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Abstract: In the present study, we used benzimidazolone as a starting material to efficiently synthesize
several hybrid compounds of pyrazole benzimidazolone derivatives by the 1,3-dipolar cycloaddition
reaction. These compounds were obtained in average yields and were characterized by NMR ('H
and '3C) and HRMS analysis. The antioxidant activity of the synthesized compounds 5(a—c) and
6(a—c) was evaluated using in vitro reduction assays, including ferric reducing antioxidant power
(FRAP) and total antioxidant capacity (TAC). The results indicated that products 5¢c, 6b, and 6c¢
exhibit higher antioxidant activity compared to the reference compounds and showed a remarkable
ability to effectively remove the radical at ICsq (14.00 + 0.14, 12.47+ 0.02, and 12.82 £+ 0.10 uM,
respectively) under the TAC assessment. Conversely, compound 6c showed excellent activity at ICsq
(68.97 £ 0.26 uM) in the FRAP assay. We carried out molecular docking and dynamics simulations to
investigate the binding mode and stability of 5¢, 6b, and 6c¢ in the active site of human Peroxiredoxin
5. An ADMET study was conducted to determine the drug properties of the synthesized compounds.

Keywords: pyrazolyl-benzimidazolone; antioxidant activity; FRAP; TAC; molecular docking

1. Introduction

Oxidative stress is a primary cause of illnesses such as cancer, aging, atherosclerosis
and rheumatoid arthritis, cardiovascular, autoimmune, and neurological disorders. It is
produced by the existence of reactive oxygen and nitrogen species (ROS and RNS) in the
body, such as peroxides (H,O;) and free radicals. Antioxidants play an essential role in the
body’s defense mechanism by eliminating or regulating the generation and elimination of
ROS and RNS. A good balance between ROS, RNS, and antioxidants is essential for proper
physiological functioning [1].

Therefore, the design and synthesis of novel molecules capable of serving as potent
antioxidants with high effectiveness and low toxicity is a burgeoning topic of research in
medicinal chemistry. Heterocyclic compounds containing heteroatoms such as nitrogen,
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sulfur, and oxygen represent an important class of organic compounds and antioxidant
agents with potent free radical scavenging powers [2—4]. Pyrazoles continue to be favored
as the preferred scaffold, given that compounds in this class showed to be effective in
quenching free radicals. Therefore, they hold great promise for further exploration as lead
candidates in drug discovery efforts aimed at combating oxidative damage [5,6].

The benzimidazolone derivatives are essential structures in numerous synthetic
compounds and have applications in medicinal chemistry. They are useful in the de-
velopment of new molecules of pharmaceutical or biological interest [7-9]. These com-
pounds are known for their antiviral [10,11], anti-inflammatory [12-14], anticancer [15-17],
antimicrobial [18-20], anti-HIV [21], anti-diabetes [22,23], and anticonvulsant [24] activ-
ities. Furthermore, benzimidazole compounds possess biological properties, including
antioxidant activities [25-27].

Finding potent heterocyclic molecules containing nitrogen with efficient biological
activities is a current strategy. An example of this strategy is the biological applications of
pyrazole derivatives as potent acetylcholinesterase inhibitors [28]. Another example is the
use of pyrano[2,3-c]pyrazole and pyrazolo[4’,3":5,6]pyrano[2,3-d]pyrimidine derivatives
for their antimicrobial, antioxidant, and anticancer activities [29]. In addition, the 1-methyl-
3-propyl-1H-pyrazole derivatives have shown their potential as anti-tubercular agents, as
evidenced by their in vitro assessment [30]. Pyrazole is an active scaffold and a versatile
lead molecule in pharmaceutical development and has interesting biological activity. They
are active molecules in medicinal chemistry because they are easy to synthesize, and their
chemical structures can be modified at multiple sites. These compounds exhibit a variety of
cytoprotective and modulatory functions, which lead to several therapeutic activities such
as anticancer effects [31,32], antimicrobial properties [33-35], antifungal agents [36,37], and
various other functions [38—40].

On the other hand, several studies indicated that pyrazole ring systems play a special
role in the preparation of new active biological agents with remarkable antimicrobial [41,42],
anti-ulcer [43] and antitumor [32,44] activities. The pyrazoles with a benzimidazole exhibit
show various biological and pharmacological activities, including anti-inflammatory [45]
and anti-ulcerogenic [43]. Pyrazole derivatives are synthesized using the thel,3-dipolar
cycloaddition reaction [46,47] and other methods [48-50]. Because of this, various pyrazole-
benzimidazole hybrids have gained a reputation as potent antioxidants due to their remark-
able effectiveness in combating oxidative stress [51-53]. Several studies have focused on the
design and synthesis of compounds containing pyrazole moiety as antioxidant, as shown in
Figure 1. Thus, it was interesting to investigate the synthesis of pyrazolyl-benzimidazolones
by 1,3-dipolar cycloaddition and to characterize and evaluate their biological activities.
It can be considered a fundamental structural element in exploring and advancing novel
drug prospects that offer improved efficacy and reduced toxicity.

Therefore, this study aimed to develop the synthesis of new heterocyclic systems
containing benzimidazolone and the pyrazole motif (Figure 2). Thus, we synthesized the
compound hybrids by the 1,3-dipolar cycloaddition reaction between N-alkylated benzimi-
dazolones and nitrilimine derivatives. The antioxidant activity of the synthesized pyrazoles
was investigated by assessing their ability to inhibit scavenger radicals. This evaluation
used the total antioxidant capacity (TAC) and ferric reducing antioxidant power (FRAP)
methods. Finally, the pharmacokinetic and toxicological properties of the synthesized
compounds were predicted and investigated. Molecular docking and molecular dynamic
simulations were conducted for the most potent derivatives within the active site of human
peroxiredoxin 5 (PRDX5) to investigate their potential binding conformation and stability.
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Figure 1. Selected structures of compounds containing pyrazole as antioxidants.
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Figure 2. General structure of synthesized pyrazolyl-benzimidazolones.
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2. Results and Discussion
2.1. Chemistry

The synthesis of novel pyrazole benzimidazolone derivatives consists of three main steps
(Schemes 1 and 2). In the first step, the 1-(cyclohex-1-enyl)-1,3-dihydro-2H-benzimidazol-2-one
(1) was efficiently synthesized by the condensation of keto-ester and o-phenylenediamine
in xylene at reflux for 6 h [54]. In the second step, the N-alkylation of benzimidazolone
with propargyl bromide and allyl bromide was carried out using potassium carbonate and
benzyl triethylammonium chloride as a catalyst in acetone at room temperature for 4-6 h,
providing the N-propargyl-benzimidazolone 2 and N-allyl-benzimidazolone 3 (Scheme 1).
In the final step, compounds 2 and 3 were reacted with N-aryl-C-ethoxycarbonylnitrilimine
precursors in toluene at reflux for 48-72 h to give the pyrazolyl-benzimidazolone derivatives
5 and 6.

(0]
2
Xylene Ej: Acetone, K2CO3
. o %o
) Etoj‘g\ij Reflux 6h CleEt3N RBr
o 1
2:R= HC=C—CH,—

3:R= H,C=CH—CH,—

Scheme 1. Synthetic route of the compounds 2 and 3.
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Scheme 2. Synthetic route of the heterocyclic compounds 5 and 6.
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Continuing our previous works concerning synthesizing new heterocyclic systems [54-56],
we are interested in preparing new heterocyclic systems containing benzimidazolone rings.
To this end, we have prepared the dipoles and the alkylated benzimidazolones, and the lat-
ter have dipolarophilic sites that can react with the synthesized nitrilimines. Next, we exam-
ined the condensation of benzimidazolone 2 or 3 with N-aryl-C-ethoxycarbonylnitrilimines,
generated in situ by triethylamine on ethylhydrazono-o-bromoglyoxylate 4. Indeed, when
heating dry toluene at reflux for 48-72 h, we obtained only one type of cycloadduct
5 and 6 (Scheme 2) with a yield of 60-75% in all studied cases. These products are formed
through a monocondensation reaction of the dipole with the triple bond present in the
propargyl group or double bond in the allyl group. It should be noted that no product
resulting from the addition of the dipole to the intracyclic dipolarrophilic carbon—-carbon
site of cyclohexenyl was isolated. Similarly, no addition of the dipole to the carbon-oxygen
double bond was observed, regardless of the amount of dipole used.

We established the structures of the synthesized heterocycles 5 and 6 based on spectral
data (*H, 13C NMR, and HRMS). The multiple bonds of propargyl-benzimidazolone 2 and
allyl-benzimidazolone 3 are the most reactive sites through the dipole. The 'H NMR spectra
of the isolated products 5(a—c) shows three singlets at 6.49, 6.50, and 6.52 ppm assigned to
the resonance of the pyrazole proton at the 4’ position. In the 3C NMR spectrum of the
compounds, 5(a—c) present three peaks at 109.50, 109.33, and 109,88 ppm attributed to the
carbon in the 4’ position.

In the 'H NMR spectra of 6(a—c), these compounds display a multiplet at 5.15, 5.31,
and 5.01 ppm due to the pyrazolic proton in the 5" position. On the 3C NMR spectrum,
we note the appearance of new signals at 58.77, 61.80, and 58.72 ppm, attributable to the
methylenic carbons at the 5 position, respectively, of the pyrazoline ring.

2.2. Antioxidant Activity by TAC and FRAP Methods

Antioxidant assays using FRAP and TAC methods were used to assess the antioxidant
activities of the synthesized compounds 5(a—c) and 6(a—c). The results are illustrated
in Table 1.

Table 1. Antioxidant activity results of compounds 5(a—c) and 6(a—c).

ICs¢ (uM)
Compound
TAC FRAP
5a 44.62 £0.20 108.30 + 0.59
5b 247.80 £ 1.54 197.93 + 2.05
5¢c 14.00 £ 0.14 120.50 + 1.38
6a 56.55 £ 0.10 92.70 £ 0.43
6b 12.47 + 0.02 388.50 + 1.59
6¢ 12.82 £0.10 68.97 £ 0.26
Ascorbic Acid 65.97 £ 1.53 88.12 £ 0.23
BHT 31.76 £1.22 -

p-value < 0.05.

In the series of pyrazoles 5(a—c) and 6(a—c), all compounds showed the reducing power
for molybdenum (VI) in TAC. Products 5 and 6 demonstrated moderate to high antioxidant
activity. In particular, the synthesized compounds 5¢, 6b, and 6c¢ exhibited excellent
antioxidant activity with ICsy values of 14.00 £ 0.14, 12.47 £ 0.02, and 12.82 &+ 0.10 M,
respectively. These values were significantly better than the reference compounds used in
the study (ascorbic acid (88.12 & 0.23 uM) and BHT (31.76 £ 1.22 uM)).

Another antioxidant property was the comparative capacity of the pyrazole derivatives
in terms of the FRAP. In Table 1, we can see that the results of the FRAP assay show that
the ICsg values are significantly better compared to the commercial reference (ascorbic
acid). The 5a, 6a, and 6c¢ are the most active compounds in this method, with ICs, values of
108.30 £ 0.59, 92.70 £ 0.43, and 68.97 = 0.26 uM, respectively. These results are comparable
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to ascorbic acid’s ICsq value (88.12 &= 0.23 uM). The FRAP experiments show that compound
6¢ has a significantly higher ferric reduction capacity than compounds 5a and 6a.

Due to their significant importance, we also analyzed the structural attributes of the
synthetic pyrazoles as antioxidant compounds through the prism of structure-activity
relationships (SAR). The presence of methyl or chloro in the phenyl group within the
pyrazole ring significantly affected the antioxidant activity. Furthermore, the inclusion
of electron-donating substituents such as methyl in compound 6b (12.47 £ 0.02 uM)
and electron-withdrawing substituents like chloro in compounds 5¢ (14.00 &+ 0.14 uM)
and 6¢ (12.82 + 0.10 uM), in the para position of the phenyl group attached to the pyra-
zole ring, resulted in an increase in the antioxidant activity compared to compounds 5a
(44.62 = 0.20 uM) and 6a (56.55 + 0.10 pM). Moreover, pyrazole derivatives 5b and 6b do
not have the same effect, and this equipotent activity could be related to the presence of the
conjugated pyrazole ring in compound 6b. Conversely, the analysis of FRAP showed that
the synthesized compounds have moderate activity levels compared to ascorbic acid. From
the observed values, we can conclude that the pyrazole ring likely plays a significant role
in quenching or suppressing the radicals in this assay. Previous reports [52,57,58] indicate
that compounds possessing structures with substituted phenyl moieties, especially with
functional groups like para-methyl and para-chloro, may exhibit metal chelating activity.

2.3. Molecular Docking of the Selected Compounds

The precision of our docking procedure was confirmed by the redocking of benzoic
acid into the active site of the enzyme, resulting in an RMSD value of 0.20 A (Figure 3).
This RMSD value is less than 2 A, indicating the reliability of the docking protocol [59]. The
docking results were analyzed using the Discovery Studio Visualizer and Pymol software
(The PyMOL Molecular Graphics System; Version 1.8; Schrodinger LLC: New York, NY,
USA, 2015).

a0 B

RMSD=¢°2

Figure 3. The co-crystallized (green) and re-docked (yellow) benzoic acid in the active site of PRDX5
protein, including the RMSD of atomic positions.

Following the in vitro findings, we conducted some profound docking studies to
investigate the possible binding modes of the most active compounds 5¢, 6b, and 6c,
alongside reference compounds (ascorbic acid, BHT, and benzoic acid) within the active
site of human peroxiredoxin 5 (PRDX5 (PDB ID: 1HD2). The binding affinity values
are presented in Table 2, along with the interaction details. We found that the binding
affinity values of the synthesized molecules (<—6.0 Kcal/mol) were higher compared to
the reference compounds (—4.6 Kcal/mol) within the active site of 1HD2.
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Table 2. The docking summary of the most active compounds and the reference compounds and
their binding interactions with the active site of PRDX5 (PDB ID: 1HD2).

Binding Affinity Hydrogen Binding Hydrophobic Interaction
(Kcal/mol) NB Residues NB Residues
5¢ —6.2 0 - 7 Pro40, Pro45, Phel20
6b —6.3 4 Thr44, Gly46, Cys47 4 Pro40, Pro45, Leull6, Phel20
6c —6.3 4 Thr44, Gly46, Cys47 4 Pro40, Pro45, Leu116, Phe120
AS:C‘;Z}D‘C —45 5 Thrd4, Cys47, Arg127, Thr147 0 -
BHT —46 0 - 6 Pro40, Pro45, Tle119, Phe120
B‘;rgc‘l’lc —45 4 Thrd4, Cys47, Arg127, Thr147 2 Pro40, Arg127

Considering the information on the human peroxiredoxin family and the specific
role of Cys47, a conserved residue at the N-terminus of the bent helix 2, shared by all
peroxiredoxins, has been attributed to peroxide catalysis. In addition, the active site of
1HD2 comprises conserved residues Thr44, Gly46, Thr147, Pro40, Pro45, Phe120, Argl27,
and Leul49, all involved in the stabilization of benzoic acid within the 1HD2 enzyme.
A closer examination of the docking poses of the most active synthesized compounds
revealed the presence of hydrogen bonds with Cys47 and/or the key residues within the
1HD2 enzyme, confirming their antioxidant potential. The 3D and 2D representations gave
a better comprehension of the ligand—protein interactions (Figure 4).

Interactions
- Conventional Hydrogen Bond D Pi-Alkyl

[ e

Figure 4. The 3D and 2D representation of molecular docked complex of ascorbic acid (a), 5¢ (b), 6b
(c), and 6¢ (d) with the active site of PRDX5 (PDB ID: 1HD2).

2.4. Molecular Dynamics Simulations

Molecular dynamics simulation (MDS) is a comprehensive analytical tool for evalu-
ating the dynamic stability of a system. In this study, we conducted a 100 ns MDS of an
unbounded 1HD2 and 1HD2 enzyme in a complex with the most active compounds (5c,
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6b, and 6c) and with its co-crystalized ligand (benzoic acid). To study the stability and
flexibility of these systems, two measures, root-mean-square deviation (RMSD) and root
mean square flexibility (RMSF), were used to calculate the average movement of all atoms
in the studied systems. The RMSD is a valuable metric for interpreting a system’s stability
and conformational changes over simulation time. The RMSD plot (Figure 5a) shows that
the RMSD averages over 100 ns for the systems of 1HD2 in complex with 5¢ (1IHD2_5c;
0.141 £ 0.024 nm), 6b (1HD2_6b; 0.162 £ 0.022 nm), and 6¢ (1IHD2_6c¢; 0.149 + 0.019 nm)
were less than the average RMSD for 1HD2_ref (0.178 & 0.028 nm) and were slightly larger
than the RMSD of the apo form of 1HD2 (1HD2_ref; 0.135 & 0.022 nm), indicating that they
maintain stable structures. RMSF analysis provides information about the flexibility and
dynamic behavior of individual residues of a system over the simulation time. The average
RMSE value for 1HD2_6c¢ (0.072 £ 0.047 nm) was lower than the average RMSF value for
apo form of 1HD?2 (0.074 = 0.048 nm), while the averages for IHD2_5¢ and 1HD2_6b were
0.080 £ 0.046 and 0.080 £ 0.050 nm, respectively, and 0.089 + 0.060 nm for the reference
ligand (Figure 5b). The systems exhibited low, stable fluctuation during the simulation,
indicating the high rigidity of the systems. These two results confirmed that compounds 5c,
6b, and 6¢ are tightly bonded and do not perturb the overall structural constancy of 1HD2
in addition to structural integrity.

(a) (b)
A——7——7———7—— 77— 0.4 ‘ . . ' |
— 1HD2_apo — |HD2_apo
— IHD2.5¢ | A H — IHD2_5¢ | A
IHD2_6b 1HD2_6b
— 1HD2_6¢ — IHD2_6c
03~ IHD2_ref | 7 03 IHD2_ref ||

b -

RMSD (nm)
o
5]
RMSF (nm)
o
S

—

0.1 0.1

L L L L L [ - | M L | L [ -
0
0 10 20 30 40 50 60 70 80 90 100 0
Time (ns)

n n
0 40 80 120 160

Figure 5. RMSD of c-a backbone (a) and RMSF for c-a atoms (b) of the 1IHD2_apo, 1HD2_5c,
1HD2_6b, 1THD2_6¢, and 1HD2_ref (ref = benzoic acid).

2.5. Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET), and
Pharmacokinetic Studies of the Synthesized Compounds

The six synthesized compounds’ physicochemical, ADMET, and drug-likeness charac-
teristics were assessed using the SwissADME online software (http://www.swissadme.ch/)
(Table 3). The outcomes presented in Table 3 show that most of the compounds complied
with the rules of Lipinski and Veber. However, a violation was noted for compounds
5¢ and 6c¢ due to their higher lipophilicity. None of the prepared derivatives exhibited
Pan-assay interference compounds (PAINS) alerts. In addition, all derivatives displayed
a high gastrointestinal absorption score (0.55), indicating promising oral bioavailability.
No inhibitory interactions with CYP450-1A2 were observed, suggesting a favorable safety
profile with minimal impact on drug metabolism. In terms of crossing the blood-brain
barrier (BBB), all compounds were capable of doing so, except for 5b.
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Table 3. The physicochemical, pharmacokinetic, and ADMET properties of synthesized compounds.

5a 5b 5¢ 6a 6b 6¢
Molecular weight (<500 g/mol) 456.54 476.95 444.53 458.55 478.97
H-bond acceptors (<10) 4 4 4 4 4 4
H-bond donors (<5) 0 0 0 0 0 0
Rotatable bonds (<10) 7 7 7 7 7 7
TPSA (<140 A2) 71.05 71.05 71.05 68.83 68.83 68.83
MLog P,y (<4.15) 3.93 4.13 4.40 3.77 3.97 424
GI absorption High High High High High High
BBB permeant Yes No No Yes Yes Yes
P-gp substrate No No No No No No
CYP1A2 inhibitor No No No No No No
Lipinski’s rule (violation) Yes (0) Yes (0) Yes (1) Yes (0) Yes (0) Yes (1)
Veber’s rule Yes Yes Yes Yes Yes Yes
Bioavailability Score 0.55 Yes Yes Yes Yes Yes
Brenk 0 0 0 0 0 0
PAINS 0 0 0 0 0 0
LDsp (mg/kg body weight) 540 2450 564 1250 1350 1350
Predicted toxicity class 4 5 4 4 4 4

Abbreviations: BBB = blood-brain barrier; GI absorption = gastrointestinal absorption; LDsy = median lethal dose;
MLog Po/w = Moriguchi n-octanol-water partition coefficient; PAINS = Pan-assay interference compounds; P-gp
substrate = P-glycoprotein substrate; TPSA = Topological Polar Surface Area.

None of the compounds exhibited practical resistance regarding P-glycoprotein (P-gp),
contributing to multidrug resistance. Moreover, toxicity prediction was performed using
the ProTox-1I web tool (Table 3). The median lethal dose (LDsg) value of 5b (2450 mg/kg)
falls into the fifth class, indicating a relatively low toxicity level. In comparison, other
compounds are classified within the fourth category. Reference compounds such as ascorbic
acid, BHT, and benzoic acid had LDs values of 3367, 650, and 290 mg/kg, respectively,
and were assigned to the fifth, fourth, and third classes. These findings suggest that the
synthesized compounds exhibit toxicity profiles ranging from relatively low to moderate,
with none classified as very toxic.

3. Materials and Methods
3.1. General Procedure

Melting points were uncorrected in an open capillary tube on a Buchi 510 apparatus.
Spectra were recorded with the following instruments: 'H NMR (AC-300) and '*C NMR
(AC-75) spectra were recorded on Bruker spectrometers (Singapore) with chemical shift
values (d) given in part per million (ppm) relative to TMS (0.00 ppm). Mass spectra: Jeol J]MS
DX 300 (Tokyo, Japan). TMS was used as an internal reference. Column chromatography
was carried out using E-Merck silica gel 60F254. The reaction progress was monitored by
layer chromatography (TLC) using silica gel 60-F254, and the spots were detected with UV
light (254 nm). The chemical structures of all the compounds were ascertained through
analytical and spectroscopic methodologies, supplemented by comparing the obtained
data with information available in the scientific literature regarding similar compounds.
Following common laboratory practices, standard purification procedures were applied to
the reagents and solvents.

3.2. Synthesis of Benzimidazolones 2 and 3

The benzimidazole derivatives 2 and 3 were prepared according to reported procedure [54]
using 1-(cyclohex-1-enyl)-1,3-dihydro-2H-benzimidazol-2-one (1) (9.34 mmol), potassium
carbonate (39.36 mmol), benzyltriethylammonium chloride (1.28 mmol) in acetone (30 mL)
and agitated after 15 min. Next, the alkylating agent was added (15.77 mmol), and after
stirring for 4-6 h at room temperature, the solvent was removed by evaporation. The
organic layer was then subjected to extraction with dichloromethane, followed by drying
using anhydrous sodium sulfate. Subsequently, the solvent was evaporated under vacuum.
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Compounds (2) or (3) were isolated by column chromatography, using hexane/ethyl acetate
mixtures as an eluent.

3.3. General Procedure for Synthesis of Compounds 5 and 6

We successively introduced in a 100 mL flask equipped with a condenser and a
CaCl, guard, 10 mmol of N-propargylbenzimidazol-2-one (2) or N-allylbenzimidazol-2-
one (3) and 9.10 mmol of hydrazonoyl bromide in 20 mL of anhydrous toluene. A total
of 4 mL of triethylamine was carefully added to this mixture using a dropping funnel.
The resulting mixture was then subjected to magnetic stirring and heated to reflux for
48-72 h. Triethylamine hydrochloride was formed during this reaction and filtered out
while still hot. The solvent and excess triethylamine were subsequently removed using a
rotary evaporator. The remaining residue was purified by column chromatography using
hexane/ethyl acetate (8/2) as the eluent. The final product obtained from this process was
further purified by recrystallization from ethanol to yield the desired compounds.

Ethyl 5-[(3-(cyclohex-1-enyl)-2-0x0-2,3-dihydro-1H-benzimidazol-1-yl)methyl]-1-
phenyl-1H-pyrazole-3-carboxylate: (5a)

White Solid, Yield = 60%, M.p: 156-158 °C (ethanol). 'H NMR (300 MHz, CDCl3), &
(ppm): 1.30 (t, ] = 7.07 Hz, 3H, CH3-CH,-O-), 1.66, 1.77, 2.23 (3m, 8H, 4CHj,-cyclohexenyl),
4.33(q,] =7.11 Hz, 2H, CH3-CH,-O-), 5.04 (s, 2H, pyrazole-CH,-benzimidazolone), 5.81 (m,
1H, HC=C, C-cyclohexenyl), 6.49 (d, 1H, =HC, H-pyrazolic-4"), 6.77-7.39 (m, 9H, CH, H-Ar).
13C NMR (75 MHz, CDCl3), § (ppm): 14.49 (1C, CH3-CH,-O-), 21.50, 22.15, 24.69, 26.73
(4C, 4 -CH,, C-cyclohexenyl), 36.80 (1C, pyrazole-CH,-benzimidazolone), 61.18 (1C, CH3-
CH,-0O-), 127.54 (1C, -HC=C, C-cyclohexenyl), 109.50 (1C, =CH, C-pyrazolic-4"), 107.78,
108.82, 121.49, 125.88, 129.37 (8C, =CH, C-Ar), 128.89, 129.54, 131.90, 139.54, 144.20 (6C, =C),
152.42,162.21 (2C, C=0, CO,Et). HRMS of [M + H]* m/z, calcd for CogHyyN4Os: 443.20777,
found: 443.20777.

Ethyl 5-[(3-(cyclohex-1-enyl)-2-0x0-2,3-dihydro-1H-benzimidazol-1-yl)methyl]-1-p-
tolyl-1H-pyrazole-3-carboxylate: (5b)

White Solid, Yield = 68%, M.p: 164-166 °C (ethanol). 'H NMR (300 MHz, CDCls), &
(ppm: 1.3 (t, ] =7.10 Hz, 3H, CH3-CH,-O-), 1.67, 1.77, 2,21 (3m, 8H, 4CH,-cyclohexenyl),
2.32 (s, 3H, p-CHs-Ar), 429 (q, | = 7.12 Hz, 2H, CH3-CH»-O-) 5.02 (s, 2H, pyrazole-CHj-
benzimidazolone), 5.78 (m, 1H, HC=C, C-cyclohexenyl), 6.49 (d, 1H, =HC, H-pyrazolic-4’),
6.74-7.24 (m, 8H, CH, H-Ar). 3C NMR (75 MHz, CDCl3), & (ppm): 14.36 (1C, CH;-
CH,-O-), 21.19 (1C, p-CHs-Ar), 21.59, 22.54, 24.68, 26.72 (4C, 4 -CH;, C-cyclohexenyl),
36.78 (1C, pyrazole-CH,-benzimidazolone), 61.08 (1C, CH3-CH,-0O-), 127.38 (1C, -HC=C,
C-cyclohexenyl), 109.33 (1C, =CH, C-pyrazolic-4’), 107.82, 108.75, 121.44, 121.66, 125.53,
129.87 (6C, =CH, C-Ar), 128.49, 129.54, 132.02, 136.07, 139.40, 139.66, 144.09 (7C, =C),
152.42,162.21 (2C, C=0, CO,Et). HRMS of [M + H]* m/z, calcd for Co7H9N4O3: 457.2234,
found: 457.2234.

Ethyl 1-(4-chlorophenyl)-5-[3-(cyclohex-1-enyl)-2-0x0-2,3-dihydro-1H-benzimidazol-
1-yl)methyl]-1H-pyrazole-3-carboxylate: (5c)

White Solid, Yield = 73%, M.p: 172-174 C (ethanol). '"H NMR (300 MHz, CDCl3), &
(ppm): 1.30 (t, ] =7.13 Hz, 3H, CH3-CH,-O-), 1.64, 1.76, 2.19 (3m, 8H, CHj-, H-cyclohexenyl),
4.32 (q, ] =7.12 Hz, 2H, CH3-CH,-O-), 5.05 (s, 2H, pyrazole-CH,-benzimidazolone), 5.76
(m, 1H, HC=C, C-cyclohexenyl), 6.52 (d, 1H, =HC, H-pyrazolic-4"), 6.82 -7.33 (m, 8H,
CH, H-Ar). 3C NMR (75 MHz, CDCl3), § (ppm): 14.35 (1C, CH3-CH,-O-), 21.56, 22.53,
24.69, 26.72 (4C, 4CHj-, C-cyclohexenyl), 36.73 (1C, pyrazole-CH,-benzimidazolone), 61.27
(1C, CH;3-CH,-0-), 127.58 (1C, HC=C, C-cyclohexenyl), 109.88 (1C, =CH-, C-pyrazolic-4’),
107.75, 108.84, 121.54, 121.81, 126.89, 129.49 (=CH-Ar), 128.31, 129.42, 131.87, 135.31, 136.99,
139.61, 144.56, (7C, =C), 152.31, 161.99 (2C, C=0, CO,Et). HRMS of [M + H]* m/z, calcd for
CoeHpeCIN4O3: 477.1988, found: 477.1680.

Ethyl 5-[(3-(cyclohex-1-enyl)-2-0x0-2,3-dihydro-1H-benzimidazol-1-yl)methyl]-1-
phenyl-4,5-dihydro-1H-pyrazole-3-carboxylate: (6a)
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White Solid, Yield = 65%, M.p: 116-118 °C (ethanol). 'H NMR (300 MHz, CDCl3),
d (ppm): 141 (t, ] = 7.06 Hz, 3H, CH;3-CH,-O-), 1.76, 1.90, 2.31, 2.39 (4m, 8H, CH,-
cyclohexenyl), 3.24 (s, 2H, pyrazole-CHj-benziuidazolone), 3.79, 4.20 (2m, 2H, -CH,, H-
pyrazolic-4"), 4.36 (q, | = 7.04 Hz, 2H, CH3-CH,-O-), 5.15 (m, 1H, HC, H-pyrazolic-5’), 5.96
(m, 1H, HC=C, H-cyclohexenyl), 6.93-7.43 (m, 8H, H-Ar). 13C NMR (75 MHz, CDCl3), &
(ppm): 14.37 (1C, CH3-CH,-0-), 21.62, 22.57, 24.56, 26.95 (4C, 4CH,-, C-cyclohexenyl), 35.88,
41.67 (2C, 1C, C-CH;-, pyrazole-CHj-benzimidazolone, 1C, =CH-, C-pyrazolic-4"), 58.77
(1C, CH, C-pyrazolic-5’), 61.47 (1C, CH3- CH,-O-), 127.77 (1C, C=CH, C-cyclohexenyl),
107.92, 109.10, 114.56, 121.60, 129.40 (7C, CH, C-Ar), 129.84, 132.22, 138.98, 142.14 (6C, =C),
153.56, 162.63 (2C, C=0, C=0 (CO,Et)). HRMS of [M + H]* m/z, calcd for CogHygN4O5:
445.22342, found: 445.22342.

Ethyl 5-[(3-(cyclohex-1-enyl)-2-0x0-2,3-dihydro-1H-benzimidazol-1-yl)methyl]-1-(p-
tolyl)-4,5-dihydro-1H-pyrazole-3-carboxylate: (6b)

White Solid, Yield = 70%, M.p = 140-142 °C (ethanol). 'H NMR (300 MHz, CDClz), &
(ppm): 1.3 (t, ] =7.09 Hz, 3H, CH3-CH,-O-), 1.64, 1.76, 2.20, 2.24 (4m, 8H, CH;-cyclohexenyl
and 3H, p-CH3-Ar), 3.13 (s, 2H, pyrazole-CH,-benzimidazolone), 3.49; 3.78 (2m, 2H, -CH,,
H-pyrazolic-4"), 4.25 (m, 2H, CH3-CH,-O-), 5.31 (m, 1H, HC, H-pyrazolic-5"), 5.81 (m, 1H,
HC=C, H-cyclohexenyl), 6.80-7.28 (m, 8H, H-Ar). 3C NMR (75 MHz, CDCl3), § (ppm):
14.35 (1C, CH3-CH,-O-), 20.56 (1C, p-CHs-Ar), 21.62, 22.54, 24.69, 26.67 (4C, 4CH,-, C-
cyclohexenyl), 36.02, 41.98 (2C, 1C, C-CH;-, pyrazole-CH;-benzimidazolone, 1C, =CH-,
C-pyrazolic-4"), 61.80 (1C, CH, C-pyrazolic-5’), 61.25 (1C, CH3- CH,-O-), 127.32 (1C, C=CH,
C-cyclohexenyl), 107.51, 108.63, 121.34, 121.49, 126.74, 128.99, 133.90 (7C, CH, C-Ar), 116.74,
129.48, 132.07, 137.52, 139.17, 141.52 (6C, =C), 153.12, 162.46 (2C, C=0, C=0 (CO,Et)).
HRMS of [M + H]* m/z, calcd for Co7H31N4O3: 459.23907, found: 459.23907.

Ethyl 1-(4-chlorophenyl)-5-[(3-(cyclohex-1-enyl)-2-0x0-2,3-dihydro-1H-benzimidazol-
1-yl)methyl]-4,5-dihydro-1H-pyrazole-3-carboxylate: (6¢)

White Solid, Yield = 75%, M.p = 128-130 °C (ethanol). 'H NMR (300 MHz, CDCl3),
d (ppm): 1.3 (t, ] = 7.10 Hz, 3H, CH3-CH,-O), 1.66, 1.77, 2.21, 2.28 (4m, 8H, 4CH,-, H-
cyclohexenyl), 3.12 (m, 2H, pyrazole-CH,-benzimidazolone), 3.65, 4.05 (2m, 2H, C-CHs-,
H-pyrazolic-4"), 4.25 (q, ] = 6.93 Hz, 2H, CH3-CH,-0), 5.01 (m, 1H, -CH, H-pyrazolic-5’), 5.85
(m, 1H, HC=C, C-cyclohexenyl), 6.79-7.27 (m, 8H, CH-Ar). 3C NMR (75 MHz, CDCl3), &
(ppm): 14.35 (1C, CH3-CH,-0), 21.61, 22.56, 24.73, 26.20 (4C, 4CH,-, C-cyclohexenyl), 36.20,
41.75 ((2C, 1C, pyrazole-CHj-benzimidazolone, 1C, C-CH,-, C-pyrazolic-4"), 58.72 (1C, CH,
C-pyrazolic-5"), 61.35 (1C, CH3-CH,-O-), 127.72 (1C, C=CH cyclohexenyl), 107.16, 108.98,
115.73, 121.68, 129.26 (8C, CH-Ar), 126.52, 129.43, 129.55, 131.91, 139.63, 140.72 (6C, =C),
153.34, 162.42 (2C, C=0, C=0 (CO,Et)). HRMS of [M + H]* m/z, caled for CpsHy4CIN4O3:
463.1531, found: 463.1531. HRMS of [M + H]" m/z, calcd for CpsHygCIN4O5: 479.18444,
found: 479.18444.

3.4. Antioxidant Activity

The total antioxidant activity (TAC) and ferric reducing antioxidant power (FRAP) of
the synthesized pyrazole derivatives were evaluated and measured.

3.4.1. TAC by Phosphomolybdenum Method

The TAC of synthetized compounds was evaluated using Rafael Torres-Martinez et al.
protocol [60]. A total of 100 uL of varying concentrations (14, 28, 56, 113, 226, and 452 uM)
of the compounds in dimethylsulfoxide (DMSO) was combined with 900 uL of TAC
reagent solution (0.6 M sulfuric acid, 28 mM sodium phosphate, and 4 mM ammonium
molybdate). For the blank, 100 pL of distilled water was used in place of the com-
pound. The tubes were incubated in a boiling water bath at 95 °C for 90 min. After
the samples were cooled at room temperature, the absorbance of each sample was mea-
sured at 695 nm. The total antioxidant activity was calculated by the following equation:
TAC (%) = ([Asample — Acontroll/ Aplank) x 100.
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3.4.2. Ferric Reducing Antioxidant Power (FRAP)

According to the work of Nosipho Cele et al. [61], with a slight modification, 500 uL
of varying concentrations (18, 35, 70, 141, 282, and 565 pM) of the compounds (500 pL) in
DMSO was added to 100 pL of phosphate buffer (pH = 7.3) and 100 uL of 1% potassium
ferricyanide [K3Fe(CN)g]. The mixture was incubated at 50 °C for 20 min, followed by
acidification with 100 uL trichloroacetic acid TCA (10%). Then, 400 uL of the mixture was
transferred into another test tube containing 300 uL of distilled water and 100 uL of FeCls
(0.1%). Finally, the absorbance was read at 700 nm.

3.5. Computational Studies
3.5.1. Molecular Docking

The remarkable antioxidant properties of compounds 5¢, 6b, and 6c prompted us to
investigate their potential interactions with human peroxiredoxin 5 (PRDX5) as a target
enzyme. The PRDXS5 is crucial in antioxidant protection mechanisms and intracellular
signal transduction. In this regard, the crystal structure of PRDX5 was downloaded from
the Protein Data Bank (RSCB) using the PDB ID code 1HD2 [62]. Docking simulations
were conducted using AutoDock Vina [63] to predict how compounds 5¢, 6b, and 6c¢
might interact with the active site of PRDX5. Before initiating the docking procedure, the
protein was prepared by removing water molecules and the co-crystallized ligand (benzoic
acid), adding polar hydrogens and Gasteiger charges, and saving in pdbqt format with
the assistance of AutodockTools [64]. For ligand preparation, the benzoic acid and the
compounds (5¢, 6b, and 6¢) were saved in pdbqt format using the same software. Molecular
docking simulations were performed under specific parameters: xyz coordinates of 7.02,
41.72, 34.40, and grid box dimensions of 21 A3,

3.5.2. Molecular Dynamics Simulations (MDs)

To further analyze the binding behavior of the compounds (5¢, 6b and 6c¢), molecular
dynamics simulations were performed using GROMACS 2021.3 software [65]. The apo-
form of PRDX5 (1HD2_apo) and the systems of 1HD2_Ref (benzoic acid), 1IHD2-5¢, 1HD2-
6b, and 1HD2-6¢ were subjected to 100 ns. Before initiating the MDS, the CHARMM-GUI
web server [66] was used to generate the initial input parameters and implement the
CHARMMS36m force field [67]. Each complex was solvated in a rectangular grid box in
TIP3P water, and counterions (Na* and CI") were added via Monte Carlo ion displacement
to maintain the desired salt concentration of 0.15 M. The energy minimization was carried
out for each system using the steepest descent algorithm with a maximum of 50,000 steps
and a maximum force of 10.0 KJ/mol. Simulation conditions were set to a temperature of
303.15 K and an atmospheric pressure of 1.01325 bar. An equilibration of each system was
performed using canonical (NVT) and isothermal-isobaric (NPT) ensembles. A 100 ns MD
simulation was then conducted. The structural stability of the designed molecules within
the active site of PRDX5 was assessed based on the dynamics trajectory results, utilizing
the RMSD and RMSE. The obtained data were visualized and analyzed using Xmgrace
software (https:/ /plasma-gate.weizmann.ac.il/Grace/, accessed on 17 November 2023).

3.5.3. Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET)
Profile Estimation

Since pharmacokinetics, drug-likeness, and toxicity play a crucial role in drug discov-
ery, conducting an ADMET profile of the synthesized compounds was essential. For this
purpose, the predictions for these compounds were performed using the SwissADME and
ProTox-II web tools [68,69].

3.5.4. Statistical Analyses

The biological activities were determined in triplicate for each sample. The results
were provided as means of the standard deviation (£SD).
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4. Conclusions

This current study explored the interaction between benzimidazolone and various
nitrilimines to synthesize heterocyclic compounds. These compounds were determined by
spectroscopic analyses, including NMR (*H and '3C) and HRMS. The potential antioxida-
tive efficacy of the synthesized compounds was analyzed by examining their capacity to
neutralize radicals using FRAP and TAC methods. Compounds 5¢, 6b, and 6c exhibited the
most significant antioxidant activity, suggesting their promising potential as antioxidants
compared to ascorbic acid and BHT. It has been shown that the presence of methyl or
chloride atoms in the phenyl group within the pyrazole ring significantly improves the
antioxidant activity. In addition, the molecular docking and molecular dynamic simula-
tion results confirmed their strong binding profile and the stability of their interactions
within the active site of the PRDX5 enzyme. The ADMET study predicted the synthesized
compounds’ good physicochemical and pharmacokinetic profiles. These findings revealed
the potential antioxidant activity of these compounds and suggested that they could serve
as a promising basis for further improvements in their structure to develop more potent
antioxidant agents.

Supplementary Materials: The following supporting information can be downloaded at https:/ /www.
mdpi.com/article/10.3390/ph16121648 /s1. 'H-NMR, 13C-NMR and HRMS spectrums of synthesized
compounds.

Author Contributions: Conceptualization, M.A., M.A L., and M.O.; methodology, LH., H.B., D.C,,
and A.B.; alidation, LH., M\M.A,, D.C,, and A.B,; formal analysis, M.A. W.E., E.Z.G., and M.T; inves-
tigation, M.A., M.A.L., and M.O,; data curation, M.A. and M.O.; writing original draft preparation,
M.A. and M.O,; visualization, M.A.L., LH.; M.\M.A., H.B., and A.B.; supervision, H.B., D.C., and A.B.
All authors have read and agreed to the published version of the manuscript.

Funding: The authors extend their appreciation to the Researchers Supporting Project number
(RSPD2023R628), King Saud University, Riyadh, Saudi Arabia, for supporting this research.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article and Supplementary Materials.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Silva, VL.M,; Elguero, J.; Silva, A.M.S. Current Progress on Antioxidants Incorporating the Pyrazole Core. Eur. |. Med. Chem.
2018, 156, 394-429. [CrossRef] [PubMed]

2. Capan, I.; Hawash, M.; Jaradat, N.; Sert, Y.; Servi, R.; Koca, 1. Design, Synthesis, Molecular Docking and Biological Evaluation of
NewCarbazole Derivatives as Anticancer, and Antioxidant Agents. BMIC Chem. 2023, 17, 60. [CrossRef] [PubMed]

3. Abualhasan, M.; Hawash, M.; Agel, S.; Al-Masri, M.; Mousa, A ; Issa, L. Biological Evaluation of Xanthene and Thioxanthene
Derivatives as Antioxidant, Anticancer, and COX Inhibitors. ACS Omega 2023, 8, 38597-38606. [CrossRef] [PubMed]

4. Haider, K.; Haider, M.R; Neha, K.; Yar, M.S. Free Radical Scavengers: An Overview on Heterocyclic Advances and Medicinal
Prospects. Eur. J. Med. Chem. 2020, 204, 112607. [CrossRef] [PubMed]

5. Kumara, K.; Prabhudeva, M.G.; Vagish, C.B.; Vivek, H.K.; Lokanatha Rai, K.M.; Lokanath, N.K.; Ajay Kumar, K. Design, Synthesis,
Characterization, and Antioxidant Activity Studies of Novel Thienyl-Pyrazoles. Heliyon 2021, 7, e07592. [CrossRef] [PubMed]

6. Renuka, N.; Vivek, HK,; Pavithra, G.; Ajay Kumar, K. Synthesis of Coumarin Appended Pyrazolyl-1,3,4-Oxadiazoles and
Pyrazolyl-1,3,4-Thiadiazoles: Evaluation of Their in Vitro Antimicrobial and Antioxidant Activities and Molecular Docking
Studies. Russ. J. Bioorg. Chem. 2017, 43, 197-210. [CrossRef]

7. Ajani, O.0.; Aderohunmu, D.V.; Ikpo, C.O.; Adedapo, A.E.; Olanrewaju, I.O. Functionalized Benzimidazole Scaffolds: Privileged
Heterocycle for Drug Design in Therapeutic Medicine: Recent Advances on Medicinal Applications of Benzimidazole. Arch.
Pharm. Chem. Life Sci. 2016, 349, 475-506. [CrossRef] [PubMed]

8.  Keri, R.S.; Hiremathad, A.; Budagumpi, S.; Nagaraja, B.M. Comprehensive Review in Current Developments of Benzimidazole-
Based Medicinal Chemistry. Chem. Biol. Drug Des. 2015, 86, 19—-65. [CrossRef]

9. Lee, Y.T; Tan, Y.J.; Oon, C.E. Benzimidazole and Its Derivatives as Cancer Therapeutics: The Potential Role from Traditional to

Precision Medicine. Acta Pharm. Sin. B 2023, 13, 478-497. [CrossRef]


https://www.mdpi.com/article/10.3390/ph16121648/s1
https://www.mdpi.com/article/10.3390/ph16121648/s1
https://doi.org/10.1016/j.ejmech.2018.07.007
https://www.ncbi.nlm.nih.gov/pubmed/30015075
https://doi.org/10.1186/s13065-023-00961-y
https://www.ncbi.nlm.nih.gov/pubmed/37328860
https://doi.org/10.1021/acsomega.3c05695
https://www.ncbi.nlm.nih.gov/pubmed/37867642
https://doi.org/10.1016/j.ejmech.2020.112607
https://www.ncbi.nlm.nih.gov/pubmed/32721784
https://doi.org/10.1016/j.heliyon.2021.e07592
https://www.ncbi.nlm.nih.gov/pubmed/34355092
https://doi.org/10.1134/S106816201702011X
https://doi.org/10.1002/ardp.201500464
https://www.ncbi.nlm.nih.gov/pubmed/27213292
https://doi.org/10.1111/cbdd.12462
https://doi.org/10.1016/j.apsb.2022.09.010

Pharmaceuticals 2023, 16, 1648 14 of 16

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Vausselin, T.; Séron, K.; Lavie, M.; Mesalam, A.A.; Lemasson, M.; Belouzard, S.; Fénéant, L.; Danneels, A.; Rouillé, Y.;
Cocquerel, L.; et al. Identification of a New Benzimidazole Derivative as an Antiviral against Hepatitis C Virus. J. Virol. 2016,
90, 8422-8434. [CrossRef]

Francesconi, V.; Cichero, E.; Schenone, S.; Naesens, L.; Tonelli, M. Synthesis and Biological Evaluation of Novel (Thio)Semicarbazone-
Based Benzimidazoles as Antiviral Agents against Human Respiratory Viruses. Molecules 2020, 25, 1487. [CrossRef] [PubMed]
Maghraby, M.T.-E.; Abou-Ghadir, O.M.E,; Abdel-Moty, S.G.; Ali, A.Y.; Salem, O.I.A. Novel Class of Benzimidazole-Thiazole
Hybrids: The Privileged Scaffolds of Potent Anti-Inflammatory Activity with Dual Inhibition of Cyclooxygenase and 15-
Lipoxygenase Enzymes. Bioorg. Med. Chem. 2020, 28, 115403. [CrossRef] [PubMed]

Kamat, V.; Yallur, B.C.; Poojary, B.; Patil, V.B.; Nayak, S.P,; Krishna, PM.; Joshi, S.D. Synthesis, Molecular Docking, An-
tibacterial, and Anti-inflammatory Activities of Benzimidazole-containing Tricyclic Systems. J. Chin. Chem. Soc. 2021,
68, 1055-1066. [CrossRef]

Celik, L; Sarialtin, S.Y.; Coban, T.; Kilcigil, G. Design, Synthesis, in Vitro and in Silico Studies of Benzimidazole-Linked Oxadiazole
Derivatives as Anti-inflammatory Agents. ChemistrySelect 2022, 7, €202201548. [CrossRef]

Dhahri, M.; Khan, EA.; Emwas, A.-H.; Alnoman, R.B.; Jaremko, M.; Rezki, N.; Aouad, M.R.; Hagar, M. Synthesis, DFT
Molecular Geometry and Anticancer Activity of Symmetrical 2,2’-(2-Oxo-1H-Benzo[d]Imidazole-1,3(2H)-Diyl) Diacetate and Its
Arylideneacetohydrazide Derivatives. Materials 2022, 15, 2544. [CrossRef] [PubMed]

Madgula, K.; Dandu, S.; Kasula, S.; Halady, P. Microwave Synthesized Ionic Liquids as Green Catalysts for the Synthesis
of Benzimidazoles: Spectral and Computational Studies for Potential Anticancer Activity. Inorg. Chem. Commun. 2022,
138, 109218. [CrossRef]

Nawareg, N.A.; Mostafa, A.S.; El-Messery, S.M.; Nasr, M.N.A. New Benzimidazole Based Hybrids: Synthesis, Molecular Modeling
Study and Anticancer Evaluation as Topoll Inhibitors. Bioorg. Chem. 2022, 127, 106038. [CrossRef] [PubMed]

Kumar, S.; Gupta, S.; Rani, V.,; Sharma, P. Pyrazole Containing Anti-HIV Agents: An Update. Med. Chem. 2022,
18, 831-846. [CrossRef]

Acar Cevik, U.; Isik, A.; Evren, A.E.; Kapusiz, O.; Gil, UD.; Ozkay, Y.; Kaplancikli, Z.A. Synthesis of New Benzimidazole
Derivatives Containing 1,3,4-Thiadiazole: Their in Vitro Antimicrobial, in Silico Molecular Docking and Molecular Dynamic
Simulations Studies. SAR QSAR Environ. Res. 2022, 33, 899-914. [CrossRef]

Saber, A.; Sebbar, N.K,; Sert, Y.; Alzaqri, N.; Hokelek, T.; El Ghayati, L.; Talbaoui, A.; Mague, ].T.; Baba, Y.F,; Urrutigoity, M.; et al.
Syntheses of N-Substituted Benzimidazolone Derivatives: DFT Calculations, Hirshfeld Surface Analysis, Molecular Docking
Studies and Antibacterial Activities. ]. Mol. Struct. 2020, 1200, 127174. [CrossRef]

Pribut, N.; Basson, A.E.; van Otterlo, W.A.L.; Liotta, D.C.; Pelly, S.C. Aryl Substituted Benzimidazolones as Potent HIV-1
Non-Nucleoside Reverse Transcriptase Inhibitors. ACS Med. Chem. Lett. 2019, 10, 196-202. [CrossRef] [PubMed]

Hayat, S.; Ullah, H.; Rahim, F; Ullah, I.; Taha, M.; Igbal, N.; Khan, F; Khan, M.S.; Shah, S.A.A.; Wadood, A.; et al. Synthesis,
Biological Evaluation and Molecular Docking Study of Benzimidazole Derivatives as o-Glucosidase Inhibitors and Anti-Diabetes
Candidates. J. Mol. Struct. 2023, 1276, 134774. [CrossRef]

Ullah, H.; Majeed, A.; Rahim, F; Hussain, A.; Khan, F; Nawaz, H.; Khan, M.S.; Umar, A.; Wadood, A.; Samad, A. Synthesis
of Benzimidazole-Thiosemicarbazone Hybrid Derivatives, in Vitro a-Glucosidase and x-Amylase Activities, and an in Silico
Molecular Docking Study. Chem. Data Collect. 2023, 45, 101027. [CrossRef]

Sahoo, B.M.; Banik, B.K.; Mazaharunnisa; Rao, N.S.; Raju, B. Microwave Assisted Green Synthesis of Benzimidazole Derivatives
and Evaluation of Their Anticonvulsant Activity. Curr. Microw. Chem. 2019, 6, 23-29. [CrossRef]

Swikriti; Babbar, R.; Saini, D.; Rawat, R.; Chigurupati, S.; Felemban, S.G.; Vargas-De-La-Cruz, C.; Behl, T. Design and Synthesis of
Neoteric Benzylidene Amino-Benzimidazole Scaffolds for Antioxidant and Anti-Inflammatory Activity. Future Med. Chem. 2023,
15, 813-828. [CrossRef] [PubMed]

Patagar, D.N.; Batakurki, S.R.; Kusanur, R.; Patra, S.M.; Saravanakumar, S.; Ghate, M. Synthesis, Antioxidant and Anti-Diabetic
Potential of Novel Benzimidazole Substituted Coumarin-3-Carboxamides. J. Mol. Struct. 2023, 1274, 134589. [CrossRef]
Bhandari, S.V.; Nagras, O.G.; Kuthe, P.V,; Sarkate, A.P.; Waghamare, K.S.; Pansare, D.N.; Chaudhari, S.Y.; Mawale, S.N.; Belwate,
M.C. Design, Synthesis, Molecular Docking and Antioxidant Evaluation of Benzimidazole-1,3,4 Oxadiazole Derivatives. ]. Mol.
Struct. 2023, 1276, 134747. [CrossRef]

Abdelwahab, H.E.; Ibrahim, H.Z.; Omar, A.Z. Design, Synthesis, DFT, Molecular Docking, and Biological Evalution of Pyrazole
Derivatives as Potent Acetyl Cholinestrease Inhibitors. J. Mol. Struct. 2023, 1271, 134137. [CrossRef]

Abouelenein, M.G.; Ismail, A.E.-H.A.; Aboelnaga, A.; Tantawy, M.A.; El-Ebiary, N.M.A_; El-Assaly, S.A. Synthesis, DFT Calcu-
lations, In Silico Studies, and Biological Evaluation of Pyrano[2,3-c]Pyrazole and Pyrazolo[4',3':5,6]Pyrano[2,3-d]Pyrimidine
Derivatives. J. Mol. Struct. 2023, 1275, 134587. [CrossRef]

Sangepu, V.R; Jain, K.K.; Bhoomireddy, R.D.; Sharma, D.; Venkateshwarlu, R.; Kapavarapu, R.; Dandela, R.; Pal, M. One-
Pot Sonochemical Synthesis and in Silico/in Vitro Antitubercular Evaluation of 1-Methyl-3-Propyl-1H-Pyrazole Containing
Polynuclear Fused N-Heteroarenes. J. Mol. Struct. 2023, 1278, 134909. [CrossRef]

Patil, P; Nippu, B.N.; Satyanarayan, N.D.; Pore, S.; Zond, R.; Gurav, A.; Hangirgekar, S.; Sankpal, S. Design, Synthesis, Docking
Studies and Anticancer Evaluation of Spiro[Indoline-3,4’-Pyrano|[2,3-c]Pyrazole] Derivatives on MIN-6 Cancer Cell Line. J. Mol.
Struct. 2023, 1277, 134772. [CrossRef]


https://doi.org/10.1128/JVI.00404-16
https://doi.org/10.3390/molecules25071487
https://www.ncbi.nlm.nih.gov/pubmed/32218301
https://doi.org/10.1016/j.bmc.2020.115403
https://www.ncbi.nlm.nih.gov/pubmed/32127262
https://doi.org/10.1002/jccs.202000454
https://doi.org/10.1002/slct.202201548
https://doi.org/10.3390/ma15072544
https://www.ncbi.nlm.nih.gov/pubmed/35407875
https://doi.org/10.1016/j.inoche.2022.109218
https://doi.org/10.1016/j.bioorg.2022.106038
https://www.ncbi.nlm.nih.gov/pubmed/35870412
https://doi.org/10.2174/1573406418666220106163846
https://doi.org/10.1080/1062936X.2022.2149620
https://doi.org/10.1016/j.molstruc.2019.127174
https://doi.org/10.1021/acsmedchemlett.8b00549
https://www.ncbi.nlm.nih.gov/pubmed/30783503
https://doi.org/10.1016/j.molstruc.2022.134774
https://doi.org/10.1016/j.cdc.2023.101027
https://doi.org/10.2174/2213335606666190429124745
https://doi.org/10.4155/fmc-2023-0058
https://www.ncbi.nlm.nih.gov/pubmed/37350114
https://doi.org/10.1016/j.molstruc.2022.134589
https://doi.org/10.1016/j.molstruc.2022.134747
https://doi.org/10.1016/j.molstruc.2022.134137
https://doi.org/10.1016/j.molstruc.2022.134587
https://doi.org/10.1016/j.molstruc.2023.134909
https://doi.org/10.1016/j.molstruc.2022.134772

Pharmaceuticals 2023, 16, 1648 15 of 16

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Ren, B.; Liu, R-C; Ji, K; Tang, J.-J.; Gao, ]J.-M. Design, Synthesis and in Vitro Antitumor Evaluation of Novel Pyrazole-
Benzimidazole Derivatives. Bioorg. Med. Chem. Lett. 2021, 43, 128097. [CrossRef] [PubMed]

Marinescu, M. Synthesis of Antimicrobial Benzimidazole-Pyrazole Compounds and Their Biological Activities. Antibiotics 2021,
10, 1002. [CrossRef] [PubMed]

Zalaru, C.; Dumitrascu, F; Draghici, C.; Tarcomnicu, I.; Marinescu, M.; Nitulescu, G.M.; Tatia, R.; Moldovan, L.; Popa, M;
Chifiriuc, M.C. New Pyrazolo-Benzimidazole Mannich Bases with Antimicrobial and Antibiofilm Activities. Antibiotics 2022,
11, 1094. [CrossRef] [PubMed]

Sultana, R.; Ali, A; Twala, C.; Mehandi, R.; Rana, M.; Yameen, D.; Abid, M. Rahisuddin Synthesis, Spectral Characterization of
Pyrazole Derived Schiff Base Analogs: Molecular Dynamic Simulation, Antibacterial and DNA Binding Studies. J. Biomol. Struct.
Dyn. 2023, 1-28. [CrossRef] [PubMed]

Lei, Z.; Yao, ].; Liu, H.; Bai, X.; Gao, X.; Pan, Q.; Yang, W. Design, Synthesis, and Bioactivity of Novel Quinazolinone Scaffolds Con-
taining Pyrazole Carbamide Derivatives as Antifungal Agents. Curr. Issues Mol. Biol. 2022, 44, 5605-5621. [CrossRef] [PubMed]
Krishnan, S.; Gupta, K.; Sivaraman, S.; Venkatachalam, P.; Yennamalli, R.M.; Shanmugam, S.R. Waste to Drugs: Identifi-
cation of Pyrolysis by-Products as Antifungal Agents against Cryptococcus neoformans. J. Biomol. Struct. Dyn. 2023, 1-14.
[CrossRef] [PubMed]

Gudimani, P.; Hebbar, N.U.; Shastri, S.L.; Shastri, L.A.; Shettar, A.K.; Hoskeri, ].H.; Joshi, S.; Sunagar, V.A. A New Approach for
the Synthesis of Tri-Substituted Pyrazole Propionic Acids Derivatives:Anti-Inflammatory, Antimicrobial and Molecular Docking
Studies. J. Mol. Struct. 2023, 1285, 135405. [CrossRef]

Karati, D.; Mahadik, K.R.; Trivedi, P; Kumar, D. A Molecular Insight into Pyrazole Congeners as Antimicrobial, Anticancer, and
Antimalarial Agents. Med. Chem. 2022, 18, 1044-1059. [CrossRef]

Duhan, M.; Singh, R.; Devi, M; Sindhu, J.; Bhatia, R.; Kumar, A.; Kumar, P. Synthesis, Molecular Docking and QSAR Study of
Thiazole Clubbed Pyrazole Hybrid as «-Amylase Inhibitor. J. Biomol. Struct. Dyn. 2021, 39, 91-107. [CrossRef]

Bakthavatchala Reddy, N.; Zyryanov, G.V.; Mallikarjuna Reddy, G.; Balakrishna, A.; Padmaja, A.; Padmavathi, V.; Suresh Reddy,
C.; Garcia, J.R.; Sravya, G. Design and Synthesis of Some New Benzimidazole Containing Pyrazoles and Pyrazolyl Thiazoles
as Potential Antimicrobial Agents: Design and Synthesis of Some New Benzimidazole Containing Pyrazoles and Pyrazolyl
Thiazoles as Potential Antimicrobial Agents. . Heterocycl. Chem. 2019, 56, 589-596. [CrossRef]

Desai, N.C.; Pandya, D.D.; Jadeja, D.J.; Panda, S.K.; Rana, M.K. Design, Synthesis, Biological Evaluation and Molecular Docking
Study of Novel Hybrid of Pyrazole and Benzimidazoles. Chem. Data Collect. 2021, 33, 100703. [CrossRef]

Noor, A.; Qazi, N.G.; Nadeem, H.; Khan, A.; Paracha, R.Z.; Ali, F; Saeed, A. Synthesis, Characterization, Anti-Ulcer Action and
Molecular Docking Evaluation of Novel Benzimidazole-Pyrazole Hybrids. Chem. Cent. . 2017, 11, 85. [CrossRef] [PubMed]
Feng, L.; Su, W.; Cheng, J.; Xiao, T.; Li, H.; Chen, D.; Zhang, Z. Benzimidazole Hybrids as Anticancer Drugs: An Updated
Review on Anticancer Properties, Structure—Activity Relationship, and Mechanisms of Action (2019-2021). Arch. Pharm. 2022,
355,2200051. [CrossRef] [PubMed]

Chikkula, K.V.; Sundararajan, R. Analgesic, Anti-Inflammatory, and Antimicrobial Activities of Novel Isoxazole/Pyrimidine/Pyrazole
Substituted Benzimidazole Analogs. Med. Chem. Res. 2017, 26, 3026-3037. [CrossRef]

Neto, J.S.S.; Zeni, G. Alkynes and Nitrogen Compounds: Useful Substrates for the Synthesis of Pyrazoles. Chem. Eur. |. 2020,
26, 8175-8189. [CrossRef] [PubMed]

Wang, Y.; Xiong, C.; Zhong, J.; Zhou, Q. Synthesis of 1,3,5-Trisubstituted Pyrazole-4-Carboxylates through 1,3-Dipolar Cycloaddi-
tion of Nitrilimines with Allenoates. Tetrahedron 2022, 115, 132790. [CrossRef]

Dhoddi, B.N.; Kurapati, R.; Kundur, G.R; Bitla, S.; Puligilla, B.; Pochampally, J. Synthesis and In Vitro Cytotoxic Evaluation of
Novel Triazole-Benzimidazole Embodied Pyrazole Derivatives against Breast Cancer. Synthesis 2022, 15, 1345-1351. [CrossRef]
Jiang, R.; Mu, Y.; Zhang, W.; Hong, Y.; Igbal, Z.; Hou, J.; Yang, Z.; Tang, D. Acid-Promoted Synthesis of Pyrazolo[4,3-
c]Quinoline Derivatives by Employing Pyrazole-Arylamines and 3-Keto Esters via Cleavage of C-C Bonds. Synth. Commun.
2022, 52, 1796-1804. [CrossRef]

Sanghavi, K.N.; Kher, M.N.; Kapadiya, K.M. An Efficient Protocol for the Synthesis of Substituted 5-amino Pyrazole Bearing
Benzo[d]Imidazolone Core and Their Antioxidant Activity. J. Heterocycl. Chem. 2023, 60, 993-1003. [CrossRef]

Durgamma, S.; Muralikrishna, A.; Padmavathi, V.; Padmaja, A. Synthesis and Antioxidant Activity of Amido-Linked
Benzoxazolyl/Benzothiazolyl/Benzimidazolyl-Pyrroles and Pyrazoles. Med. Chem. Res. 2014, 23, 2916-2929. [CrossRef]
Bellam, M.; Gundluru, M.; Sarva, S.; Chadive, S.; Netala, V.R; Tartte, V.; Cirandur, S.R. Synthesis and Antioxidant Activity of
Some New N-Alkylated Pyrazole-Containing Benzimidazoles. Chem. Heterocycl. Comp. 2017, 53, 173-178. [CrossRef]

Nardi, M.; Cano, N.C.H.; Simeonov, S.; Bence, R.; Kurutos, A.; Scarpelli, R.; Wunderlin, D.; Procopio, A. A Review on the Green
Synthesis of Benzimidazole Derivatives and Their Pharmacological Activities. Catalysts 2023, 13, 392. [CrossRef]

Adardour, M.; Zaballos-Garcia, E.; Loughzail, M.; Dahaoui, S.; Baouid, A. Synthesis, Characterization and X-ray Structure of
Heterocyclic Systems Prepared via 1,3-Dipolar Cycloaddition of Nitrile Oxides with Benzimidazolone. J. Mol. Struct. 2018,
1165, 153-161. [CrossRef]

Adardour, M,; Boutafda, A.; Hdoufane, I.; Aghraz, A.; Hafidi, M.; Zaballos-Garcia, E.; Cherqaoui, D.; Baouid, A. Efficient and
Simple Synthesis of Novel 1,2,3-Triazolyl-Linked Benzimidazolone, Molecular Docking and Evaluation of Their Antimicrobial
Activity. Synth. Commun. 2020, 50, 3490-3506. [CrossRef]


https://doi.org/10.1016/j.bmcl.2021.128097
https://www.ncbi.nlm.nih.gov/pubmed/33979690
https://doi.org/10.3390/antibiotics10081002
https://www.ncbi.nlm.nih.gov/pubmed/34439052
https://doi.org/10.3390/antibiotics11081094
https://www.ncbi.nlm.nih.gov/pubmed/36009963
https://doi.org/10.1080/07391102.2023.2179541
https://www.ncbi.nlm.nih.gov/pubmed/36826451
https://doi.org/10.3390/cimb44110380
https://www.ncbi.nlm.nih.gov/pubmed/36421664
https://doi.org/10.1080/07391102.2023.2188960
https://www.ncbi.nlm.nih.gov/pubmed/36927454
https://doi.org/10.1016/j.molstruc.2023.135405
https://doi.org/10.2174/1573406418666220303150640
https://doi.org/10.1080/07391102.2019.1704885
https://doi.org/10.1002/jhet.3435
https://doi.org/10.1016/j.cdc.2021.100703
https://doi.org/10.1186/s13065-017-0314-0
https://www.ncbi.nlm.nih.gov/pubmed/29086868
https://doi.org/10.1002/ardp.202200051
https://www.ncbi.nlm.nih.gov/pubmed/35385159
https://doi.org/10.1007/s00044-017-2000-0
https://doi.org/10.1002/chem.201905276
https://www.ncbi.nlm.nih.gov/pubmed/31990413
https://doi.org/10.1016/j.tet.2022.132790
https://doi.org/10.31788/RJC.2021.1526858
https://doi.org/10.1080/00397911.2022.2114372
https://doi.org/10.1002/jhet.4644
https://doi.org/10.1007/s00044-013-0884-x
https://doi.org/10.1007/s10593-017-2036-6
https://doi.org/10.3390/catal13020392
https://doi.org/10.1016/j.molstruc.2018.03.128
https://doi.org/10.1080/00397911.2020.1803913

Pharmaceuticals 2023, 16, 1648 16 of 16

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ait Lahcen, M.; Adardour, M.; Mortada, S.; Oubahmane, M.; Hmaimou, S.; Loughzail, M.; Hdoufane, I.; Lahmidi, S.; Faouzi,
M.E.A.; Cherqaoui, D.; et al. Synthesis, Characterization, X-ray, a-Glucosidase Inhibition and Molecular Docking Study of New
Triazolic Systems Based on 1,5-Benzodiazepine via 1,3-Dipolar Cycloaddition Reactions. . Biomol. Struct. Dyn. 2023, 1-14.
[CrossRef] [PubMed]

Bandgar, B.P; Gawande, S.S.; Bodade, R.G.; Gawande, N.M.; Khobragade, C.N. Synthesis and Biological Evaluation of a
Novel Series of Pyrazole Chalcones as Anti-Inflammatory, Antioxidant and Antimicrobial Agents. Bioorg. Med. Chem. 2009,
17, 8168-8173. [CrossRef]

Mukarram, S.; Bandgar, B.P,; Shaikh, R.U.; Ganapure, S.D.; Chavan, H.V. Synthesis of Novel «,&-Difluoro-3-Hydroxycarbonyl
Pyrazole Derivatives as Antioxidant, Anti-Inflammatory and Anticancer Agents. Med. Chem. Res. 2017, 26, 262-273. [CrossRef]

Oubahmane, M.; Hdoufane, L; Delaite, C.; Sayede, A.; Cherqaoui, D.; El Allali, A. Design of Potent Inhibitors Targeting the Main
Protease of SARS-CoV-2 Using QSAR Modeling, Molecular Docking, and Molecular Dynamics Simulations. Pharmaceuticals 2023,
16, 608. [CrossRef]

Torres-Martinez, R.; Garcia-Rodriguez, Y.M.; Rios-Chavez, P; Saavedra-Molina, A.; Lopez-Meza, ].E.; Ochoa-Zarzosa, A.;
Garciglia, R.S. Antioxidant Activity of the Essential Oil and Its Major Terpenes of Satureja macrostema (Moc. and Sessé Ex Benth.)
Briq. Pharmacogn. Mag. 2018, 13, S875.

Cele, N.; Awolade, P; Seboletswe, P; Olofinsan, K.; Islam, M.d.S.; Singh, P. a-Glucosidase and x-Amylase Inhibitory Potentials of
Quinoline-1,3,4-Oxadiazole Conjugates Bearing 1,2,3-Triazole with Antioxidant Activity, Kinetic Studies, and Computational
Validation. Pharmaceuticals 2022, 15, 1035. [CrossRef] [PubMed]

Declercq, J.-P,; Evrard, C.; Clippe, A.; Stricht, D.V.; Bernard, A.; Knoops, B. Crystal Structure of Human Peroxiredoxin 5, a Novel
Type of Mammalian Peroxiredoxin at 1.5 A Resolution. J. Mol. Biol. 2001, 311, 751-759. [CrossRef] [PubMed]

Trott, O.; Olson, A.J. AutoDock Vina: Improving the Speed and Accuracy of Docking with a New Scoring Function, Efficient
Optimization, and Multithreading. . Comput. Chem. 2010, 31, 455-461. [CrossRef] [PubMed]

Morris, G.M.; Huey, R.; Lindstrom, W.; Sanner, M.F; Belew, R.K.; Goodsell, D.S.; Olson, A.]. AutoDock4 and AutoDockTools4:
Automated Docking with Selective Receptor Flexibility. J. Comput. Chem. 2009, 30, 2785-2791. [CrossRef] [PubMed]

Abraham, M.].; Murtola, T.; Schulz, R; Pall, S.; Smith, J.C.; Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to Supercomputers. SoftwareX 2015, 1-2, 19-25. [CrossRef]

Jo,S.; Kim, T; Iyer, V.G.; Im, W. CHARMM-GUI: A Web-Based Graphical User Interface for CHARMM. J. Comput. Chem. 2008,
29, 1859-1865. [CrossRef]

Lee, J.; Cheng, X.; Swails, ].M.; Yeom, M.S.; Eastman, PK.; Lemkul, J.A.; Wei, S.; Buckner, J.; Jeong, ].C.; Qi, Y.; et al. CHARMM-GUI
Input Generator for NAMD, GROMACS, AMBER, OpenMM, and CHARMM/OpenMM Simulations Using the CHARMM36
Additive Force Field. J. Chem. Theory Comput. 2016, 12, 405-413. [CrossRef]

Daina, A.; Michielin, O.; Zoete, V. SwissADME: A Free Web Tool to Evaluate Pharmacokinetics, Drug-Likeness and Medicinal
Chemistry Friendliness of Small Molecules. Sci. Rep. 2017, 7, 42717. [CrossRef]

Banerjee, P.; Eckert, A.O.; Schrey, A K.; Preissner, R. ProTox-II: A Webserver for the Prediction of Toxicity of Chemicals. Nucleic
Acids Res. 2018, 46, W257-W263. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/07391102.2023.2203263
https://www.ncbi.nlm.nih.gov/pubmed/37098807
https://doi.org/10.1016/j.bmc.2009.10.035
https://doi.org/10.1007/s00044-016-1744-2
https://doi.org/10.3390/ph16040608
https://doi.org/10.3390/ph15081035
https://www.ncbi.nlm.nih.gov/pubmed/36015183
https://doi.org/10.1006/jmbi.2001.4853
https://www.ncbi.nlm.nih.gov/pubmed/11518528
https://doi.org/10.1002/jcc.21334
https://www.ncbi.nlm.nih.gov/pubmed/19499576
https://doi.org/10.1002/jcc.21256
https://www.ncbi.nlm.nih.gov/pubmed/19399780
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1002/jcc.20945
https://doi.org/10.1021/acs.jctc.5b00935
https://doi.org/10.1038/srep42717
https://doi.org/10.1093/nar/gky318

	Introduction 
	Results and Discussion 
	Chemistry 
	Antioxidant Activity by TAC and FRAP Methods 
	Molecular Docking of the Selected Compounds 
	Molecular Dynamics Simulations 
	Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET), and Pharmacokinetic Studies of the Synthesized Compounds 

	Materials and Methods 
	General Procedure 
	Synthesis of Benzimidazolones 2 and 3 
	General Procedure for Synthesis of Compounds 5 and 6 
	Antioxidant Activity 
	TAC by Phosphomolybdenum Method 
	Ferric Reducing Antioxidant Power (FRAP) 

	Computational Studies 
	Molecular Docking 
	Molecular Dynamics Simulations (MDs) 
	Absorption, Distribution, Metabolism, Excretion and Toxicity (ADMET) Profile Estimation 
	Statistical Analyses 


	Conclusions 
	References

