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Abstract

A series of novel substituted 2-(4-bromophenyl)-4-phenylthiazole compounds Sa—h were synthesized by a simplified two-step
process. First, the selective and effective a-bromination of substituted acetophenone moieties with N-bromo succinamide
was done followed by treating of substituted 2-bromo-1-phenylethan-1-one with 4-bromobenzothiamide under microwave
irradiation. The structures of the newly synthesized compounds were confirmed by IR, 'H NMR, '>C NMR, mass spectra
and C, H, N analysis. Further, all the synthesized compounds Sa-h were evaluated for xanthine oxidase inhibition. Among
all the tested compounds, 5f was found to be highly potent (IC5,=0.100+0.08 uM) followed by Se (IC5,=0.145+1.42 uM),
compared to the standard allopurinol (IC5,=0.150+0.07 uM), which is evident from in vitro and in silico analysis.

Keywords Phenyl thiazole microwave synthesis - Xanthine oxidase inhibition - Docking study

Introduction

Xanthine oxidase (XO) is an oxidoreductase enzyme respon-
sible for generating highly reactive oxygen species, which
catalyzes the oxidation of hypoxanthine to xanthine and fur-
ther catalyzes the oxidation of xanthine to uric acid [1]. Uric
acid accumulation leads to gout attacks and development of
kidney stones. This enzyme has been even reported to play a
potential role in the progression and development of various
cancers which makes it an imperative therapeutic target [2].
The ideal xanthine oxidase inhibitor (XOI) allopurinol has
been the root of the clinical management of gout and con-
ditions correlated with hyperuricemia for quite a few dec-
ades. Many people are hypersensitive to allopurinol drugs
as they may develop rashes, fever, eosinophilia, hepatitis and
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worsened renal function [3]. Allopurinol is one of the drugs
commonly known to cause Stevens—Johnson syndrome and
toxic epidermal necrolysis which are life-threatening derma-
tological conditions. Being allergic to allopurinol is mainly
due to the generation of superoxides [4, 5]. Reactive oxygen
species (ROS) are formed continuously in the human body,
and they are removed by enzymatic and non-enzymatic anti-
oxidative defense systems under normal conditions [6]. ROS
contribute to the oxidative stress on the organisms, and they
are involved in many pathological processes such as caus-
ing damage to DNA, protein and lipids and also ensuing in
inflammation, atherosclerosis, cancer and aging [7].
Thiazole is considered a synthetically significant active
scaffold that possesses the majority of biological activities
[8, 9]. In the current scenario, the synthesis of phenyl thia-
zole compounds has been a fascinating field in therapeutic
science which prompts biological investigation to assess
their potential pharmacological significance, because of
their potent and significant biological activities [10, 11].
Thiazole and its derivatives are found to be influential in
various forms of drugs. Currently, drugs which are available
in the market are sulfathiazole (antimicrobial drug), ritonavir
(antiretroviral drug), abafungin (antifungal drug), tiazofurin
(antineoplastic drug) [12], ceftazidime [13] (broad-spectrum
third-generation cephalosporin antibiotic), sudoxicam (anti-
inflammatory drug) and famotidine (antiulcerogenic) [14].
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Scheme 1 Synthesis of
2-(4-bromophenyl)-4-phenylth-
iazole analogs under microwave
irradiation
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Therefore, the synthesis of these compounds which shows
a broad spectrum of biological activity is of remarkable
concern and has attracted the attention of many research-
ers to explore thiazole derivatives [15, 16]. Current studies
have shown that the number of cases of gout is increasing
worldwide [17, 18] and more research is focused on the
synthesis of non-purine-based xanthine oxidase inhibitor.
US Food and Drug Administration (USFDA) for the first
time approved febuxostat a non-purine drug as XO inhibi-
tor in the year 2009 which in turn is a thiazole derivative
[19]; since then, multitudinous non-purine inhibitors have
attracted worldwide attention. This drug is an oral, potent
and selective XO inhibitor with minimum side effects as
compared with a purine drug allopurinol. The success of this
prime, non-purine XO inhibitor has fascinated researchers
to develop a structurally diverse array of molecules with-
out purine skeleton [20, 21]. Owing to this importance, an
approach was made to design and synthesis XO inhibitor
containing thiazole moiety. In addition, the effort should fit
conveniently to be carried out within a laboratory working
period. In order to do this, a simple procedure is required
to be developed. One such method is the microwave tech-
nique that can be safely used for solventless reactions and
an opportunity to work with open vessels, thus avoiding the
risk of high-pressure development. Besides, there is a pos-
sibility to upscale the reaction on a preparative scale and the
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reactions appear to occur at a relatively low bulk temperature
[22]. In view of the above-mentioned facts and our initial
efforts to discover potentially active new non-purine-based
XO inhibitory agents 2-(4-bromophenyl)-4-phenylthiazole
derivatives Sa—h was synthesized in good yield.

Results and discussion
Chemistry

The reaction sequence for different title compounds Sa-h
is outlined in Scheme 1. Each stage in the synthesis was
confirmed by IR, NMR and mass spectral information.
The compounds substituted 2-bromo-1-phenylethan-1-one
3a-h were synthesized according to a reported procedure
[23] through selective a-bromination of substituted aceto-
phenone 1 with N-bromosuccinimide (NBS) 2 catalyzed
by p-toluenesulfonic acid (PTSA) under microwave irra-
diation for 25 to 30 min. To confirm the formation of the
series 3a—h, compound 3a was selected as a representa-
tive. The '"H NMR spectrum of compound 3a has shown a
singlet peak at & 4.56 ppm for two methylene protons and
also the disappearance of the peak for methyl protons of
compound 1. Also, the broad range of the mass spectrum
gave significant stable m/z 277 (M+), 279 (M+2), 281
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Table 1 Optimization of reaction conditions for synthesis of com-
pounds 3a-h

Compounds Thermal heating(90 °C) ~ Microwave irradiation
(180 W)
Time (h) Yield (%) Time (min) Yield (%)
3a 4 72 30 91
3b 4 67 30 93
3c 3 68 28 92
3d 3 76 25 93
3e 3 68 27 94
3f 4 72 30 94
3g 3 64 26 91
3h 3 68 26 91

Table 2 Optimization of reaction conditions for synthesis of com-
pounds 5a-h

Compounds Thermal heating (80 °C)  Microwave irradiation
(180 W)
Time (h) Yield (%) Time (min) Yield (%)
5a 5 68 15 91
5b 5 67 18 95
5c 4 64 15 92
5d 5 72 18 93
Se 4 68 20 95
5f 5 64 18 96
S5g 4 71 15 93
5h 4 68 15 94

(M+4) peaks. Further, substituted 2-bromo acetophenone
3a-h were treated with 3-bromo thiobenzamide 4 and
irradiated at 350W in the microwave for 15 to 20 min to
furnish 2-(4-bromophenyl)-4-phenylthiazole derivatives
Sa—h with excellent yield. In this series compound, Sa was
considered as a representative. The 'TH NMR spectrum of
compound 5a has shown peaks in the range 7.12-7.76 ppm
as multiplet for aromatic protons and at § 8.57 as singlet
for thiazole ring proton. The broad range of the mass spec-
trum gave significant stable m/z 394 (M+), 396 (M+2),
433 (M+4) peaks. To interrogate the transformations
between microwave irradiation and the thermal heating,
synthesis of compounds 3a-h and Sa-h using thermostat
oil-bath reflux condition otherwise identical conditions as
those employed for the microwave-assisted method was
studied (Tables 1 and 2). Lower yields with a longer reac-
tion time were observed under thermal conditions, signify-
ing that the microwave irradiation conditions offer much
better efficacy.

Enzymatic assay

Novel 2-(4-bromophenyl)-4-phenylthiazole analogs Sa-h
were screened for the bovine XO. Enzyme activity was
determined by measuring the absorbance of the liberated
uric acid from xanthine at 294 nm using a microplate reader
(Spectramax 340, Molecular Devices, Sunnyvale, USA).
The absorbance was compared with the control, containing
DMSO instead of test samples, and allopurinol was used as
a positive control [18]. Further, on to recognize the binding
mode of the newly synthesized compounds Sa-h with XO,
molecular docking studies for the most potent compound Sf
were carried out.

Structure-activity relationship

Substituted 2-(4-bromophenyl)-4-phenylthiazoles Sa-h,
which are known to be pharmacologically active mol-
ecules, were efficiently synthesized from moderate to
good yield. Structurally, the title compounds Sa-h has
a basic backbone of phenyl thiazole ring. In order to get
an insight into the structure—activity relationship (SAR),
we varied the substitutions on the phenyl ring attached
to the thiazole moiety. The ICs, values for compounds as
depicted in Table 3 inferred that the compound Sf with the
nitro group at a para position to the phenyl ring showed
(IC5,=0.100+0.08 uM) followed by Se with fluoro group
at para position (IC5,=0.145+1.42 uM), compared to the
standard allopurinol (IC5,=0.150+0.07 uM). The results
illustrated that compound 5f having a thiazole ring with a
nitro group at the para position of the phenyl ring is impor-
tant for biological activity which was further confirmed by in
silico analysis. The other compounds Sa, 5b, 5S¢, 5d, Sg and
5h have not shown significant activity, and the results are
represented in Table 3. With this inference, the compound
5f was identified as a lead bioactive molecule.

Molecular docking simulation

To get a better understanding of the interaction between
XO with the ligands, the docking simulation was performed
where allopurinol was used as the standard drug. The docked
result with their binding affinity and their non-bonding
interaction is shown in Table 4. Further, the summary of
their interaction protein along with its interaction residues,
type of bond formed and their respective distance is given
in Table 5. The active site was taken based on the reported
work [24]. The interaction of the complex was studied
using Biovia Discovery Studio Visualizer 2021. Based on
the criteria as mentioned in the “methods” section, ligand
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Table 3 Inhibitory activities of 5a-h against xanthine oxidase enzyme

Code Compound IC5o™ (UM)

2-(4-bromophenyl)-4-(2-chloro-4-nitrophenyl)thiazole

] F
o

N\ Br

C(Ef@'

2-(4-Bromophenyl)-4-(2-fluoro-4-nitrophenyl)thiazole

5¢c / S 0.246+0.87¢
/@EE%@\H
N
Cl F

2-(4-Bromophenyl)-4-(4-chloro-2-fluorophenyl)thiazole

5d / S 0.175+0.08°
/©/[/>\©\Br
N
ClI

2-(4-Bromophenyl)-4-(4-chlorophenylthiazole

5e / S 0.145+1.42°
J@VC%@“
N
.

2-(4-Bromophenyl)-4-(4-fluorophenyl)thiazole

i
~o

2-(4-Bromophenyl)-4-(4-nitrophenyl)thiazole

5g / s 0.180+2.02¢
%©\Br
N
Br

2,4-Bis(4-bromophenyDthiazole

5h / S. 0.250+0.13¢
/@i[)\Q\Br
N
Br Ci

2-(4-Bromophenyl)-4-(4-bromo-2-chlorophenyl)thiazole
Std.* Allopurniol 0.150+0.07°

Sa 0.418+1.10°

z—0

5b 0.407 +0.55¢

5f 0.100+0.08*

*Values are expressed as mean + SE. Duncan multiple range test shows that means in the same column with different superscript letters (a, b, c,
d & e) are significantly different (p < 0.05)

YThe ICs, value is defined as the inhibitor concentration to inhibit 50% of enzyme activity under assay conditions. Std.%= Allopurinol
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Table 4 Binding affinity and total number of non-bonding interactions of compounds with xanthine oxidase (PDB: IN5X)

Code Name of the compound Binding affinity Total no. of non-bonding  Total no. of
(kcal/mol) interactions hydrogen

bonds

Sa 2-(4-bromophenyl)-4-(2-chloro-4-nitrophenyl)thiazole -8.6 12 3

5b 2-(4-bromophenyl)-4-(2-fluoro-4-nitrophenyl)thiazole -8.7 11 3

5c 2-(4-bromophenyl)-4-(4-chloro-2-fluorophenyl)thiazole -8.5 13 2

5d 2-(4-bromophenyl)-4-(4-chlorophenyl)thiazole -8.2 11 -

Se 2-(4-bromophenyl)-4-(4-fluorophenyl)thiazole -8.6 11 2

5f 2-(4-bromophenyl)-4-(4-nitrophenyl)thiazole -9.1 14 4

5¢g 2,4-bis(4-bromophenyl)thiazole -7.6 14 -

5h 2-(4-Bromophenyl)-4-(4-bromo-2-chlorophenyl)thiazole -17.8 12 -

Std.” Allopurinol -7.0 11

2-(4-bromophenyl)-4-(4-nitrophenyl) thiazole S5f bound
to XO was chosen which showed the binding affinity of
—9.1 kJ/mol for which allopurinol was used as a control
which showed the binding affinity of —7.0 kJ/mol. On com-
paring both, docked model ligand compound 5f bound to
XO was found to be more stable as it showed more nega-
tive binding affinity. Similarly, the compound 5f complex
contains a total of four hydrogen bonds, where all four were
bounded within the active site—ARG A: 880 (2.83), ARG
A: 880 (2.03), THR A: 1010 (2.52) and PHE A: 1009 (2.24)
similar to the active site of the co-crystal ligand as men-
tion in the previous work done by the authors. Further, the
analysis showed that the compound 5f bound to XO con-
tains a total of ten hydrophobic bonds, which were formed
between the residues of the protein, where all the residues
were within the active site. The control drug allopurinol
bound XO has a smaller number of total non-bonded inter-
actions. Furthermore, the allopurinol complex showed an
unfavorable bond which was formed with ALA A: 1079.
Thus, it can be said that the chosen compound 5f complex is
stable compared to the control drug (Figs. 1 and 2).

Molecular dynamics (MD) simulation

The docked complex with the most negative binding affin-
ity was selected for future investigation to understand the
dynamic nature and the conformational stability between
both protein and ligand complexes. The simulation was
carried out for 100 ns using GROMACS-2018.1 package
for compound 5f bound XO as well as for the control drug
allopurinol bound XO. The trajectories were obtained after
the completion of the MD simulation. The evaluation of
these trajectories provided an in-depth understanding of the
complex flexibility and their stable nature during the interac-
tion. The evaluation is done by analyzing root mean square
deviation (RMSD), root means square fluctuation (RMSF),

radius of gyration (RG), solvent accessible surface area
(SASA) and hydrogen bonds. The RMSD is evaluated to
get a clear understanding of positional differences of the
backbone atoms over a timescale.

As shown in Fig. 3, the RMSD for compound 5f bound
XO along with allopurinol bound XO complex was ana-
lyzed to evaluate their stability as plotted in Fig. 3A. The
graphical plot of RMSD predicts that XO shows a slight
upward fluctuation as time increases, and at around 50 ns,
it attains stability and it shows variability between 0.27
and 0.28 nm. Later, it attains stability around 80 ns for
the run of 100 ns. Further, RMSD of compound 5f com-
plex shows stability in fluctuation from 55 to 70 ns, but
there is a slight fluctuation at 0.31 nm around 60 ns and
equilibrated around 80 ns during 100 ns while allopurinol
complex shows consistencies in stability at~ 15 nm. The
RMSF plot was analyzed to evaluate the residue flexibility
of the complex along with the reference ligand complex
as shown in Fig. 3B. Thorough fluctuation of the protein
was found to be higher compared to the protein-ligand
complexes. The RG was analyzed to evaluate the structural
compactness of the biomolecules and to check whether the
complexes are stably folded or unfolded. The average RG
value of XO was 3.01 nm, but it showed a slight increase
in the fluctuation value (3.14 nm) and later showed rela-
tively stable values among the analyzed complexes. Com-
pound S5f complex showed average RG value of 3.13 nm
by showing more or less stable values compared to allopu-
rinol complex of 3.15 nm. The protein, as well as com-
plexes, showed almost similar and compactable values as
shown in Fig. 3C. So, the above evaluation indicates that
the complexes may be showing relatively stable folded
conformation during MD simulation. Figure 3D shows
the graphical plot of SASA through which conforma-
tional changes between the interactions are analyzed. The
overall SASA value of the protein and both the complexes
is consistently similar. It can also be seen that there is a
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Fig.1 Visualization of docking interaction of 2-(4-bromophenyl)-4-(4-nitrophenyl)thiazole (5f) bound xanthine oxidase (PDB: IN5X). A 3D

binding interaction. B 2D residue-wise interaction

A

Interactions

[] van der waals
Conventional Hydrogen Bond
I unfavorable Donor-Donor

Glugo2

B SER
A1008
ARG
) A:830
/?
AMO11
GLU :
A:802 - H A
-
/ " s
PHE 1 X
A:1009 ALA PHE AH?)%
A:l078  PHE
LEU

[ Fi-Pi Stacked
[ Fi-Pi T-shaped

[ Pi-Alkyl

Fig.2 Visualization of docking interaction of allopurinol bound xanthineoxidase (PDB: IN5X). A 3D binding interaction. B 2D residue-wise

interaction

slight downgrade fluctuation of compound 5f complex at
440 nm? which is similar to allopurinol. Thus, the evalu-
ated analyses show that there can be compactness of the
structure which may lead to increase in stability. Finally,

@ Springer

the number of hydrogen bonds that were formed during
the interaction with both the modeled protein were calcu-
lated, where compound 5f bound XO showed up to four
hydrogen bonds in Fig. 3E, whereas allopurinol bound
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Fig.3 Analysis of RMSD, RMSF, Rg, SASA and number of hydro-
gen bonds of of 2-(4-bromophenyl)-4-(4-nitrophenyl)thiazole 5f
(black) and allopurinol (violet) bound to xanthine oxidase (red)
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of simulation between protein and ligand
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Table 6 Binding free

k Types of binding free
energy calculations of

energy calculations

2-(4-bromophenyl)-4-(4-nitrophenyl)
thiazole

Allopurinol

2-(4-bromophenyl)-4-(4-

nitrophenyl)thiazole 5f and Values (kj/mol) Standard devia- Values (kj/mol) Standard
allopurinol with xanthine tion (kj/mol) deviation (kj/
oxidase (PDB: IN5X) mol)
Van der Waal energy —226.854 +/—12.745 —55.892 +/—61.937
Electrostatic energy —24.635 +/—7.960 —3.951 +/—4.873
Polar solvation energy 108.105 +/—23.097 37.643 +/—42.272
SASA energy —17.105 +/—0.950 —3.706 +/—5.531
Binding energy —160.488 +/—21.395 —25.906 +/—74.091
XO showed three hydrogen bonds. There is no variation  Conclusion

in hydrogen bonds formed in transformation from docked
model to MD simulated model which shows that there may
not be much structural rearrangement.

Binding free energy calculation

The binding free energy was evaluated using the molecular
mechanics/Poisson—Boltzmann surface area (MM-PBSA)
approach which is the summation of non-polar, polar and
non-bonded interaction energies. It is known that the more
the negative energy, the more the stability, and based on
this concept, the value was evaluated. The summary of the
calculation of the binding energy of van der Waal energy,
electrostatic energy, polar solvation and free binding energy
for 100 ns is given in Table 6 for compound 5f bound XO as
well as for the control drug allopurinol bound XO, with its
values and standard deviation. It is seen that for compound
5f bound xanthine oxidase, van der Waals (—226.854 kJ/
mol), electrostatic interactions (—24.635 kJ/mol), SASA
energy (—17.105 kJ/mol) negatively contribute to the total
interaction energy, whereas polar solvation energy (108.105)
positively accords to the total interaction free energy and the
binding energy predicted by the program was — 106.488 kJ/
mol. It can be seen that the polar solvation was not favora-
ble for the binding of the compound. While the control
drug allopurinol showed the binding energy —25.906 kJ/
mol, van der Waals —55.892 kJ/mol, electrostatic interac-
tions —3.951 kJ/mol, SASA energy —3.706 kJ/mol similar
to compound 5f polar solvation energy, allopurinol polar
solvation energy also has a positive value 37.643 kJ/mol.
The evidence shows that van der Waals, electrostatic interac-
tion and non-polar interaction together accord to complex
stability compared to standard drug. Furthermore, when the
standard deviation of analog 5f bound XO was compared
with the control drug, it showed more stability as the val-
ues were slower to mean. Similarly, compared to the control
drug, 5f showed more stability as the value predicted by the
program was more negative.
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Novel 2-(4-bromophenyl)-4-phenylthiazole analogs were
efficiently synthesized from microwave irradiation. Com-
pound 5f having a thiazole ring with a nitro group at
the para position of the phenyl ring is confirmed potent
inhibitory activity against XO which was further con-
firmed by in silico analysis. The XO inhibitory potential
of test compounds Sa-h is shown in Table 1. In vitro XOI
studies revealed that all the compounds exhibited good
XO inhibitory activity in the range of 0.100+0.08 to
0.418+1.10 pM. Among them, compound 5f was found
to be highly potent (IC5,=0.100+0.08 uM) followed by
Se (IC5,=0.145+1.42 uM). The remaining compounds
showed lower activity compared to the standard allopuri-
nol (IC5,=0.150+0.07 uM). Further, molecular docking
simulation analysis showed that the compound 5f bound to
XO contains a total of ten hydrophobic bonds, where all the
residues were within the active site. The control drug allopu-
rinol bound to XO has a smaller number of non-bounded
interactions. MD simulations accounted that there is not
much structural rearrangement from docked model to MD
simulated model transformation as compound 5f bound to
XO showed up to four hydrogen bonds, whereas allopurinol
bound to XO showed three hydrogen bonds. Binding free
energy calculation predicted that, compared to the control
drug, compound 5f showed more stability as the value pre-
dicted by the program was more negative. In conclusion, our
in vitro and in silico analysis for compound 5f gave strong
evidence that proved it to be a better XO inhibitor compared
to the standard drug allopurinol.

Materials and methods

Chemicals were purchased from Sigma-Aldrich Chemical
Co. TLC was done on aluminum backed silica plates and
visualized by UV light. Solvents were dried and degassed
according to “Purification of Laboratory Chemicals” prior



Journal of the Iranian Chemical Society (2022) 19:3919-3933

3929

to use. Melting points were determined on a Thomas Hoover
capillary melting point apparatus with a digital thermometer.
The FT-IR spectra were recorded using KBr disks and Nujol
on FT-IR Jasco 4100 infrared spectrophotometer, 'H NMR
and '*C NMR spectra were recorded on a Bruker 400 MHz
NMR spectrophotometer in CDCl;, and the chemical shifts
were recorded in parts per million downfield from tetra-
methylsilane. Mass spectra were recorded on LCMS/MS
(API4000) mass spectrometer. The elemental analysis of the
compounds was performed on a PerkinElmer 2400 elemental
analyzer. The results of elemental analyses remained within
+0.4% of the theoretical values. The reactions were per-
formed in a CEM discover microwave reactor.

Chemistry

General procedure for the synthesis of substituted
2-bromo-1-phenylethan-1-one (3a-h)

A 10-mL dry flask with a teflon stir bar was introduced
with substituted acetophenone 1a-h (0.0129 mol), NBS
(0.0129 mol, 1 equiv) and PTSA (0.00129 mol, 10 mol%).
Anhydrous dichloro methane (2.0 mL) was added; then, the
flask was sealed and the mixture was stirred and irradiated
at 180w under microwave. After 25 to 30 min, the reac-
tion mixture was cooled and treated with 10 mL of distilled
water, and extracted with 3 X 10 mL of dichloro methane.
The organic layers were separated and dried over anhydrous
magnesium sulfate, and the solution was concentrated using
rotavapour under high pressure and the resulting solid was
crystallized in ethanol to afford desired compounds 3a-h in
a pure state.
2-Bromo-1-(2-chloro-4-nitrophenyl)ethan-1-one 3a: IR
(Nujol): 1658 cm™ (C=0). "H NMR (400 MHz, CDCl,)
5 (ppm): 4.56 (s, 2H), 8.10-8.28 (m, 3H). '3C NMR
(125 MHz, CDCl,) 6 (ppm): 31.11 (1C, CH,), 121.92 (1C,
Ar-C), 124.82 (1C, Ar-C), 131.32 (1C, Ar-C), 134.54 (1C,
Ar-C), 144.64 (1C, Ar-C), 157.54 (1C, Ar-C), 190.82 (1C,
C=0). MS: m/z 277(M+), 279 (M+2), 281 (M+4). Anal.
Calcd. for CgHsBrCINO;, (277): C, 34.50; H, 1.81; N, 5.03.
Found: C, 34.48; H, 1.79; N, 5.00%.
2-Bromo-1-(2-fluoro-4-nitrophenyl)ethan-1-one 3b: IR
(Nujol): 1668 cm™ (C=0). '"H NMR (400 MHz, CDCl,)
5 (ppm): 4.63 (s, 2H), 8.09-8.76 (m, 3H). '*C NMR
(125 MHz, CDCl,) 6 (ppm): 31.11 (1C, CH,), 111.92 (1C,
Ar-C), 119.42 (1C, Ar-C), 131.42 (1C, Ar-C), 131.74 (1C,
Ar-C), 153.64 (1C, Ar-C), 160.74 (1C, Ar—C), 190.82 (1C,
C=0). MS: m/z 261(M+), 263 (M+2). Anal. Calcd. for
CsH;BrFNO; (261): C, 36.67; H, 1.92; N, 5.35. Found: C,
36.60; H, 1.89; N, 5.33%.
2-Bromo-1-(4-chloro-2-fluorophenyl)ethan-1-one 3c: IR
(Nujol): 1648 cm™ (C=0). '"H NMR (400 MHz, CDCl,)
5 (ppm): 4.56 (s, 2H), 7.37-7.89 (m, 3H). '*C NMR

(125 MHz, CDCI3) 6 (ppm): 31.06 (1C, CH,), 117.63 (1C,
Ar-C), 124.69 (1C, Ar-C), 127.82 (1C, Ar—C), 131.33 (1C,
Ar-C), 140.40 (1C, Ar-C), 164.68 (1C, Ar—C), 190.48 (1C,
C=0). MS: m/z 251 (M+), 253 (M+2), 255 (M+4). Anal.
Calcd. for CgHsBrCIFO (251): C, 41.15; H, 2.00; Found: C,
41.11; H, 2.00%.
2-Bromo-1-(4-chlorophenyl)ethan-1-one 3d: IR (Nujol):
1639 cm™ (C=0). 'H NMR (400 MHz, CDCl,) § (ppm):
4.47 (s, 2H), 7.63 (dd, 2H), 8.03 (dd, 2H). '*C NMR
(125 MHz, CDCl;) ¢ (ppm): 30.99 (1C, CH,), 128.7 (2C,
Ar-C), 130.2 (2C, Ar-C), 132.3 (1C, Ar-C), 138.7 (1C,
Ar-C), 190.8 (1C, C=0). MS: m/z 233 (M+), 235 (M+2),
237 (M+4). Anal. Calcd. for CgH¢BrClO (233): C, 41.15;
H, 2.59; Found: C, 41.11; H, 2.57%.
2-Bromo-1-(4-fluorophenyl)ethan-1-one 3e: IR (Nujol):
1659 cm™! (C=0). 'H NMR (400 MHz, CDCl;) 6 (ppm):
4.41 (s, 2H), 7.40 (dd, 2H), 8.12 (dd, 2H). '*C NMR
(125 MHz, CDCl,) 6 (ppm): 30.13 (1C, CH,), 115.65 (2C,
Ar-C), 129.90 (1C, Ar-C), 130.33 (2C, Ar-C), 166.78 (1C,
Ar-C), 189.99 (1C, C=0). MS: m/z 217 (M+), 219 (M+2).
Anal. Caled. for CgHBrFO (217): C, 44.27; H, 2.79; Found:
C,44.24; H, 2.76%.
2-Bromo-1-(4-nitrophenyl)ethan-1-one 3f: IR (Nujol):
1668 cm™! (C=0). 'H NMR (400 MHz, CDCl;) § (ppm):
4.46 (s, 2H), 8.31 (dd, 2H), 8.40 (dd, 2H). '*C NMR
(125 MHz, CDCI3) 6 (ppm): 29.77 (1C, CH,), 123.69 (2C,
Ar-C), 129.72 (2C, Ar-C), 137.94 (1C, Ar—C), 150.29 (1C,
Ar-C), 189.52 (1C, C=0). MS: m/z 243(M+), 245 (M+2).
Anal. Calcd. for CgH,BrNO; (243): C, 39.37; H, 2.49;
Found: C, 39.34; H, 2.46%.
2-Bromo-1-(4-bromophenyl)ethan-1-one 3 g: IR (Nujol):
1638 cm™ (C=0). '"H NMR (400 MHz, CDCI3) § (ppm):
4.40 (s, 2H), 7.78 (dd, 2H), 7.95 (dd, 2H). '*C NMR
(125 MHz, CDCI13) 6 (ppm): 30.01(1C, CH,), 128.97(2C,
Ar-C), 130.06 (2C, Ar-C), 131.86(1C, Ar-C), 132.21(1C,
Ar-C), 190.07 (1C, C=0). MS: m/z 277 (M+), 279 (M+2),
281 (M+4). Anal. Calcd. for CgHBr,0 (277): C, 34.57; H,
2.19; Found: C, 34.54; H, 2.16%.
2-Bromo-1-(4-bromo-2-chlorophenyl)ethan-1-one
3 h: IR (Nujol): 1643 cm™! (C=0). 'H NMR (400 MHz,
CDCI3) 6 (ppm): 4.53 (s, 2H), 7.61-7.83 (m, 3H). >°C NMR
(125 MHz, CDCI13) 6 (ppm): 31.01 (1C, CH,), 128.69 (1C,
Ar-C), 129.82 (1C, Ar-C), 130.33 (1C, Ar-C), 132.40 (1C,
Ar-C), 135.74 (1C, Ar-C), 137.68 (1C, Ar-C), 190.82 (1C,
C=0). MS: m/z 312 M+), 314 (M+2), 316 M+4), 318
(M+6). Anal. Calcd. for CgHsB1,CIO (312): C, 30.76; H,
1.61; Found: C, 30.73; H, 1.59; N, 5.00%.

General procedure for the synthesis of substituted
2-(4-bromophenyl)-4-phenylthiazoles (5a-h)

In a 25 ml dry flask with a teflon stir bar, substituted
2-bromo-1-phenylethan-1-one 3a-h (0.00214 mol)
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containing 15 ml of ethanol were introduced and it was
followed by the addition of 3-bromo thiobenzamide 4
(0.00214 mol, 1 equiv) and irradiation at 350W in the
microwave for 15 to 20 min. The solid was washed with
diethyl ether and followed with water and brine solution.
The organic layer was separated using a separating funnel.
Further, it was dried with anhydrous magnesium sulfate, and
the solution was concentrated using rotavapour under high
pressure and the resulting solid was crystallized in ethanol
to afford desired compounds Sa-h in a pure state.
2-(4-Bromophenyl)-4-(2-chloro-4-nitrophenyl) thiazole
5a: Yield 89%, m.p. 145.3-147.2 °C. IR (Nujol): 3159 cm™!
(Ar-C-H) str, 1647 cm™" (C=N) str, 1593 and 1325 cm™"
asymmetric and symmetric (N=0) str of NO,, 1507 cm™!
(Ar-C=C) str, 1109 cm™" (C-N) str, 667 cm™! (C-S) str.
"H NMR (CDCl,) & (ppm): 7.12-7.76 (m, TH, Ar-H), 8.57
(s, 1H, thiazole). >*C NMR (125 MHz, CDCl;) § (ppm):
111.59 (1C, thiazole), 122.59 (1C, Ar-C), 124.73 (1C,
Ar-C), 129.70 (1C, Ar=C), 129.77 (2C, Ar-C), 132.63 (2C,
Ar-C), 133.25 (1C, Ar-C), 136.86 (1C, Ar—C), 149.34 (1C,
Ar-C), 158.27 (1C, thiazole), 164.89 (1C, thiazole). MS:
m/z 394 (M+), 396 (M+2), 433 (M+4). Anal. calcd. for
C,5sHgBrCIN,0,S (394): C, 45.54; H, 2.04; N, 7.08. Found:
C, 45.52; H, 2.04; N, 7.05%.
2-(4-Bromophenyl)-4-(2-fluoro-4-nitrophenyl)thiazole
5b: Yield 82%, m.p. 137.3-138.7 °C. IR (Nujol): 3159 cm™!
Ar—(C-H) str, 1647 cm™' (C=N) str, 1593 and 1325 cm™!
asymmetric and symmetric (N=0) str of NO,, 1507 cm™!
Ar—(C=C) str, 1109 cm™' (C-N) str, 667cm’! (C-S) str. 'H
NMR (CDCl,) 6 (ppm): 7.07-8.22 (m, 7TH, Ar-H), 8.23 (s,
1H, thiazole). '3C NMR (125 MHz, CDCl;) 6 (ppm): 111.59
(1C, thiazole), 117.9.59 (1C, Ar-C), 120.63 (1C, Ar-C),
129.64 (1C, Ar-C), 129.6 (1C, Ar-C), 129.77 (2C, Ar-C),
130.63 (1C, Ar-C), 132.25 (2C, Ar-C), 142.86 (1C, Ar-C),
149.54 (1C, Ar-C), 153.27 (1C, thiazole), 159.2 (1C, Ar—C),
163.89 (1C, thiazole). MS: m/z 378 (M+), 380 (M+2). Anal.
calcd. for C;sHgBrFN,O,S (378): C, 47.51; H, 2.13; N, 7.39.
Found: C, 47.49; H, 2.14; N, 7.36%.
2-(4-Bromophenyl)-4-(4-chloro-2-fluorophenyl)thiazole
5c: Yield 87%, m.p. 142.3—145.5 °C. IR (Nujol): 3159 cm™!
Ar—(C-H) str, 1647 cm™! (C=N) str, 1507 cm™" Ar—(C=C)
str, 1109 cm™! (C-N) str, 667 cm™! (C-S) str. '"H NMR
(CDCL) 6 (ppm): 6.89-7.99 (m, TH, Ar-H), 8.03 (s, 1H,
thiazole). '*C NMR (125 MHz, CDCl5) § (ppm): 111.54 (1C,
thiazole), 118.10 (1C, Ar-C), 121.43 (1C, Ar-C), 123.62
(1C, Ar-C), 124.65 (1C, Ar-C), 129.72 (2C, Ar-C),130.57
(1C, Ar-C), 132.13 (2C, Ar-C), 135.9 (1C, Ar-C), 142.94
(1C, Ar-C), 153.97 (1C, thiazole), 159.72 (1C, Ar-C),
162.84 (1C, thiazole). MS: m/z 367 (M+), 369 (M+2). 371
(M+4). Anal. calcd. for C,;HgBrCIFNS (367): C, 48.87; H,
2.19; N, 3.80. Found: C, 48.86; H, 2.15; N, 3.79%.
2-(4-Bromophenyl)-4-(4-chlorophenyl)thiazole 5d:
Yield 80%, m.p. 93.4-95.4 °C. IR (Nujol): 3153 cm™!
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Ar—(C-H) str, 1641 cm™ (C=N) str, 1502 cm~! Ar—(C=C)
str, 1107 cm™! (C=N) str, 663cm™ (C-S) str. 'H NMR
(CDCI;) & (ppm): 6.89 (dd, J = 9 Hz, 2H, Ar-H), 7.25
(dd, J=4 Hz, 2H, Ar-H), 7.27 (dd, J = 4 Hz, 2H, Ar-H),
7.68 (dd, J=8 Hz, 2H, Ar-H), 8.02 (s, 1H, thiazole). '°C
NMR (125 MHz, CDCl,) & (ppm): 111.52 (1C, thiazole),
123.10 (1C, Ar-C), 128.92 (2C, Ar-C), 129.73 (2C,
Ar-C), 129.42 (2C, Ar-C),131.07 (1C, Ar-C), 132.74 (2C,
Ar—C), 134.34 (1C, Ar-C), 142.34 (1C, Ar-C), 153.29
(1C, thiazole), 164.84 (1C, thiazole). MS: m/z 351 (M+),
353 (M+2), 355 (M+4). Anal. calcd. for C;sHyBrCINS
(351): C, 51.38; H, 2.59; N, 3.99. Found: C, 51.35; H,
2.57; N, 3.98%.
2-(4-Bromophenyl)-4-(4-fluorophenyl)thiazole Se:
Yield 89%, m.p. 121.4-123.5 °C. IR (Nujol): 3159 cm™!
Ar—(C-H) str, 1647 cm™! (C=N) str, 1507 cm™! Ar—(C=C)
str, 1109 cm™! (C-N) str, 667 cm™! (C-S) str. 'H NMR
(CDCly) 6 (ppm): 7.51 (dd, J=8 Hz, 2H, Ar—H), 7.76 (dd,
J=8 Hz, 2H, Ar-H), 7.84 (dd, J=9 Hz, 2H, Ar-H), 8.10
(dd, J=8 Hz, 2H, Ar-H), 9.04 (s, 1H, thiazole). ’*C NMR
(125 MHz, CDCl,) 6 (ppm): 111.54 (1C, thiazole), 116.10
(2C, Ar—C), 128.92 (2C, Ar—C), 123.73 (1C, Ar—C), 129.72
(1C, Ar-C),130.07 (2C, Ar-C), 132.14 (2C, Ar-C), 142.34
(1C, Ar—C), 153.19 (1C, thiazole), 162.94 (1C, Ar—C),
165.64 (1C, thiazole). MS: m/z 333 (M+), 335 (M+2). Anal.
calcd. for C;sH¢BrFNS (333): C, 53.91; H, 2.71; N, 4.91.
Found: C, 53.88; H, 2.71; N, 4.90%.
2—(4-Bromophenyl)—4—(4—nitrophenyl)thiazole 5f: Yield
92%, m.p. 132.2-135.5 °C. IR (Nujol): 3159 cm™! Ar—(C-H)
str, 1647 cm™! (C=N) str, 1593 and 1325 cm™! asymmetric
and symmetric (N=0) str of NO,, 1507 cm™!' Ar—(C=0C)
str, 1109 cm™! (C-N) str, 667cm™" (C-S) str. '"H NMR
(CDCl,) & (ppm): 7.36 (dd, J=8 Hz, 2H, Ar-H), 7.44 (dd,
J=8 Hz, 2H, Ar-H), 7.57 (dd, J=16 Hz, 2H, Ar-H), 7.99
(dd, J=8 Hz, 2H, Ar-H), 8.24 (s, 1H, thiazole, '>*C NMR
(125 MHz, CDCl;) 6 (ppm): 104.54 (1C, thiazole), 116.10
(2C, Ar—C), 119.43 (1C, Ar—C), 122.32 (2C, Ar-C), 125.62
(1C, Ar—C), 127.42 (2C, Ar—C), 130.17 (2C, Ar-C), 144.23
(1C, Ar=C), 152.59 (1C, Ar—C), 153.24 (1C, Ar-C), 158.19
(1C, thiazole), 160.89 (1C, thiazole). MS: m/z 360 (M+),
362 (M+2). Anal. caled. for C;sHyBrN,OS (360): C, 49.88;
H, 2.50; N, 7.76. Found: C, 49.87; H, 2.49; N, 7.74%.
2,4-Bis(4-bromophenyl)thiazole 5 g: Yield 89%, m.p.
113.2-117.5 °C. IR (Nujol): 3159 cm~! Ar—(C-H) str,
1647 cm™! (C=N) str, 1507 cm~! Ar—(C=C) str, 1109 cm™"
(C-N) str, 667 cm™" (C-S) str. '"H NMR (CDCl;) & (ppm):
7.46 (dd, J=24 Hz, 4H, Ar-H), 7.96 (dd, J=16 Hz, 4H,
Ar-H), 7.98 (s, 1H, thiazole). '*C NMR (125 MHz, CDCl,)
8 (ppm): 111.54 (1C, thiazole), 116.10 (2C, Ar—C), 128.32
(2C, Ar-C), 123.83 (1C, Ar—C), 129.62 (1C, Ar-C),130.17
(2C, Ar-C), 132.23 (2C, Ar-C), 142.34 (1C, Ar-C),
153.19 (1C, thiazole), 162.94 (1C, Ar-C), 164.89 (1C,
thiazole). MS: m/z 395 M+), 397 (M+2). Anal. calcd. for
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C,sHyBr,NS (395): C, 45.60; H, 2.30; N, 3.55. Found: C,
45.58; H, 2.30; N, 3.53%.

2-(4-Bromophenyl)-4-(4-bromo-2-chlorophenyl)thiazole
5 h: Yield 87%, m.p.135.3-137.2 °C. IR (Nujol): 3159 cm™!
Ar—(C-H) str, 1647 cm™! (C=N) str, 1507 cm™" Ar—(C=C)
str, 1109 cm™! (C-N) str, 667 cm™! (C-S) str. '"H NMR
(CDCL) 6 (ppm): 6.90-7.59 (m, TH, Ar-H), 8.05 (s, 1H,
thiazole). '*C NMR (125 MHz, CDCl5) § (ppm): 111.57 (1C,
thiazole), 123.10 (1C, Ar-C), 124.53 (1C, Ar-C), 128.90
(1C, Ar-C), 129.70 (2C, Ar-C), 130.25 (1C, Ar-C), 130.86
(1C, Ar-C), 131.19 (1C, Ar-C), 132.13 (2C, Ar-C), 134.43
(1C, Ar-C), 143.94 (1C, Ar-C), 153.27 (1C, thiazole),
162.84 (1C, thiazole). MS: m/z 429 (M+), 431 (M+2), 433
(M+4). Anal. calcd. for C;sHgBr,CINS (429): C, 41.94; H,
1.88; N, 3.26. Found: C, 4.86; H, 2.15; N, 3.79%.

Enzymatic assay
Xanthine oxidase inhibition assay

The bovine XO (EC 1.17.3.2., categorized as xanthine:
oxygen oxidoreductase) inhibition was assayed using the
substrate xanthine as per the modified method described
[18]. In brief, 700 ul phosphate buffer (50 mM, pH 7.4)
and 100 pl of test samples with diverse concentrations dis-
solved in DMSO (dimethyl sulfoxide) were mixed prior to
the addition of 100 pl of bovine xanthine oxidase (0.25 U/
ml). The assay mixture was pre-incubated for 10 min at
30 °C. After incubation, 100 ul of 1.0 mM xanthine solu-
tion in water was added and the reaction was maintained
at 30 °C for 10 min. Enzyme activity was determined by
measuring the absorbance of the liberated uric acid from
xanthine at 294 nm using a microplate reader (Spectramax
340, Molecular Devices, Sunnyvale, USA). The absorbance
was compared with the control, containing DMSO instead of
test samples. Allopurinol was used as a positive control. The
results were expressed as percent xanthine oxidase inhibition
attained using the formula given below:

Inhibition (%) = (A [Aconrol X 100

control Asample )

Each experiment was performed in triplicates, along with
appropriate blanks. The concentration required to inhibit
50% of xanthine oxidase activity under the specified assay
conditions was described as the ICs,.

Molecular docking simulation

The crystal structure of xanthine dehydrogenase (PDB:
IN5X) [21] was obtained from the protein data bank
(https://www.rcsb.org/) which has a resolution of 2.8 A.
The preparation of both the target protein and the ligand
was done following autodock 4.2 protocols [25]. Prior to

the docking process, water molecules and hetero atoms
were removed. The target protein was added with sufficient
atoms of hydrogen to balance the structure. Further, to this,
both the charges of Kollman united and Gasteiger—Marsili
empirical atomic partial charges were added followed by
assigning of the AD4 atom type to the macromolecule. The
two-dimensional structure of the ligand was drawn using
ChemSketch 2020 1.2 for which 3D optimization was done.
The 3d structure which was drawn was converted to the auto-
dock desired file format using OpenBabel 2.3.1 [26]. The
preparation of the ligand was done similarly to the target
protein, where the default charges were kept for Kollman
united and Gasteiger. The docking simulation was per-
formed based on structure-based technique which is most
reliable. The grid box of 20 x20 X 20 A and the coordinates
of x=96.663 A, y=54.963 A and z=39.433 A were created
within the active site [24]. The docking process was done
according to autodock Vina 1.1.2 protocol [27]. The results
obtained after docking process contain a total of nine poses
for each docked complex. The best pose was chosen based
on RMSD, binding energy, the total number of non-bonded
interactions and respective conventional as well as carbon
hydrogen bonds. The result was analyzed using Biovia Dis-
covery Studio Visualizer 2021. Finally, the chosen docked
model was selected to study its dynamic nature.

Molecular dynamics simulation

The docked complex of the chosen model with the most
negative binding affinity and RMSD with less than 1.0 A
and most hydrogen bonds is used for the molecular
dynamic study. The MD simulation is carried out using the
GROMACS-2018.1 [28] for the duration of 100 ns, which
is a biomolecular software package. These studies were
carried out by applying the CHARMMZ27 force field. The
water molecules of TIP3 were applied for the protein-ligand
complex. The ligand topology was obtained using Swiss-
Param server (https://www.swissparam.ch/) [29]. The entire
simulation was carried on at nanoseconds scale for which
the pdb2gmx module was used. The solvent box of 10 A
distance was created followed by vacuum minimization of
5000 steps using the steepest descent algorithm. The neu-
tralization of the entire system was done by adding counter
ions (Na* and C17) as well as by maintaining the suitable
salt concentration of 0.15 M which was followed by energy
minimization using the steepest descent algorithm for 5000
steps. Constant temperature and pressure were maintained
throughout the MD simulation. Finally, before MD produc-
tion, system was equilibrated in NVT and subsequent NPT
ensemble (1000 ps each) with a 310 K temperature and
1 bar pressure. The trajectories were analyzed for RMSD,
RMSF, Rg, SASA and hydrogen bonds, and plotted using
the XMGRACE program [30].
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Binding free energy calculation

By using the MM-PBSA approach the free binding energy
of the chosen complex was calculated, for which g_mmpbsa
program tool which works based on GROMACS-2018.1 is
used [31]. The calculation is done using MD trajectories
of the last 50 ns considered to compute AG with dt 1000
frames. It is evaluated using molecular mechanical energy,
polar and apolar solvation energies. The Eqgs. (1 and 2) to
calculate the free binding energy are given below.

AGbinding = Gcomplex - (Gprotein + Gligand) (1)

AG = Agyy + AG —TAS

solvation

(2)
= AE(bondecl+non - bonded) + AG(polar+n0n - polar) — TAS

ADMET and drug likeliness studies

The absorption, distribution, metabolism, excretion and tox-
icity (ADMET) screening was carried out to know their drug
likeliness, pharmacokinetics parameters like absorption, dis-
tribution, metabolism, elimination properties as well as their
toxicity through in silico approach using vNN-ADME and
OSIRIS property explorer (http://www.cheminfo.org/Chemi
stry/Cheminformatics/Property_explorer) [32, 33]. The drug
likeliness was evaluated based on “rule of five,” similarly
the toxicity was evaluated based on mutagenic, tumorigenic,
irritant, effects on the reproductive system, drug-induced
liver injury (DILI) and cytotoxicity. All the above param-
eters were predicted with the available databases which con-
tain available drug compounds.

Drug likeliness and pharmacokinetics analyses

The “rule of five” of Lipinski’s and the pharmacokinetic
potential such as absorption, distribution, metabolism, elimi-
nation properties were studied for analog 5f with control
drug, allopurinol. The drug score of analog 5f predicted
by OSIRIS was 0.76. Similarly, for allopurinol, the drug
score predicted by OSIRIS was 0.68. The pharmacokinetic
property was analyzed based on their molecular weight
(352.15 g/mol), number of hydrogen bond acceptors (4),
number of rotatable bonds (3) and cLogP (3.87). Like-
wise, there was no toxicity found and drug administration
predicted by databases showed P-glycoprotein (P-gp) and
cytochrome P (CYP) inhibition. Further, the in silico evalu-
ation of mutagenicity, tumorigenicity, irritability showed
negative on the compound.

@ Springer
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