applications in various elds, such as organo-catalysts,28,29

molecular recognition, pharmaceuticals, agriculture, material
science, and biological activities.30 Some important biological
activities include antimicrobial,31 antidiabetic,32 herbicidal,33

fungicidal,34 antiparasitic,35 pesticidal,36 urease inhibition,37

and anticancer agents.38 Some biologically active compounds
containing imidazole, thiourea, and acylthiourea moieties are
shown in Fig. 1.

Keeping in mind the above-mentioned molecular hybrid-
ization concept and the wide spectrum of imidazole and
© 2026 The Author(s). Published by the Royal Society of Chemistry
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acylthioureas activities, herein we report the synthesis of
imidazole-linked acylthioureas to enhance effectiveness and
broaden the pharmaceutical scope of acylthioureas.

Much attention has been directed in recent years to the thera-
peutic targeting of enzymes involved in oxidative stress and
nucleotide metabolism with respect to inammation-related
metabolic disorders. Of these, xanthine oxidase and thymidine
phosphorylase have emerged as clinically relevant enzymes
because of their respective roles in purine catabolism and the
generation of pro-oxidant metabolites. For example, xanthine
oxidase represents a key source of ROS and uric acid, contributing
to oxidative damage and gout disease, while thymidine phos-
phorylase is implicated in the production of 2-deoxy-D-ribose, an
agent that evokes inammation and endothelial dysfunction.
Thus, compounds that can inhibit both xanthine oxidase and
thymidine phosphorylase may afford therapeutic benets in the
management of diseases such as gout, atherosclerosis, and related
disorders driven by oxidative and inammatory mechanisms.39,40

A scaffold of acylthiourea has been considered a privileged
pharmacophore in medicinal chemistry, as it can interact with
an enzyme active site through hydrogen bonding, metal coor-
dination, and favorable electrostatic interactions. Therefore,
this would turn out to be particularly suitable for interacting
with the catalytic or cofactor-binding domains of oxidoreduc-
tases and phosphorylases.41,42 Structurally based on this,
a series of lophine-conjugated acylthiourea derivatives has been
designed to explore their potential for dual inhibition of
xanthine oxidase and thymidine phosphorylase enzymes. The
biological implication of those substances was further studied
by molecular docking and in vitro enzyme inhibition studies to
probe their binding affinity and functional activity.39,41
Scheme 1 Synthetic pathway of lophine acylthiourea hybrid pharmacop

© 2026 The Author(s). Published by the Royal Society of Chemistry
2 Results and discussions
2.1 Chemistry

A novel class of lophine-linked acyl thiourea derivatives was
synthesized via a multistep synthesis. These steps include
heterocyclization, reduction, nucleophilic substitution, and
addition reactions. 2-(4-Nitrophenyl)-4,5-diphenyl-1H-imid-
azole was synthesized from benzil, 4-nitrobenzaldehyde, and
ammonium acetate via a multicomponent heterocyclization
reaction. Then the nitro group of the synthesized compound
was reduced using zinc and hydrochloric acid to furnish 4-(4,5-
diphenyl-1H-imidazol-2-yl) aniline. On the other hand, the acid
chloride of substituted benzoic acids was prepared through
nucleophilic substitution reaction by reacting acids with thionyl
chloride followed by their reaction with potassium thiocyanate
to afford corresponding acyl isothiocyanates, which were
further reacted with 4-(4,5-diphenyl-1H-imidazol-2-yl)aniline to
produce acyl thioureas via nucleophilic addition reaction (8a–l)
in good yield as can be seen in Scheme 1.

The structures of all novel synthesized lophine clubbed
acylthiourea pharmacophores were conrmed via spectroscopic
analysis. A representative example (8d) is discussed here.
hores.

RSC Adv., 2026, 16, 21447–21464 | 21449
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Synthesized compound 8d was characterized and conrmed
by FT-IR spectroscopy. The stretching bands for Csp2–H and
Csp3–H bonds were observed at 3031 and 2888 cm−1, respec-
tively. A strong stretch at 1680 cm−1 was attributed to the
stretching of carbonyl C]O functionality. A stretching band
appeared at 1580 cm−1 corresponding to the C]C stretching of
the aromatic part. Another characteristic stretching band
manifested at 1235 cm−1 for the C]S bond, further conrming
the synthesis of the respective compound. Additionally, there
was another strong stretch at 1118 cm−1, indicating the pres-
ence of a C–N bond. The presence of sulphur was conrmed by
Lassaigne's test.

The characteristic andmost deshielded signals at 12.971 and
11.748 ppm appeared as singlets, corresponding to the two NH
protons at positions 26 and 24 of the thioamide moiety, which
conrmed the synthesis of the respective compound. The
proton present at position 26 appeared downeld because of
the deshielding effect caused by the carbonyl and thiocarbonyl
group attached directly to the nitrogen atom containing the
proton. The carbonyl and thiocarbonyl groups here withdraw
electrons both inductively and by resonance effect, which
makes the proton more deshielded. The signal for the two
protons at positions 19 and 23 appeared as doublet at
8.373 ppm with 3J = 8.7 Hz by coupling with protons at posi-
tions 20 and 22. Signal at 8.057 ppm corresponds to the protons
at positions 22 and 24, which appeared as doublet with
3J = 8.7 Hz by virtue of coupling with protons at positions 19
and 23. The signal at 8.373 ppm was assigned to the protons at
positions 19 and 23 because these protons are ortho to the
electron-withdrawing imidazole ring, which deshields them
through a resonance effect. Signal for four protons at positions
9, 13, 14, and 18 manifested as a multiplet at 7.599–7.569 ppm;
these protons appeared slightly deshielded because they are
present ortho to the electron-withdrawing imidazole ring.
Signals for six protons at positions 10, 11, 12, 15, 16, and 17
appeared as a multiplet at 7.521–7.477 ppm. Signals for protons
at positions 31 and 35 appeared as a singlet at 7.413 ppm; these
protons are slightly shielded compared to the other aromatic
protons because of electron-donating methoxy groups, which
increase electron density at the ortho position through the
resonance effect. The most shielded two signals at 3.889 and
Fig. 2 Re-docking of co-crystallized ligands in the active pockets of sel

21450 | RSC Adv., 2026, 16, 21447–21464
3.761 ppm appeared as singlets corresponding to the protons of
methoxy groups present at meta and para positions 39, 41, and
40 of the acylated aromatic part, respectively. pKa value of the
proton at position 5 in the imidazole ring is 14.5, rendering it
more acidic than alcohols. Due to this acidity, the signal for the
proton does not appear as it can exchange with the solvent.

The most deshielded signals appeared at 179.49 and
167.69 ppm, corresponding to the carbon atoms (28) and (25) of
the thiocarbonyl and carbonyl functional groups, respectively,
conrming the synthesis of the desired compound. The thio-
carbonyl carbon was more deshielded because it relates to three
electron-withdrawing electronegative heteroatoms directly.
Signals at 153.04 ppm correspond to the carbon of the imid-
azole ring present between two nitrogen atoms. Carbons (32)
and (34) of the aromatic ring, to which the methoxy groups were
directly attached, manifested at 143.89 ppm. The signal at
142.13 ppm corresponds to carbon (33) of the aromatic ring to
which the methoxy group was directly attached. Signal at 141.28
was assigned to carbon (21) of the aromatic ring. The most
shielded signal at 106.79 in the aromatic region was assigned to
the carbons (31) and (35) of the aromatic ring present ortho to
the electron-donating methoxy group, which increases electron
density at these positions by the resonance effect. Remaining
sp2 hybridized carbon atoms (1, 2, 8, 9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 22, 23, 29) appeared in the range of 130.04–
121.51 ppm. Signals at 60.64 and 56.63 ppm were assigned to
the carbon (40) of the methoxy group at the para position and
carbons (39) and (41) of the methoxy groups at themeta position
of the aromatic ring, respectively.
2.2 Enzyme inhibition in silico studies

Molecular docking was conducted to investigate the interac-
tions of synthesized lophine-based acylthiourea derivatives with
xanthine oxidase and thymidine phosphorylase at the molec-
ular level. The co-crystallized ligand was extracted from the
protein PDB le and re-docked into the protein using the same
parameters to check docking consistency. RMSD values were
calculated using the DSV tool, comparing docked vs. co-
crystallized ligand poses. RMSD values were 1.21 and 1.01 Å,
showing signicant overlap as shown in Fig. 2. This validates
the docking experiment's accuracy.
ected proteins. (a) Thymidine phosphorylase, and (b) xanthine oxidase.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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From molecular docking studies, the binding affinity values
revealed that several compounds formed stable complexes with
both enzymes. Although the docking scores do not exactly
match the IC50 values, the docking results still provide useful
hints on how the synthesized compounds interact with the
enzyme's active sites, including their binding modes and
interaction with the enzyme. Among them, compounds 8j and
8d exhibited strong binding energies against both targets, while
compound 8j had the most favorable interaction pattern, indi-
cating a good t within the active sites, which correlated well
with its strong enzymatic inhibition observed in the biological
assays. Their docking scores were more favorable than those of
the reference drugs allopurinol and 7-deazaxanthine, high-
lighting the potential of such molecules to act as effective dual
inhibitors. Such computational results are in good agreement
with the experimental enzyme inhibition data, further sup-
porting the therapeutic relevance of the synthesized series. The
detailed binding energies of all the compounds are summarized
in Table 1.

The docking orientations observed in this study provide
insight into the mechanism through which the newly synthe-
sized derivatives might act as inhibitors of the enzymes. From
the structural conformation of the enzyme, most inhibitors
have been observed to bind within the tight catalytic channel
that leads to the molybdenum site, effectively blocking the
substrate and preventing the conversion of hypoxanthine to uric
acid.43,44 In this regard, aromatic thiourea derivatives have been
observed as competitive or mixed inhibitors that form hydrogen
bonds around the catalytic site and hydrophobic stacking
interaction within the substrate channel.44 Previous studies on
the molecular docking of small molecule inhibitors have
revealed that a number of them bind to residues near the
catalytic site and prevent substrate binding at the catalytic
site.45,46 In the current study, the binding of compounds 8j, 8d,
and 8b to the catalytic cle and their interaction through
hydrogen bonds to residues such as Ser144, Glu33, and Asp309
suggest a similar mechanism of catalytic site blocking. Such
Table 1 Docking-based binding energies (kcal mol−1) of synthesized
compounds with thymidine phosphorylase and xanthine oxidase

Sr. # Code

Binding energy (kcal mol−1)

Xanthine oxidase Thymidine phosphorylase

1 8a −6.32 −8.31
2 8b −8.23 −6.82
3 8c −6.18 −7.34
4 8d −6.47 −8.50
5 8e −5.84 −7.51
6 8f −7.76 −6.38
7 8g −6.62 −8.22
8 8h −7.47 −7.86
9 8i −5.88 −7.63
10 8j −6.99 −8.43
11 8k −6.11 −6.76
12 8l −8.02 −6.5
13 2b (IMA) −8.46 −6.90
14 7-Deazaxanthine −5.62
15 Allopurinol −5.93

© 2026 The Author(s). Published by the Royal Society of Chemistry
interactions are likely to hold the inhibitor within the gorge of
the enzyme and prevent the binding of physiological substrates
to the catalytic site containing molybdenum.

The observed binding affinities seem to arise from a combi-
nation of p–p stacking, dipolar stabilization, and directional
hydrogen bonding with both the thiocarbonyl and imidazole
nitrogen atoms. This type of interaction is in line with previous
studies on acylthiourea-derived heterocycles, in which these key
pharmacophoric features are important for effective inhibition
of xanthine oxidase and thymidine phosphorylase enzymes.47,48

In addition, the extended aromatic system of the lophine
core is likely to contribute to the stability of the ligand by
forming aromatic–aromatic interactions with the hydrophobic
residues in the binding pocket of the enzyme.49 The compounds
8j and 8d can make more effective interactions, and this is
probably because substituents, whether electron-withdrawing
or electron-donating, alter the electronic properties of the
benzamide ring and guide the ligand into a more favorable
orientation in the catalytic pocket. Orientation effects are in
good agreement with SAR trends obtained in computational
analyses of nitro- and methoxy-substituted enzyme inhibitors.50

Several important residues in the binding pocket that enable
the inhibitor to remain within the active site are revealed by the
crystal structure of xanthine oxidase. These consist of two loops
with color-coded green and blue residues ranging from 25–52
and 142–153, respectively. Three helices, spanning residues
263–272, 285–308, and 342–345, are also involved in the color-
coded yellow, pink, and purple region of the active site. The
active site residue of the protein, color-coded brown, black, and
orange, include three loops (309–341, 356–361, and 420–436)
that are essential for inhibitor binding and retention. Another
loop containing residues 1220–1230 also forms part of the cyan-
colored region of the active site (Fig. 3).

Docking overlays reveal that the compounds 8d and 8j,
containing multiple methoxy groups or a meta-nitro substit-
uent, orient their substituents toward polar microenvironments
within the binding pocket. This action may enhance the ligand–
enzyme complex through additional donor–acceptor interac-
tions. The ndings were corroborated by Feng et al. (2022) in
docking studies of methoxy-rich and nitro-substituted phenyl-
thioureas, where substituent-directed orientation inuences
docking stability.47 The small discrepancies between the dock-
ing results and the experimental IC50 values arise from the
limitations of the docking scoring function. While the scoring
function provides a good estimate of the binding affinity
between the ligand and the enzyme, it does not take into
consideration the dynamic nature of the enzyme's binding sites.

2.2.1 3D interaction plots of top-ranked compounds. The
most potent compounds are characterized by a common
binding mode in the catalytic pocket, in which hydrogen
bonding with polar residues and hydrophobic or p–p interac-
tions with aromatic amino acids are observed to anchor the
ligand in the binding site. The 3D interaction plot of compound
8b is shown in Fig. 4. The compound 8b ts into the catalytic
pocket, having a binding energy of −8.23 kcal mol−1. Signi-
cantly, Ser144 also engages in a strong hydrogen bond with the
ligand, increasing binding specicity, whereas Glu33 and
RSC Adv., 2026, 16, 21447–21464 | 21451
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Fig. 3 3D interaction mapping of active site residues of xanthine oxidase.

Fig. 4 3D interaction plot of compound 8b.
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Asp309 provide supplementary electrostatic and hydrogen-
bonding interactions that secure the molecule in the active
site. The cysteine residues with sulfur atoms, Cys41 and Cys46,
contribute to the stabilization of the ligand via p-sulfur
interactions.

Hydrophobic residues such as Ile182, Leu316, Val40, Ala317,
and Phe269 form a nonpolar niche that facilitates van derWaals
and p–p-alkyl interactions with the ligand's aromatic rings.
Collectively, these interactions work together to hold the
inhibitor in place in the catalytic cle of xanthine oxidase. This
results in reduced oxidative stress and excessive uric acid
production that is mechanistically similar to clinically estab-
lished xanthine oxidase inhibitors like allopurinol and febuxo-
stat. Indeed, similar binding motifs have been described for
other aromatic thiourea inhibitors, which display a remarkable
increase in affinity upon hydrophobic enclosure of the aromatic
system, combined with anchoring via the thiocarbonyl unit in
a polar fashion.48 This mechanistic pattern forms the basis for
the combined inuence of electronic density and substituent
polarity in controlling strong xanthine oxidase binding.

Thymidine phosphorylase forms an S-shaped dimer made
up of two subunits when it is co-crystallized with 3-azido-2-
uoro-dideoxyuridine (ONP), according to a thorough
21452 | RSC Adv., 2026, 16, 21447–21464
structural analysis. The active site is located at the interface
between the larger a/b domain and the smaller a-helical
domain that make up each subunit. Arg-171, Ser-186, and Lys-
190 are important residues that are probably involved in
ligand binding. Furthermore, residues 115–123 and 206–212
compose the hydrophobic area of the active site, as shown in
Fig. 5.

Docking analyses further indicate that the lophine core
complex signicantly stabilizes thymidine phosphorylase via p–
p stacking interactions with aromatic residues, including
Tyr168 and His85. These residues have been identied as key
contributors to the binding of both nucleoside analogues and
non-nucleoside inhibitors.47 The acylthiourea moiety appears to
stabilize this orientation by acting as a polar hinge, enabling the
benzamide substituent to align suitably with the catalytic
region. This dual anchoring has been reported in structure–
activity relationship studies of thiourea- and urea-based
thymidine phosphorylase inhibitors, wherein the concurrent
presence of an aromatic head group and polar linker markedly
enhances binding.51

The 3D interaction plot of compound 8a, shown in Fig. 6,
illustrates its positioning within the catalytic pocket of thymi-
dine phosphorylase and highlights the key amino acids
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Active site of thymidine phosphorylase showing key binding residues.

Fig. 6 3D interaction plot of compound 8a.
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involved in ligand recognition. The enzyme catalyzes the
reversible phosphorolysis of thymidine to thymine and 2-deoxy-
D-ribose-1-phosphate and plays a role in tumor angiogenesis.
Multiple hydrogen bonds (green dashed lines) are established
with residues like Lys84, Ser95, Thr128, and Gly121, which
assist in the orientation of ligand binding. Ionic interactions
(orange dashed lines) with residues like Asp92 and Lys130 also
reinforce the binding by complementing the charged groups of
the ligand. Moreover, hydrophobic and aromatic interactions
(pink and purple dashed lines) with residues such as His85,
Met111, Leu117, and Tyr168 further underscore the positioning
of the ligand 8a in the binding site by p–p stacking and van der
Waals contacts. These interactions facilitate the binding of
compound 8a to the thymidine phosphorylase catalytic pocket.

The pronounced accommodation of compound 8a within
thymidine phosphorylase, despite the absence of electron-
withdrawing or electron-donating substituents on the
terminal phenyl ring, aligns with recent thymidine phosphory-
lase inhibitor studies. These studies indicate that planar
aromatic systems can interact effectively through p–p stacking
and hydrophobic complementarity within the enzyme active
site.52 The current docking results indicate that the lophine–
© 2026 The Author(s). Published by the Royal Society of Chemistry
acylthiourea scaffold alone provides sufficient electronic and
steric complementarity to offset the lack of benzamide
substituents, enabling compound 8a to capitalize on the same
stacking and hydrophobic interactions documented for other
aromatic thymidine phosphorylase inhibitor chemotypes.53

The 3D interaction plot of compound 8j is shown in Fig. 7.
The compound 8j is involved in a complicated hydrogen
bonding, electrostatic, and hydrophobic network of interactions
with some catalytically and structurally signicant residues of
thymidine phosphorylase. Interestingly, hydrogen bonds (green
dashed lines) are noted between compound 8j and residues
Gln156, Lys190, and Ile183, contributing to directional polar
interactions with the catalytic residues. Electrostatic interac-
tions (orange and red dashed lines) with Asp164 reect strong
ionic contact and charge complementarity between the nega-
tively charged carboxylate group of Asp164 and the positively
polarized areas of the ligand. This contact probably plays
a central role in stabilizing the orientation of compound 8j in
the catalytic pocket. In addition, p–p stacking and hydrophobic
interactions (pink dashed lines) with His85, Tyr168, andMet111
aid nonpolar stabilization and aromatic ring stacking, which
are vital for compound 8j accommodation in the enzyme's
RSC Adv., 2026, 16, 21447–21464 | 21453
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Fig. 7 3D interaction plot of compound 8j.
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hydrophobic channel. Further interactions with amino acids
such as Ser113 and Gly114 facilitate the proper positioning of
the ligand.

The binding prole of compound 8j is in good agreement
with previously reported docking results for nitro-substituted
phenyl inhibitors of thymidine phosphorylase, where the nitro
group supports high-affinity binding by orienting its oxygen
atoms toward basic residues and thus forming a stable dipolar
anchor within the active site.47 Specically, the meta placement
of the nitro group has been shown to preserve aromatic
planarity while allowing for favorable hydrogen-bond geometry,
thus providing a rationale for the observed marked stability of
compound 8j in the current docking simulations.
2.3 Enzyme inhibition in vitro studies

The xanthine oxidase and thymidine phosphorylase inhibition
activities of the synthesized compounds are summarized in
Table 2. The enzyme concentration used for the inhibition
activity was 2 mg ml−1. GraphPad Prism soware was used to
determine the IC50 values at various concentrations.

Nine compounds showed the strongest inhibition against
xanthine oxidase and thymidine phosphorylase. The rest of the
Table 2 Xanthine oxidase and thymidine phosphorylase inhibition activi

Sr. # Compound
% inhibition � STD
(xanthine oxidase) IC50 (m

1 8a 67.5 � 1.16 6.18 �
2 8b 53.8 � 1.09 410.00
3 8c 84.6 � 1.01 2.64 �
4 8d 81.3 � 0.91 3.34 �
5 8e 70.0 � 1.23 4.40 �
6 8f 41.1 � 2.14 _
7 8g 46.3 � 1.12 _
8 8h 51.3 � 0.89 482.00
9 8i 83.8 � 1.23 2.06 �
10 8j 87.5 � 1.67 1.87 �
11 8k 50.0 � 1.86 500.00
12 8l 65.5 � 1.92 4.73 �
13 2b (IMA) 60.8 � 1.15 6.23 �
14 7-deazaxanthine
15 Allopurinol 86.5 � 1.37 7.40 �
a The IC50 values were obtained only for those compounds that achieved

21454 | RSC Adv., 2026, 16, 21447–21464
compounds are also moderate to good inhibitors of both
enzymes. Among the synthesized derivatives, compound 8j was
the most potent dual inhibitor, with IC50 values of 1.87 mM for
xanthine oxidase and 1.62 mM for thymidine phosphorylase.

It was also found that compound 8d exhibited high potency
against both enzymes, whereas compound 8i demonstrated
selective and strong inhibition of xanthine oxidase. This was
further supported by the dose–response inhibition curves, in
which compounds such as 8j and 8i exhibited a sharp,
concentration-dependent decrease in absorbance, conrming
their potent inhibition of xanthine oxidase. These sigmoidal
inhibition trends, plotted through nonlinear regression as
shown in Fig. 8, illustrate the effectiveness of these molecules in
suppressing enzymatic activity at micromolar levels.

Notably, compound 8j inhibited thymidine phosphorylase at
88.5%, while 8d achieved a similar magnitude of activity at
89.3%, demonstrating its strong dual-target activity. In corrob-
oration, inhibition graphs for thymidine phosphorylase in
Fig. 9 indicated steep inhibition curves for compounds 8j, 8d,
and 8i, which are consistent with their higher percentage
inhibition values.

The concentration-response behaviour reected in these
plots provides further experimental evidence of their efficiency
ty of synthesized compoundsa

M) � SEM
% inhibition � STD
(thymidine phosphorylase) IC50 (mM) � SEM

1.04 83.5 � 1.16 4.17 � 0.03
� 1.18 49.8 � 1.09 _
0.19 44.6 � 1.01 _
0.37 89.3 � 0.91 3.31 � 0.06
0.30 37.0 � 1.23 _

65.1 � 2.14 4.39 � 0.21
39.3 � 1.12 _

� 1.01 52.3 � 0.89 452.00 � 0.94
0.36 33.8 � 1.23 _
0.26 88.5 � 1.67 1.62 � 0.27
� 0.84 55.5 � 1.92 393.00 � 1.16
0.29 81.0 � 1.86 2.96 � 0.14
0.17 54.0 � 1.15 372.00 � 0.92

89.0 � 1.63 41.00 � 0.24
0.07

at least 50% inhibition at a particular concentration.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Dose–response inhibition curves of compounds 8c, 8d, 8e, 8i, and 8j against xanthine oxidase. The plots were generated by nonlinear
regression of absorbance versus logarithmic concentration using GraphPad Prism. Results are presented as mean ± SEM (n = 3).
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as dual enzyme inhibitors. These data indicate that the above
conjugates represent promising scaffolds for the design of novel
multifunctional agents with potential applications in the
therapy of oxidative and neoplastic disorders.

The structure–activity relationships observed in this study
can be rationalized in the context of the lophine–acylthiourea
hybrid scaffold, in which the acylthiourea fragment functions as
a privileged pharmacophore. Acylthiourea derivatives are well
documented to exhibit strong enzyme-binding ability due to
their dual hydrogen-bond donor–acceptor character and the
presence of a thiocarbonyl sulfur capable of engaging in metal
coordination and polar interactions. Comprehensive SAR
analyses have demonstrated that such features signicantly
enhance binding affinity toward a wide range of enzyme targets,
© 2026 The Author(s). Published by the Royal Society of Chemistry
particularly metalloenzymes and phosphoryl-processing
enzymes.30

The dose–response proles shown in Fig. 8 and 9 reinforce
the SAR that underpins the inhibitory behavior of the synthe-
sized lophine-clubbed acylthiourea derivatives for xanthine
oxidase, while compounds 8j, 8i, 8c, and 8d display steeper
slopes with earlier inection points, indicative of high-affinity
binding and rapid achievement of maximal inhibition. The
curve morphologies are in good agreement with the kinetic
characteristics reported in the literature for several potent non-
purine xanthine oxidase inhibitors, in which electron-
withdrawing substituents and polymethoxy motifs are strongly
associated with enhanced suppression of xanthine oxidase
turnover.54 For thymidine phosphorylase, the curves represent-
ing 8j, 8d, and 8a reveal early saturation combined with a large
RSC Adv., 2026, 16, 21447–21464 | 21455
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Fig. 9 Dose–response inhibition curves of compounds 8a, 8d, 8i, and 8j against thymidine phosphorylase. The plots were generated by
nonlinear regression of absorbance versus logarithmic concentration using GraphPad Prism. Results are presented as mean ± SEM (n = 3).
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magnitude of slopes, which points toward favorable aromatic
alignment and high-affinity recognition in the narrower
thymidine phosphorylase catalytic groove.55

The selectivity of enzyme inhibition by thiourea scaffolds has
been a recurring theme in the eld of medicinal chemistry.
Thiourea and acylthiourea derivatives contribute unique struc-
tural features to a molecule, such as the presence of a thio-
carbonyl functional group and NH groups that facilitate their
use as both hydrogen bond donors and acceptors. This
increases the degree of selectivity in the binding of enzymes to
their ligands.56 The sulfur atom in the thiocarbonyl group is also
responsible for the formation of polar and electrostatic inter-
actions that facilitate the binding of ligands in the active sites of
enzymes. Due to these structural characteristics of the deriva-
tives, thiourea derivatives have been widely evaluated as
inhibitors of some important enzymes involved in biological
processes and have been found to exhibit good binding selec-
tivity in both biological assays and computational docking
studies.57,58 The presence of the acylthiourea linker in the
synthesized lophine derivatives introduces a pharmacophore
that is capable of making stable interactions with the residues
of the catalytic pockets of both xanthine oxidase and thymidine
phosphorylase enzymes, as evidenced by the inhibition trends
observed in the biological assays.
21456 | RSC Adv., 2026, 16, 21447–21464
2.3.1 Xanthine oxidase inhibition and SAR. To understand
the SAR, we discuss the observed trends in terms of the elec-
tronic effects of the substituent groups, i.e., whether the group
is electron-withdrawing or electron-donating, as well as the
steric effects, i.e., the way the ligands are arranged around the
enzyme's active site.

In vitro results on xanthine oxidase inhibition showed that
electron-withdrawing substituents and polymethoxy substitution
patterns substantially enhance activity. Electron-withdrawing
groups have enhanced the inhibition of xanthine oxidase in
this series of compounds. In compound 8j, for example, the
presence of themeta-nitro group makes this compound the most
potent in the series, with an IC50 value of 1.87 mM. The electron-
withdrawing ability of the nitro group increases the hydrogen-
bond acceptor ability of the acylthiourea linker.54

The presence of electron-donating groups enhances activity
in various derivatives. The presence of multiple methoxy groups
in various derivatives, such as 8c (3,5-di-OCH3) and 8d (3,4,5-tri-
OCH3), demonstrated robust xanthine oxidase inhibitory
activity. The presence of methoxy groups enhances the aromatic
polarizability and favors p–p stacking.59

Steric effects also seem to play a role in inhibitory activity.
Inhibitors with ortho-substituted groups, such as 8e and 8g,
demonstrated lower inhibitory activity. This lower inhibitory
© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ra01337f


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
0/

20
26

 1
0:

10
:5

1 
PM

. 
 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
activity may be due to steric effects that interfere with optimal
ligand orientation and p-stacking.54

Compound 8i (2-Cl,5-NO2) is an example of the effect of
halogens on inhibitory activity. The addition of chlorines
generally enhances hydrophobic interactions within the
binding pocket and extends the residence time of the
compound. The nitro group is responsible for strong polar
interactions with amino acids in the active site, which explains
the potent xanthine oxidase inhibitory activity of this
compound.60 On the other hand, compounds with weakly polar
or electronically neutral functional groups, such as 8a, 8b, and
8l, displayed moderate xanthine oxidase inhibitory activity.

A comparison of their behavior from a side-by-side
perspective illustrates a clear structure–activity relationship.
The series demonstrates that electron-withdrawing groups,
such as the meta-nitro group in 8j, are the most potent inhibi-
tors of xanthine oxidase activity. Compounds containing
multiple methoxy groups (8c and 8d) also outperform expecta-
tions, possibly because additional aromatic interactions within
the binding site contribute to binding affinity. Conversely,
compounds containing ortho groups (8e and 8g) are less potent
due to unfavorable steric interactions that prevent optimal
binding orientation. In conclusion, the ndings demonstrate
the impact of both electronic and steric factors on the inhibitory
activity of the lophine acylthiourea series.

2.3.2 Thymidine phosphorylase inhibition and SAR. In
contrast to xanthine oxidase, thymidine phosphorylase has a more
conned and rigid binding channel, which imposes stronger
planarity requirements on the bound ligand. Thus, compound 8j
(3-NO2) still shows the most potent thymidine phosphorylase
inhibition, IC50 = 1.62 mM, since the dipolar nitro group exerts
directional hydrogen-bonding interactions in the nucleoside
recognition region. Although lophine-derived thymidine phos-
phorylase inhibitors have not been reported to date, a preliminary
SAR study of thymidine phosphorylase in the heteroaryl–thio-
carbonyl series indicated that nitro-substituted phenyl derivatives
are oen potent thymidine phosphorylase inhibitors, likely due to
favorable dipolar alignment and charge complementarity.61

Compound 8d (3,4,5-tri-OCH3) is a very potent thymidine
phosphorylase inhibitor (IC50 = 3.31 mM). The high density of
methoxy substituents increases aromatic stacking with thymi-
dine phosphorylase-binding residues and supports additional
hydrogen bonding by oxygen lone pairs. Similar SAR trends
have been observed for inhibitors containing a thiocarbonyl
group, where aromatic rings containing multiple methoxy
functional groups enhance the binding affinity within the
catalytic pocket of the enzyme.62

Interestingly, compounds 8a (H) and 8l (3-CH3) retain high
thymidine phosphorylase activity without strong polar substit-
uents. This is due to the persistence of molecular planarity and
the fulllment of the ideal hydrophobic t of the lophine
aromatic surface within the narrow thymidine phosphorylase
channel. Similar results have been found in SAR studies of
thymidine phosphorylase inhibitors, where at aromatic rings
are maintained if the central scaffold has enough hydrogen-
bonding potential.61
© 2026 The Author(s). Published by the Royal Society of Chemistry
In contrast, ortho-substituted compounds such as 8e (2-CH3),
8g (2-Cl), and 8i (2-Cl,5-NO2) show reduced thymidine phos-
phorylase inhibition. This is because steric crowding at the
ortho position invokes out-of-plane distortion of the benzamide
phenyl ring, disrupting p-stacking and misaligning pharmaco-
phoric atoms. Similar steric penalties associated with ortho-
substitution have been consistently observed during SAR
studies of thymidine phosphorylase inhibitors.62

Inspection of how these substituents inuence the activity
pattern of the synthesized compounds reveals a good relationship
between structure and activity for inhibiting thymidine phos-
phorylase. The compounds bearing electron-withdrawing groups,
such as the meta-nitro group of 8j, demonstrated the most potent
inhibitory activity on thymidine phosphorylase, which suggests
favourable electrostatic interactions with the enzyme's active site.
The compounds bearing multiple methoxy groups (8d) also
demonstrated good inhibitory potential, likely due to increased
opportunities for aromatic stacking interactions. The compounds
bearing ortho-substituted groups, however, were less potent (8e, 8g,
8i), likely due to steric hindrance preventing optimal binding
within the narrow thymidine phosphorylase channel.

A comparison of docking scores with experimental IC50

values reveals a clear trend: molecules with higher predicted
binding energies, such as 8j and 8d, are generally more potent
inhibitors in vitro. This supports the docking analysis as a valid
explanation for the observed structure–activity relationship.
Table 3 summarizes the key substituent effects observed in this
set of compounds, highlighting the role of electron-
withdrawing, electron-donating, and steric substituents on
xanthine oxidase and thymidine phosphorylase inhibition.

Based on the SAR trends that we have observed, some design
concepts can be proposed to further optimize the lophine–
acylthiourea core structure. First, incorporating electron-
withdrawing functional groups such as nitro substituents can
improve binding affinity by enhancing electrostatic interac-
tions. Second, the presence of multiple methoxy functional
groups can facilitate in the facilitation of aromatic stacking
interactions within the catalytic pocket of the enzyme. Third, it
is best to avoid bulky substituents at the ortho-position due to
steric clashes that can disrupt optimal ligand orientation.

From a pharmacology perspective, targeting xanthine oxidase
and thymidine phosphorylase simultaneously may have potential
advantages. Xanthine oxidase inhibitors have been employed in
the treatment of hyperuricemia and gout because the inhibition
of the enzyme reduces the production of uric acid and oxidative
stress associated with various metabolic syndromes.63 In addi-
tion, thymidine phosphorylase has been identied as a signi-
cant enzyme in cancer because it is associated with the
metabolism of nucleotides, which promotes cancer progres-
sion.64,65 Therefore, compounds that can modulate both targets
and are sufficiently small to access both binding sites have the
potential of providing a dual therapeutic strategy that combines
antioxidant and anti-angiogenic activities.

Although further pharmacokinetic and in vivo studies are
required to fully explore this possibility, the potent enzyme
inhibition and docking of compounds 8j and 8d suggest that
the lophine–acylthiourea template has the potential for the
RSC Adv., 2026, 16, 21447–21464 | 21457
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Table 3 Summary of SAR trends observed in the lophine–acylthiourea series

Substituent type Compound Xanthine oxidase activity Thymidine phosphorylase activity SAR trend

Electron-withdrawing (NO2) 8j Very strong (IC50 = 1.87 mM) Very strong
(IC50 = 1.62 mM)

Enhances electrostatic
interactions and hydrogen
bonding

Electron-donating (multi-OCH3) 8c, 8d Strong Strong Improves p-stacking and
aromatic interactions

Halogen + nitro 8i Strong Moderate Halogens enhance
hydrophobic interactions

Neutral/weak 8a, 8b, 8l Moderate Moderate-good Activity maintained by
scaffold planarity

Ortho-substitution 8e, 8g Weak Weak Steric hindrance disrupts
ligand orientation
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development of multifunctional agents. Collectively, the results
have consistently highlighted compound 8j as the most
promising dual-target inhibitor among the synthesized
compounds.

3 Materials and methods
3.1 Procedure and material

All reagents used were devoid of any purication and bought from
Sigma-Aldrich. Synthetic reactions were carried out in a cleaned
and oven-dried apparatus. Solvents were dried using appropriate
methods before their use in reactions. The melting point of all the
synthesized solid compounds was determined in open-end capil-
laries using the Stuart SMP3 melting point apparatus. All the
synthesized compounds were characterized by IR spectroscopy
using a Thermo Fischer FT-IR instrument and 1H and 13C-NMR
spectroscopy using Bruker Advance 300 and 75 MHz, respec-
tively. NMR spectra were recorded in deuterated solvents such as
DMSO-d6 and acetone-d6 using tetramethylsilane (TMS) as refer-
ence. Chemical shi values were reported in delta (d) ppm, and
coupling constant (J) values were calculated in hertz (Hz). The
progress of each reaction was monitored by TLC using pre-coated
silica-gel plates (Merck F254, 0.2 mm). Spots on TLC plates were
visualized using UV light of 254 and 365 nm wavelength. Ninhy-
drin stain was used for conrmation of the amine functional
group. Lassaigne's test was used for the detection of sulfur atoms
in synthesized organic compounds.

3.2 General synthetic pathway for synthesis of lophine
clubbed acylthiourea derivatives (8a–l)

Steps involved in the synthesis of lophine clubbed acylthiourea
derivatives are given below.

3.2.1 Synthesis of 2-(4-nitrophenyl)-4,5-diphenyl-1H-imid-
azole (3). A mixture of benzil (4.76 mmol, 1 eq.), 4-NO2-benz-
aldehyde (5.71 mmol, 1.2 eq.), and ammonium acetate
(23.78 mmol, 5 eq.) in glacial acetic acid (50 ml) was stirred
under reux for 8 hours under a nitrogen atmosphere. The
progress of the reaction was monitored by TLC. Aer comple-
tion of the reaction, the mixture was cooled to room tempera-
ture and poured onto crushed ice. This resulted in the
formation of yellow precipitates. The yellow precipitates ob-
tained were ltered and extensively washed with water and then
21458 | RSC Adv., 2026, 16, 21447–21464
dried under vacuum. Finally, the collected yellow precipitates
were recrystallized from aqueous ethanol to afford a pure
compound. The synthesis of 2-(4-nitrophenyl)-4,5-diphenyl-1H-
imidazole (3) was conrmed by comparing its color and melting
point with the literature. It is a dark yellow solid, and its melting
point is 248–249 °C (lit. 250–251 °C).66 The compound was ob-
tained in an excellent yield of up to 90%.

3.2.2 Synthesis of 4-(4,5-diphenyl-1H-imidazol-2-yl) aniline
(4). Zinc dust (8.79 mmol, 3 eq.) was added at intervals of 10
minutes to the ice-cold solution of 2-(4-nitrophenyl)-4,5-diphenyl-
1H-imidazole (2.93mmol, 1 eq.) (3) and conc. HCl (17.58 mmol, 6
eq.) in methanol (40 ml) at 0 °C. Stirring was carried out for 30
minutes at this temperature, and it was further continued for 6
more hours at room temperature. The progress of the reaction
was monitored by TLC. Aer completion of the reaction, the
reaction mixture was ltered to remove the unreacted zinc metal.
The ltrate obtained was diluted with distilled water until white
precipitates of the respective amine formed. Precipitates formed
were ltered off, washed several times with water, and then
vacuum dried. The product was recrystallized from ethanol to
afford a pure compound. The synthesis of 4-(4,5-diphenyl-1H-
imidazol-2-yl)aniline (4) was conrmed by comparing its color
and melting point with the literature. It is a white solid and its
melting point is 209–210 °C (lit. 211–212 °C).39 Its synthesis was
also conrmed from LC-MS (m/z): 311.1 (M−). The compound
was obtained in a good yield of up to 75%.

3.2.3 Synthesis of novel lophine clubbed acyl thioureas
(8a–l). Differently substituted benzoic acids (5a–l) (1 eq.) and
thionyl chloride (1.2 eq.) were reuxed in dry DCM (3 ml) for 4
hours under a nitrogen atmosphere in the presence of 3 drops
of DMF as a catalyst to afford the respective acid chlorides (6a–
l). Aer completion of the reaction, solvent and excess thionyl
chloride were removed by purging nitrogen gas through the
ask containing the reaction mixture. Solution of freshly
prepared acid chloride in dry acetone (10 ml) was added drop-
wise to the stirred solution of potassium thiocyanate (1.2 eq.) in
dry acetone (10 ml). The reaction mixture was reuxed with
continuous stirring for 2 hours and then cooled down to room
temperature. A solution of 4-(4,5-diphenyl-1H-imidazol-2-yl)
aniline (1 eq.) (4) in anhydrous acetone (10 ml) was added
dropwise to the resulting reaction mixture and then stirred
under reux conditions for 12 hours. Aer reaction completion,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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the mixture was cooled to room temperature and diluted with
distilled water, which resulted in the formation of precipitates.
The precipitates formed were ltered off, washed with distilled
water, and then puried by trituration with acetone.
3.3 In silico studies

Xanthine oxidase and thymidine phosphorylase coordinates
were acquired from the Protein Data Bank using PDB codes
3NRZ and 4EAD.67,68 To determine whether the produced
compounds might occupy the protein's active pocket in
a fashion that would explain the enzyme's activity, a molecular
docking investigation was carried out. 3D-structure of protein
was downloaded from PDB and co-crystallized ligands and
heteroatoms were removed. Then, molecular docking was per-
formed by using the molecular operating environment (MOE)
soware.69 The structure of synthesized compounds was carried
out by ChemOffice 3D (2015), and optimization of energy was
performed by Gaussian 09 by using the density functional
theory and 6-311G basis set.70 First, optimization of protein
structure was performed by using the MOE soware. Then,
molecular docking was performed. Discovery visualizer (DSV) is
used for the identication of 2D and 3D models for the docked
compounds. The electrostatic and Lennard-Jones van der Waals
interactions were found to be responsible for the retention in
the active pocket. Each compound was given various poses
because of the docking of compounds into the active pocket.

3.3.1 Thymidine phosphorylase inhibition assay. The
synthesized compounds were evaluated for their inhibitory
activity against thymidine phosphorylase using thymidine as
a substrate. 7-Deazaxanthine served as the standard inhibitor,
while wells without substrates were used as blanks. Absorbance
measurements were recorded at 290 nm using a SpectraMax
microplate reader (Molecular Devices, California, USA),
following a standard protocol. The reaction mixture for thymi-
dine phosphorylase inhibition assay consisted of 145 mL of
potassium phosphate buffer (pH 7.4), 30 mL of thymidine
phosphorylase, and 20 mL of thymidine substrate (1.5 mM, nal
concentration 0.5 mM), with a nal reaction volume of 200 mL.
Each well was supplemented with 5 mL of test compounds
before incubation at 25 °C for 10 minutes. Absorbance was
recorded at 10, 20, and 30 minutes. Thymidine phosphorylase
inhibition was quantied in terms of IC50 values.71

3.3.2 Xanthine oxidase inhibition assay. The xanthine
oxidase inhibition assay was performed using a slightly modied
version of the prior study's methodology. Xanthine oxidase and
xanthine stock solutions were made at concentrations of 1 UmL−1

and 50 mM, respectively. Allopurinol and all synthesized
compounds were dissolved in DMSO (DMSO content <0.1%) to
create stock solutions (100 mM). For three minutes, samples or
blank PB buffer (100 mL) and enzyme solution (50 mL, 0.08 UmL−1)
were incubated at 37 °C. The reaction was then initiated by the
addition of xanthine (50 mL, 0.48 mM, nal concentration 0.5 mM)
to a total reaction volume of 200 mL. A spectrophotometer
(Thermo, USA) was used to scan the absorbance at 295 nm every 15
seconds for ve minutes.72 For every determination, three dupli-
cates were carried out using allopurinol as the positive control.73
© 2026 The Author(s). Published by the Royal Society of Chemistry
3.4 Experimental data

3.4.1 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)benzamide (8a).

White solid, m.p.: 228–229 °C, yield: 84%, Rf: 0.44 (n-hexane/EtOAc
7 : 3), FT-IR: n�(cm−1) 3215 (N–H), 3021 (Csp2–H stretch), 1668 (C]
O, carbonyl), 1594 (C]C, aromatic), 1259 (C]S), 1148 (C–N). 1H-
NMR: (300 MHz, DMSO-d6): d (ppm) 12.780 (s, 1H, NH), 11.660
(s, 1H, NH), 8.137 (d, 3J= 8.4 Hz, 2H, Ar), 8.007 (d, 3J= 7.5 Hz, 2H,
Ar), 7.891 (d, 3J = 8.4 Hz, 2H, Ar), 7.582–7.297 (m, 13H, Ar). 13C-
NMR: (75 MHz, DMSO-d6): d (ppm) 179.18 (C]S), 168.78 (C]O),
145.40 (C-imidazole), 138.48, 133.66, 133.17, 132.58, 129.19,
128.95, 128.28, 127.80, 126.04, 124.64 (C-aromatic). Anal. calcd. For
C29H22N4OS (474.15): C, 73.39; N, 11.81; S, 6.76; H, 4.69% found: C,
73.37; N, 11.80; S7, 6.75; H, 4.66%.

3.4.2 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-4-methyl benzamide (8b).

Yellow solid, m.p.: 215–217 °C, yield: 78%, Rf: 0.45 (n-hexane/
EtOAc 7 : 3), FT-IR: n� (cm−1) 3310 (N–H), 2971 (Csp3–H), 1669
(C]O, carbonyl), 1590 (C]C, aromatic), 1260 (C]S), 1146 (C–
N). 1H-NMR: (300 MHz, DMSO-d6): d (ppm) 12.862 (s, 1H, NH),
11.598 (s, 1H, NH), 8.147 (d, 3J= 8.7 Hz, 2H, Ar), 7.968–7.915 (m,
4H, Ar), 7.562–7.535 (m, 4H, Ar), 7.465–7.347 (m, 8H, Ar), 2.501
(s, 3H, aliphatic). 13C-NMR: (75 MHz, DMSO-d6): d (ppm) 179.37
(C]S), 168.56 (C]O), 144.82 (C-imidazole), 144.23, 139.59,
131.90, 131.26, 129.54, 129.30, 129.15, 128.57, 126.80, 125.59,
124.69 (C-aromatic), 21.63 (C-methyl). Anal. calcd. For
C30H24N4OS (488.17): C, 73.75; N, 11.47; S, 6.56; H, 4.95%
found: C, 73.74; N, 11.46; S, 6.54; H, 4.94%.

3.4.3 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-3,5-dimethoxybenzamide (8c).

Yellow solid, m.p.: 232–233 °C, yield: 74%, Rf: 0.35 (n-hexane/
EtOAc 7 : 3), FT-IR: n� (cm−1) 3315 (N–H), 3001 (Csp2–H), 1672
(C]O, carbonyl), 1589 (C]C, aromatic), 1207 (C]S), 1146 (C–
N). 1H-NMR: (300 MHz, DMSO-d6): d (ppm) 12.806 (s, 1H, NH),
RSC Adv., 2026, 16, 21447–21464 | 21459
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11.679 (s, 1H, NH), 8.244 (d, 3J= 8.4 Hz, 2H, aromatic), 7.974 (d,
3J = 8.7 Hz, 2H, aromatic), 7.580–7.549 (m, 4H, aromatic),
7.478–7.401 (m, 6H, aromatic), 7.189 (d, 3J = 2.1 Hz, 2H,
aromatic), 6.784 (t, 3J = 2.1 Hz, 1H, aromatic), 3.838 (s, 6H,
methyl). 13C-NMR: (75 MHz, DMSO-d6): d (ppm) 179.25 (C]S),
168.03 (C]O), 160.73 (C-aromatic), 144.58 (C-imidazole),
140.01, 134.38, 131.40, 130.46, 129.18, 128.89, 128.77, 127.28,
124.60, 106.82, 105.93 (C-aromatic), 56.10 (C-methyl). Anal.
calcd. For C31H26N4O3S (534.17): C, 69.64; N, 10.48; S, 6.00; H,
4.90% found: C, 69.62; N, 10.47; S, 5.98; H, 4.89%.

3.4.4 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-3,4,5-trimethoxybenzamide (8d).

Pale yellow solid, m.p.: 223–224 °C, yield: 78%, Rf: 0.25 (n-hexane/
EtOAc 7 : 3), FT-IR: n� (cm−1) 3140 (N–H), 3031 (Csp2–H), 2888
(Csp3–H), 1680 (C]O, carbonyl), 1580 (C]C, aromatic), 1235
(C]S), 1118 (C–N). 1H-NMR: (300 MHz, DMSO-d6): d (ppm)
12.971 (s, 1H, NH), 11.748 (s, 1H, NH), 8.373 (d, 3J = 8.7 Hz, 2H,
Ar), 8.057 (d, 3J = 8.7 Hz, 2H, Ar), 7.599–7.569 (m, 6H, Ar), 7.492–
7.471 (m, 4H, Ar), 7.413 (s, 2H, Ar), 3.889 (s, 6H, methyl), 3.761 (s,
3H, methyl). 13C-NMR: (75 MHz, DMSO-d6): d (ppm) 179.49 (C]
S), 167.69 (C]O), 143.89 (C-imidazole), 153.04, 142.13, 141.28,
130.05, 129.79, 129.35, 129.22, 128.38, 128.14, 127.04, 124.52,
121.52, 106.79 (C-aromatic), 60.64 (C-methyl), 56.63 (C-methyl).
Anal. calcd. For C32H28N4O4S (564.18): C, 68.07; N, 9.92; S, 5.68;
H, 4.90% found: C, 68.06; N, 9.90; S, 5.67; H, 4.88%.

3.4.5 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-2-methylbenzamide (8e).

Light orange solid, m.p.: 212–214 °C, yield: 83%, Rf: 0.61 (n-
hexane/EtOAc 7 : 3), FT-IR: n� (cm−1) 3110 (N–H), 3010 (Csp2–
H), 2924 (Csp3–H), 1674 (C]O, carbonyl), 1591 (C]C,
aromatic), 1255 (C]S), 1148 (C–N). 1H-NMR: (300 MHz,
acetone-d6): d (ppm) 13.098 (s, 1H, NH), 10.647 (s, 1H, NH),
8.400 (d, 3J = 8.7 Hz, 2H, Ar), 8.177 (d, 3J = 8.7 Hz, 2H, Ar),
7.666–7.617 (m, 5H, Ar), 7.513–7.452 (m, 7H, Ar), 7.374–7.348
(m, 2H, Ar), 2.537 (s, 3H, methyl). 13C-NMR: (75 MHz, acetone-
d6): d (ppm) 178.78 (C]S), 170.71 (C]O), 144.15 (C-imidazole),
141.18, 136.93, 134.23, 133.66, 131.45, 131.07, 130.06, 129.28,
128.87, 128.79, 128.04, 127.94, 127.85, 125.77, 123.52, 123.37,
121.12 (C-aromatic), 19.15 (C-methyl). Anal. calcd. For
C30H24N4OS (488.17): C, 73.75; N, 11.47; S, 6.56; H, 4.95%
found: C, 73.74; N, 11.46; S, 6.54; H, 4.93%.
21460 | RSC Adv., 2026, 16, 21447–21464
3.4.6 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-4-nitrobenzamide (8f).

Dark orange solid, m.p.: 204–206 °C, yield: 75%, Rf: 0.55 (n-
hexane/EtOAc 7 : 3), FT-IR: n� (cm−1) 3110 (N–H), 3037 (Csp2–
H), 1675 (C]O, carbonyl), 1587 (C]C, aromatic), 1261 (C]S),
1314 and 1529 (NO2), 1130 (C–N). Anal. calcd. For C29H21N5O3S
(519.14): C, 67.04; N, 13.48; S, 6.17; H, 4.07% found: C, 67.02; N,
13.49; S, 6.16; H, 4.06%.

3.4.7 2-Chloro-N-((4-(4,5-diphenyl-1H-imidazol-2-yl)
phenyl)carbamothioyl)benzamide (8g).

Dark orange solid, m.p.: 185–187 °C, yield: 80%, Rf: 0.41 (n-
hexane/EtOAc 7 : 3), FT-IR: n� (cm−1) 3125 (N–H), 3017 (Csp2–
H), 1677 (C]O, carbonyl), 1585 (C]C, aromatic), 1259 (C]S),
1151 (C–N). Anal. calcd. For C29H21ClN4OS (508.11): C, 68.43; N,
11.01; S, 6.30; H, 4.16% found: C, 68.42; N, 11.00; S, 6.32; H,
4.14%.

3.4.8 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-4-methoxybenzamide (8h).

Dark orange solid, m.p.: 230–231 °C, yield: 85%, Rf: 0.35 (n-
hexane/EtOAc 7 : 3), FT-IR: n� (cm−1) 3305 (N–H), 3026 (Csp2–
H), 1648 (C]O, carbonyl), 1591 (C]C, aromatic), 1256 (C]S),
1147 (C–N). Anal. calcd. For C30H24N4O2S (504.16): C, 71.41; N,
11.10; S, 6.35; H, 4.79% found: C, 71.39; N, 11.11; S, 6.35; H,
4.78%.

3.4.9 2-Chloro-N-((4-(4,5-diphenyl-1H-imidazol-2-yl)
phenyl)carbamothioyl)-5-nitrobenzamide (8i).

Pale yellow solid, m.p.: 275–277 °C, yield: 70%, Rf: 0.55 (n-
hexane/EtOAc 7 : 3), FT-IR: n� (cm−1) 3128 (N–H), 3033 (Csp2–
H), 2893 (Csp3–H), 1681 (C]O, carbonyl), 1580 (C]C,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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aromatic), 1235 (C]S), 1108 (C–N). Anal. calcd. For C29H20-
ClN5O3S (553.10): C, 62.87; N, 12.64; S, 5.79; H, 3.64% found: C,
62.85; N, 12.63; S, 5.80; H, 3.63%.

3.4.10 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-3-nitrobenzamide (8j).

White solid, m.p.: 215–217 °C, yield: 72%, Rf: 0.21 (n-hexane/
EtOAc 7 : 3), FT-IR: n� (cm−1) 3301 (N–H), 2995 (Csp2–H), 2863
(Csp3–H), 1644 (C]O, carbonyl), 1600 (C]C, aromatic), 1253
(C]S), 1128 (C–N). Anal. calcd. For C29H21N5O3S (519.14): C,
67.04; N, 13.48; S, 6.17; H, 4.07% found: C, 67.03; N, 13.47; S,
6.15; H, 4.08%.

3.4.11 4-Chloro-N-((4-(4,5-diphenyl-1H-imidazol-2-yl)
phenyl)carbamothioyl)benzamide (8k).

Beige color solid, m.p.: 237–238 °C, yield: 70%, Rf: 0.55 (n-
hexane/EtOAc 7 : 3), FT-IR: n� (cm−1) 3118 (N–H), 3052 (Csp2–
H), 1646 (C]O, carbonyl), 1588 (C]C, aromatic), 12 338 (C]S),
1089 (C–N). Anal. calcd. For C29H21ClN4OS (508.11): C, 68.43; N,
11.01; S, 6.30; H, 4.16% found: C, 68.41; N, 11.00; S, 6.31; H,
4.15%.

3.4.12 N-((4-(4,5-diphenyl-1H-imidazol-2-yl)phenyl)
carbamothioyl)-3-methylbenzamide 8l.

Orange solid, m.p.: 230–232 °C, yield: 74%, Rf: 0.37 (n-hexane/
EtOAc 7 : 3), FT-IR: n� (cm−1) 3106 (N–H), 3049 (Csp2–H), 2833
(Csp3–H), 1669 (C]O, carbonyl), 1598 (C]C, aromatic), 1254
(C]S), 1188 (C–N). Anal. calcd. For C30H24N4OS (488.17): C,
73.75; N, 11.47; S, 6.56; H, 4.95% found: C, 73.74; N, 11.45; S,
6.57; H, 4.94%.
4 Conclusion

A facile multistep synthesis of lophine clubbed acylthiourea
derivatives is reported in this study involving heterocyclization,
reduction, nucleophilic substitution, and addition reactions. In
view of their relevance to advanced medicinal chemistry, the
compounds were synthesized using straightforward procedures
© 2026 The Author(s). Published by the Royal Society of Chemistry
that avoided harsh conditions and minimized purication
requirements. Beyond synthetic convenience, the lophine–
acylthiourea derivatives were found to exert signicant in vitro
dual inhibition of xanthine oxidase and thymidine phosphory-
lase. Indeed, within this series, the analogs 8j, 8d, and 8i di-
splayed very potent activity, with IC50 values in the low
micromolar range. Molecular docking studies further sup-
ported these ndings, as they indicated the binding interac-
tions of the active compounds with the catalytic sites of both
enzymes were favorable, and their accommodation was stable.
The close agreement between in vitro results and computational
predictions underlined the potential of this compound series as
a versatile scaffold for modulating both oxidative stress and
purine metabolism. Overall, the results provide a solid basis for
future studies focusing on the rational design and development
of dual-target enzyme inhibitors with therapeutic relevance.
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