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gastritis and associated oxidative stress based on
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synthesis, in vitro and in silico analysis

i '.) Check for updates ‘

Cite this: RSC Adv., 2024, 14, 529

Amina Sultana,® Aneela Wahab,® Ghulam Fareed, & ** Hamna Rafiq,”
Khalid Mohammed Khan,® Mehreen Lateef,” Nazia Fareed,® Shafgat Hussain®
and Sikander Khan Sherwanif

To identify potential scaffolds to treat gastritis and oxidative stress, 2-aryl-1H-naphtho(2,3-d]limidazole
derivatives (1-15) were synthesized. The synthesis was conveniently carried out by condensing 2,3-
diaminonaphthalene with variously substituted aldehydes to yield 15 new 2-aryl-1H-naphtho[2,3-d]
imidazole derivatives. Structures of all synthesized compounds were elucidated using MS and NMR
spectroscopic techniques. Compounds containing an imidazole moiety have continued to spark interest
in the field of medicinal chemistry due to their unique properties. In continuation of this statement, to
further explore the biological potential of these types of compounds, newly synthesized imidazole
derivatives were evaluated for their inhibitory potential against urease and antioxidant activities.
Compounds 4 and 11 were identified as the most potent urease inhibitors in the series, with ICsg values
of 342 £ 0.72 and 42.43 + 0.65 uM, respectively. Compounds 1, 3, 6, 11, and 15, with ECsg values in the
range of 37-75 ng ml™% showed significant antioxidant activity. Molecular docking studies of the
selected synthesized compounds 3, 4, 9, and 11 were also performed to determine their binding
interaction with the jack bean urease. Through docking studies, it was revealed that all the compounds
that showed good inhibitory potential against urease fit well within the protein's binding pocket.
Furthermore, ADME analysis was carried out to explore the drug-likeness properties of the compounds.
The findings of the present work revealed that compounds 4 and 11 could be better options to treat
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developing a defense mechanism that helps H. pylori survive in
the stomach's acidic environment and improves its capacity to
spread illness.> A particular adaptability is the activity of the
enzyme urease, which breaks down urea and produces

Introduction

The term “gastritis” primarily refers to abnormal stomach
lining inflammation. Many people with gastritis do not have any

symptoms, but others may experience upper abdominal pain or
discomfort, nausea, and vomiting.* Helicobacter pylori (H. pylori)
is a Gram-negative bacterium that causes gastric inflammation,
leading to peptic ulcers. The infection mainly originates from
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ammonia. Ammonia then neutralizes stomach acid, enabling
H. pylori to persist and colonize the gastric mucosa (Fig. 1).
Urease is a nickel-containing enzyme responsible for urea's
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Fig.1 Possible mechanism of naphthaleneimidazoles to treat gastritis.

RSC Adv, 2024, 14, 529-537 | 529


http://crossmark.crossref.org/dialog/?doi=10.1039/d3ra07412a&domain=pdf&date_stamp=2023-12-19
http://orcid.org/0000-0002-9976-6764
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra07412a
https://rsc.66557.net/en/journals/journal/RA
https://rsc.66557.net/en/journals/journal/RA?issueid=RA014001

Open Access Article. Published on 02 January 2024. Downloaded on 7/25/2025 12:39:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

catalytic degradation to ammonia and carbon dioxide. Bacterial
urease is a virulence factor implicated in the pathogenesis of
various gastrointestinal infections, including peptic ulcers.
Bacterial urease from Helicobacter pylori is essential for its
survival, as the released ammonia serves to protect the bacteria
from the surrounding gastric acid. Inhibitions of urease are
therefore highly sought after and considered important in
medicinal chemistry.>*

In addition, the other main feature of H. pylori is its capa-
bility to adhere to the gastric epithelium, which is achieved
through receptor-mediated adhesion and initiates apoptosis
(cellular damage).”® The generation of the reactive oxygen
species (ROS) in the presence of H. pylori induces the inflam-
matory pathway. The oxidation is mediated by the over-
production of nitric oxide, a reactive oxygen species produced
by inducible nitric oxide synthase (iNOS). The activity of iNOS is
a characteristic factor of H. pylori infection, which causes
gastritis.”® The compounds containing inhibitory activity
towards urease and antioxidant properties, which scavenge and
deactivate free radicals, may protect the body from infections
and associated cellular damages.'®'" Several FDA-approved
medications are available to treat gastritis. However, primary
antibiotic resistance is the main factor affecting their results.
They are also known to initiate respiratory infections (Fig. 2).

Benzimidazole, also known as 1H-benzimidazole and 1,3-
benzodiazole, is a heterocyclic pharmacophore composed of
a benzene ring fused with a five-membered imidazole ring.'*
Numerous studies have been conducted in recent years that
have shown intriguing results on the chemistry, structure—
activity relationship, and biological activities of several
benzimidazole-based compounds.’® Researchers are interested
in the biological activity of synthetic imidazole 5,6-dime-
thylbenzimidazole since it is a breakdown product of vitamin
B12, and some of its derivatives have vitamin B12-like action.™
Benzimidazole and its derivatives, both natural and synthetic,
reveal a broad spectrum of biological activities.’> The naturally
occurring benzimidazole moiety of vitamin B;, has been known
to improve CNS function.®

Similarly, kealiiquinone, a benzimidazole-based alkaloid,
has exhibited anticancer properties.”” Benzimidazole deriva-
tives continue to spark an interest in the field of medicinal
chemistry. Consequently, a wide assortment of derivatives of
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Fig. 2 Imidazole ring-containing FDA-approved drugs to treat
gastritis (ulcer).
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Fig. 3 Enzyme inhibition activity (ICsq of compounds) of urease.

benzimidazole have been reported for their favorable physio-
logical and pharmacological properties, such as enzyme
inhibition,"™>° antimicrobial, cytotoxic, antidiabetic,>* anti-
asthmatic, antileukemic,”” antihypertensive and antihepatitis B
virus,*® antileishmanial,> anti-HIV and cardiotonic, anti-
inflammatory and analgesic,>*?® diuretic,”” antitumor and
antiasthmatic,”® anthelmintic and antihistaminic** properties.
Benzimidazole derivatives have shown tremendous potential in
remedying infections, obesity, epilepsy, and ulcers.”®*

Thus, to further explore the biological potential of the
naphthaleneimidazole scaffold to treat gastritis, a library of
variously substituted 2-aryl-1H-naphtho[2,3-d]imidazole deriv-
atives (1-15) were synthesized (Fig. 3). Structures of all synthe-
sized compounds were elucidated using EIMS, IR, and NMR
spectroscopic techniques. All of the synthesized derivatives
were evaluated for the said activities to identify lead molecules
with dual potential.

Results and discussion

Chemistry

A series of 2-aryl-1H-naphtho[2,3-d]imidazole (1-15) derivatives
was synthesized via the facile condensation of 2,3-dia-
minonaphthalene with appropriate aromatic aldehydes using
sodium metabisulfite (Na,S,05) in N,N-dimethyl formamide
(DMF). The solid product obtained after adding cold water was
filtered, washed with water, crystallized from ethanol, and
finally dried in air. The chemical structure of these synthesized
derivatives was determined using EIMS, IR, and NMR spec-
troscopies (Scheme 1).

The IR spectra for all compounds (1-15) exhibited strong
absorption bands for -NH in the 3245-3501 cm™ ' range and for
-C=N- at 1461-2895 cm™'. The proton NMR of these
compounds displayed a singlet of the -NH proton in between
9.99 and 13.71 ppm, and a signal of C=N was observed in the
146.1-152.3 ppm range in the *C NMR spectra. They all fur-
nished satisfactory CHN elemental analysis.>**

The molecular formula C,9H;6N,0, of the representative
compound 9 was determined using EIMS analysis, which
showed the [M'] ion peak at m/z 304(100). The proton NMR of
compound 9 indicated -NH as a singlet at  10.61, aromatic
protons were observed in the ¢ 8.06-7.20 range, and the two
singlets at 6 3.90 and 3.86 confirmed the two -OCH; groups on

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Synthesis of 2-aryl-1H-naphtho[2,3-dlimidazole deriva-
tives (1-15).

the 4 and 3 positions of the phenyl ring. In the IR spectra, the
absorption bands at 3384 and 1687 cm™ " revealed -NH and -
C=N-, respectively, whereas the -OCH; group and aromatic
ring were confirmed by absorption bands at 1211 and
3124 cm?, respectively.®* The carbon atoms were determined
using "*C NMR spectroscopy, which showed the presence of the
quaternary carbon of the -C=N group and the phenyl ring at
0 151.0 and 123.6, respectively. The signals at ¢ 57.5 and 56.9
indicated the presence of two -OCHj; carbons. In addition, the
signals in between ¢ 137.9 and 109.9 defined the aromatic
moiety.*** Based on the above spectral analysis, the new
synthesized compound 9 was found to be 2-(3,4-

Table 1

View Article Online
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dimethoxyphenyl)-1H-naphtho[2,3-d]imidazole. Likewise, the
other synthesized compounds (1-15) were characterized as
described in the experimental section.

In vitro urease inhibitory activity

The synthesized naphthaleneimidazoles (1-15) were screened
for their in vitro urease inhibitory activities. Only seven
compounds exhibited varying degrees of urease inhibition.
Among the series, 4 and 11 were found to be the most active
with ICs, values of 34.2 + 0.72 and 42.43 £ 0.65 uM, respec-
tively, as compared to the standard inhibitor thiourea (IC5, =
21.7 &+ 0.12 pM). The activity may result from the 2-hydroxyl and
5-chloro groups substituted on the phenyl ring in both the
compounds, 4 and 11, although compound 11 also contains a 3-
methoxy substituent on the same phenyl ring. Compound 3,
having 3-methoxy and 4-acetoxy substituents, showed >2-fold
decreased urease inhibition with an IC;, value of 56.3 &+ 0.78
uM. Compounds 1, 2, 8, and 9 exhibited relatively low activities,
having IC5, values of 92.3 + 0.20, 73.5 £ 0.65, 86.4 £ 0.78 and
67.14 = 0.67 pM, respectively. Other compounds in the series
were inactive (Table 1). The potential inhibition activity asso-
ciated with ICs, is presented in Fig. 3. Compound 4 showed
promising urease inhibition activity as compared to compound
11. It may be due to the more electron-withdrawing inductive
effect of the chloro group compared to the bromo group in
compound 11, which is less electronegative and larger than the
chloro group.**

In vitro antioxidant activity

The synthesized derivatives (1-15) were also screened for their
in vitro antioxidant activity against 1,1-diphenyl-2-picrylhydrazyl
(DPPH) radical and ascorbic acid as a standard. Five

In vitro enzyme inhibition of compounds and antioxidant activity of compounds (1-15)

Antioxidant activity

Compound Urease inhibition IC5, £+ SD? % Inhibition £+ SD* ECso (ug ml™)
1 92.3 + 0.20 71.1 + 0.01 37.5
2 73.5 £ 0.65 43 + 0.01 —
3 56.3 + 0.78 67.4 + 0.01 75
4 34.2 +0.72 29 + 0.01 —
5 NA 12 + 0.01 —_
6 NA 71 + 0.01 37.5
7 NA 57.8 £ 0.01 100
8 86.4 £ 0.78 32 + 0.01 —
9 67.14 + 0.67 57.8 £ 0.02 100
10 NA 57.9 £ 0.02 100
11 42.43 £+ 0.65 71.1 4+ 0.01 37.5
12 NA 43 + 0.01 —
13 NA 57.7 £ 0.01 100
14 NA 23 + 0.01 —
15 NA 69.3 + 0.01 75
Thiourea 21.7 + 0.12 — —
Acetohydroxamic acid 37.0

Ascorbic acid — 80 8.3

“ 8D = standard deviation; NA = not applicable.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Antioxidant activity of compounds.

compounds, 1, 3, 6, 11, and 15, showed significant % inhibition
71.1, 67.4, 71, 71, and 69.3% with ECs, = 37.5, 75, 37.5, 37.5,
and 75 pug ml™", respectively. The presence of 2-indole may be
responsible for the good activity of compound 1. However, the
presence of the 4-acetoxy and 3-hydroxyl groups in compounds
3 and 6, respectively, accompanied by the methoxy group, can
be attributed to their significant activity. The considerable
properties of compounds 11 and 15 can be attributed to the
bromo substitution in both rings. Four compounds, 7, 9, 10,
and 13, exhibited moderate antioxidant activity with the %
inhibition of 57.8, 57.8, 57.9, and 57.7, respectively, having ECs,
= 100 pg ml~* for each compound (Table 1). The potential
antioxidant activity of the compounds is presented in Fig. 4. The
steric crowding of the ortho-substituted methoxy (-OCHj;) group
in compound 11 enhances its antioxidant activity because it is
an electron-donating group. An electron donor can increase the
electron cloud density of the benzene ring, decrease the disso-
ciation energy of the phenolic hydroxyl bond, and then enhance
its free radical scavenging ability. Compound 4 showed no
remarkable antioxidant activity because of the absence of an
electron-donating group at the ortho position.*

Table 2 ADME analysis of potentially active compounds

Compounds 3 4 9 11
MwW 332.35 294.74 304.34 369.21
Heavy atoms 25 21 23 23
Aromatic heavy atoms 19 19 19 19
Rotatable bonds 4 1 3 2
H-bond acceptors 4 2 3 3
H-bond donors 1 2 1 2
TPSA 64.21 48.91 47.14 58.14
ilog P 2.54 2.59 2.69 2.54
Consensus log P 3.63 3.97 3.71 3.95
ESOL log S —4.56 —4.98 —4.64 —5.34
Ali log S —4.79 —5.04 —4.66 —5.28
GI absorption High High High High
BBB permeant Yes Yes Yes Yes
Lipinski violations 0 0 0 0
Ghose violations 0 0 0 0
Veber violations 0 0 0 0
Egan violations 0 0 0 0
Muegge violations 0 0 0 0
Bioavailability score 0.55 0.55 0.55 0.55
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Table 3 Binding energies of naphthaleneimidazole compounds and
standards

Compounds Binding energy
3 —7.48
4 —6.86
9 —7.14
11 —6.99
Thiourea —3.04
Omeprazole —6.94
Lansoprazole —7.20
Rabeprazole —6.69

Drug-likeness evaluation

The compounds that potentially inhibit urease and possess
antioxidant properties (3, 4, 9, and 11) were assessed for drug-
likeness evaluation by various parameters (Table 2). The pre-
dicted properties are summarized in Table 3. All compounds
contain molecular weights that were within the acceptable limit,
i.e., <500 Da. The rotatable bonds within the molecules indicate
their flexibility. The permeability through the cell membrane is
log P = 5, indicating good membrane permeability, as the logp
values of all of the compounds ranged from 3.63 to 3.95, indi-
cating excellent lipophilicity. Lipophilicity is an important prop-
erty of the molecule that plays a role in determining how it
functions inside the body. The total polar surface area (TPSA)
values were calculated to analyze the absorption and membrane
permeability profiles, and the outcome demonstrated an average
TPSA value of 54.6 A%, proposing their absorption through the
intestine (<140 A%). It has been shown that the TPSA value and the
number of rotatable bonds can indicate that a molecule is orally
active. All compounds contain high GI absorption, and none of
the molecules violated the Lipinski rule of five.

Molecular docking studies

To gain insight regarding the binding affinity and intermolec-
ular interactions of the synthetic analogs (3, 4, 9, and 11) with
the target jack bean urease enzyme (PDB ID 4H9M), molecular
docking was performed using AutoDock Vina integrated with
USCF Chimera software. The active site of urease contains
hydrophilic residues, including His 593, His 594, Arg 439, His
519, Glu 493, Asp 494, Leu 595, and hydrophobic residues Gly
550 and Ala 440. Additionally, the urease enzyme contained
a modified tyrosine residue KCX-220 and two nickel ions in
their active site, which account for a crucial role by binding
essential amino acids with ligands and augmenting urease
activity. The docking conformations of all analogs in compar-
ison with standards, i.e., thiourea, omeprazole, lansoprazole,
and rabeprazole, were established within the active site. The
docking results are analyzed using the docking scores, binding
modes, and interaction of ligands with the functional residues
of urease. The standard inhibitor, i.e., thiourea, was shown to
have a —3.04 kcal mol " binding affinity (Table 3).

Based on the naph-
thaleneimidazoles, the docking scores of all compounds against
the urease were >6.0 kcal mol~'. Other standards, including

docking calculations  of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Docking pose of standards: (a) thiourea, (b) omeprazole, (c)
lansoprazole, (d) rabeprazole.

omeprazole, lansoprazole, and rabeprazole, show docking
scores of —6.94, —7.2, and —6.69 kcal mol ™, respectively. The
docking poses of all standards are presented in Fig. 5.

The docking results revealed that all compounds interact with
the active site of urease (Fig. 6). In compound 3, the conventional
hydrogen bonding was found with the nonpolar aliphatic amino
acid Ala 440 at 2.1 A. On the other hand, two H-bonds are formed
between the O, of compound 3 and the NH group of Arg 609.
CME 592 was also shown to make hydrophobic contact. The
docking results of compound 4 show the formation of an H-bond
between the NH group and two oxygen atoms of Asp 494 at
a distance of 2.8 A. However, it was also found that compound 4
makes interactions with Ni 901 and 902 at a distance of 2.7 A and
3.2 A, respectively. The presence of chloride in compound 4
enhanced the electronegativity and the stability to bind with
urease. Some hydrophobic contacts were also observed with Ala
6636, Met 637, and Ala 440. In compound 9, H-bonds were shown
between the 3-OH group at the para position of the extended
phenyl ring with the NH, group of the Arg 609 residue. Ala 440
and His 593 made hydrophobic interactions, while Arg 493 was
shown to interact through cation-m interaction.

Compound 11 also makes an H-bond with Asp 494 at
a distance of 3.1 A. It shows 7~ interaction with His 593 and
a hydrophobic bond with Ala 440. Results of the docking studies
revealed the binding interactions of benzimidazole compounds

Fig. 6 Docking pose of naphthaleneimidazole compounds: (a)
compound 3, (b) compound 4, (c) compound 9, (d) compound 11.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with urease. It is observed that such a class of pharmacophore is
mainly dependent on phenyl ring substituents. Therefore, the
outcomes of the present study will be useful to design a new
target against the urease enzyme to treat gastritis.

Experimental
General

All the reagents and solvents used were purchased from Sigma-
Aldrich and used without further purification. The Gallen Kamp
melting point apparatus was used to determine the melting
points that were uncorrected. EIMS spectra were measured
using a Jeol JMS-600H machine. NMR spectra were recorded on
Avance AV-300, 400, and 500 MHz machines in deuterated
dimethyl sulfoxide (DMSO-d) with trimethylsilane (TMS) as an
internal standard. The progress of the reaction was monitored
on pre-coated silica gel glass TLC plates (Kieselgel 60, 254, E.
Merck, Germany). IR spectra were recorded using a JASCO-302-A
spectrophotometer. The elemental (CHN) analysis was per-
formed using a Carlo Erba Strumentazione-Model-1106, Italy.

Urease inhibition assay

The urease inhibitory activity of all synthesized derivatives was
determined using the indophenol method.*® The results were
obtained after measuring the ammonia production during the
reaction. The reaction mixture of 25 ul of urease enzyme solu-
tion, 55 pl of buffer (0.01 M K,HPO,-3H,0, 1 mM EDTA, and
0.01 M LiCl, pH 8.2), and 100 mM urea were incubated in 96-
well plates having 5 pul of test compounds (1 mM) for 15 min at
30 °C. Briefly, 45 ul each of phenol reagent (1% w/v phenol and
0.005% w/v sodium nitroprusside) and 70 pl of alkali reagent
(0.5% w/v NaOH and 0.1% active chloride NaOCl) were added to
each well. The increasing absorbance was measured at 630 nm
after 50 min through a microplate reader (Molecular Device,
USA). All reactions were performed in triplicate in a final volume
of 200 pl. The results, i.e., change in absorbance per minute,
were processed on SoftMax Pro software (Molecular Device,
USA). Thiourea was used as a standard for comparison.
Percentage inhibition was calculated from the formula:

% Inhibition = 100 — (ODestweit/ODcontror) X 100

Antioxidant activity assay

The antioxidant activity of the compounds (1-15) was deter-
mined by using the procedure described by Lee et al®*” The
stable radical solution of 1,1-diphenyl-2-picrylhydrazyl (DPPH)
was prepared in ethanol (300 uM). A 10 pl volume of the test
samples and 90 pl solution of the stable radical (DPPH) was
added in 96-well microtiter plates, and incubated at 37 °C for 30
minutes. The absorbance was measured at 515 nm using
a spectrophotometer. The percent inhibition of radicals by the
treatment of the test sample was found by comparison with
DMSO as the negative control. Ascorbic acid was used as the
standard.

RSC Adv, 2024, 14, 529-537 | 533
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% Inhibition = 100

The calculated ECs, value denotes the concentration (in pg
ml ™) of the sample required to scavenge 50% of DPPH.

In silico study

ADME analysis of ligands. The in silico prediction of ADME
and drug-likeness properties of ligands was carried out by using
the SwissADME free online tool*® (https://www.swissadme.ch/).
The SMILES (Simplified Molecular Input Line Entry System)
for each compound was incorporated into the SwissADME
tool for computational analysis.

Molecular docking. The molecular docking studies were
performed using the Autodock Vina®***® platform integrated in
UCSF Chimera** with the following communications: Intel(R)
core i5 @ 3.50 GHz system having 8 GB RAM with Windows 10
operating platform. The molecular docking simulation study
was carried out using the X-ray crystallographic structure of
urease with the PDB code 4H9M. The crystal structure was
curated by removing the inbound ligands, water molecules, and
ions, except nickel, as they are used to stabilize the protein
structures. Polar hydrogen atoms were added, and Gasteiger
charges were added and saved for docking simulations. Before
proceeding with docking studies, the structures of the
compounds were optimized with the help of the density func-
tional theory (DFT)/B3LYP method with 6-311G (d, p) as basis
sets (Fig. 7).

The molecular structures of the compounds were acquired
from ChembDraw and PDB files were obtained from Chimera
software for docking. The docking parameters used for the
ligand simulation are: exhaustiveness = 10; center_x = 19.82,
center_y = —58.26 and center_z = —25.99; size_x = 25.25, size_y
= 25 and size_z =25. Throughout the docking experiment, the
protein structures were kept rigid, while the torsions or degrees
of freedom for the ligands were allowed full rotations. Twenty
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Fig. 7 Optimized 3D structure of compound (a) 3, (b) 4, (c) 9, (d) 11.
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x the absorbance of the control

conformational modes were obtained. The 3D images were
visualized by using USCF Chimera software.*

General procedure for the synthesis of compounds (1-15)

In a typical reaction (Scheme 1), sodium metabisulfite (Na,S,05)
was mixed with a stirring solution of 2,3-diaminonaphthalene
(3.12 mmol, 0.50 g) and substituted aromatic aldehydes
(3.16 mmol, 0.51 g) in DMF (15 ml). The reaction mixture was
then refluxed at 110 °C for 4 h. The reaction progress was
monitored using TLC. After the completion of the reaction, the
reaction contents were cooled at room temperature. Then, cold
distilled water was added with vigorous shaking until the
formation of precipitates. It was kept aside in an ice bath to
settle down the precipitates. Subsequently, the solid product
was filtered, washed with distilled water, and crystallized from
ethanol to afford pure 2,3-diaminonaphthaleneimidazole
derivatives (1-15).
2-(1H-Indol-3-yl)-1H-naphtho[2,3-d]imidazole (1). Yield:
0.2 g (70%); Mp: 289-291 °C; IR (KBI),  om : 3374 (-NH), 3075
(Ar), 1461 (C=N); '"H-NMR: (500 MHz, DMSO-d): 6 13.71 (1H,
bs, -NH), 12.21 (1H, s, H-1'), 8.45 (1H, br.d, J = 6.0 Hz, H-5),
8.44 (1H, s, H-2)), 8.13 (2H, s, H-6/9), 8.08 (2H, dd, J = 6.4,
3.2 Hz, H-10/13), 7.60 (1H, br.d, ] = 6.0 Hz, H-8'), 7.44 (2H, dd, J
= 6.4, 3.2 Hz, H-11/12), 7.30 (2H, m, H-6'/7"); "*C-NMR: (125
MHz, DMSO-d,): 6 153.1, 137.8(2 %), 134.5, 126.7(2x),126.1(2 %),
125.6, 123.9, 122.3(2x), 120.9, 118.7, 118.6, 114.9, 110.7, 103.8;
EI-MS: m/z (rel. abund.%), 283 (M", 44), 282 (10), 149 (15), 141
(10), 140 (11), 135 (38), 115 (9), 71 (34), 44 (100); anal. calcd for
C1oHy;3N; (283.11): C, 80.54; H, 4.62; N, 14.83; found: C, 80.52,
H, 4.61; N, 14.85.
2-(4-Ethoxy-3-methoxyphenyl)-1H-naphtho[2,3-d]imidazole
(2). Yield: 0.18 g (58%); Mp: 265-267 °C; IR (KBI),__cm-1: 3297 (-
NH), 3010 (Ar), 1742 (C=N), 1124 (OCHj;); ‘H-NMR (400 MHz,
DMSO-de): 6 13.22 (1H, bs, -NH), 8.16 (2H, s, H-6/9), 8.07 (2H,
dd, ] = 6.4, 3.2 Hz, H-10/13), 7.87 (2H, dd, J = 8.4, 2.0 Hz, H-2'/
6'),7.43 (2H, dd,J = 6.4, 3.2 Hz, H-11/12), 7.23 (1H, d, ] = 8.4 Hz,
H-5), 4.14 (2H, q, ] = 7.2 Hz, ~-OCH,), 3.92 (3H, s, -OCHj), 1.37
(3H, t, ] = 7.2 Hz, -CH3); >C-NMR: (100 MHz, DMSO-d,):
6 152.7, 151.8, 149.4, 137.8, 126.5(2x), 126.3(2x), 123.9, 123.6,
122.5(2x), 114.6(2x), 112.0, 110.6, 63.8, 55.7, 13.4; EI-MS: m/z
(rel. abund.%), 318 (M*, 100%), 303 (6), 289 (57), 288 (15), 275
(13), 273 (7), 261 (31), 260 (13), 168 (5), 141 (7), 140 (18); anal.
caled for CyoH15N,0, (318.14): C, 75.45; H, 5.70; N, 8.80; found:
C, 75.43; H, 5.69; N, 8.78.
2-Methoxy-4-(1H-naphtho[2,3-d]imidazol-2-yl)phenyl acetate
(3). Yield: 0.17 g (56%): Mp: 244-245 °C; IR (KBr),, cm 1 3425 (-
NH), 3278 (Ar), 1676 (CO), 1721 (C=N); '"H-NMR (400 MHz,
DMSO-d,): 6 10.81 (1H, s, -NH), 8.22 (2H, s, H-6/9), 8.08 (2H, dd,
J = 6.4,3.2 Hz, H-10/13), 8.02 (1H, d, ] = 2.0 Hz, H-2'), 7.89 (1H,
dd, J = 8.4, 2.0 Hz, H-6), 7.44 (2H, dd, J = 6.4, 3.2 Hz, H-11/12),

© 2024 The Author(s). Published by the Royal Society of Chemistry
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7.40 (1H, d, J = 8.4 Hz, H-5), 3.94 (3H, s, OCHj;), 2.31 (3H, s, -
COCHj;); *C-NMR: (100 MHz, DMSO-dg): 6 169.1 (-OCO), 150.9
(C=N), 147.7, 138.5(2x), 137.8, 127.6, 126.7(2x), 126.5(2x),
123.4, 122.1(2x), 119.2, 114.2(2 %), 110.9, 55.6, 19.9; EI-MS: m/z
(rel. abund.%), 332 (M*, 87), 298 (6), 291 (56), 290 (100), 289 (54),
275 (23), 192 (5), 141 (8), 140 (17); anal. caled for C,oH;6N,O;
(332.12); C, 72.28; H, 4.85; N, 8.43; found: C, 72.23; H, 4.84; N,
8.44.
4-Chloro-2-(1H-naphtho[2,3-dJimidazol-2yl)phenol (4).
Yield: 0.19 g (67%); Mp: 289-290 °C; IR (KBr),  cm: 3245 (-
NH), 3156 (Ar), 1576 (C=N); '"H-NMR (400 MHz, DMSO-dy):
013.30 (1H, s, -NH), 8.25 (1H, d, J = 2.4 Hz, H-6'), 8.09 (2H, s, H-
6/9), 8.06 (2H, m, H-10/13), 7.49 (2H, m, H-11/12), 7.48 (1H, dd, J
= 8.8, 2.4 Hz, H-4"), 7.10 (1H, d, J = 8.8 Hz, H-3'); ">*C-NMR: (100
MHz, DMSO-d): 6 152.1, 151.9, 137.2(2x), 130.6, 127.6, 126.5,
125.8(2x), 125.7(2x), 123.0(2x), 117.1(2x), 116.8 EI-MS: m/z
(rel. abund.%), 294 (M", 100), 258 (10), 140 (26), 111 (8), 76 (9);
anal. caled for C;,H,;CIN,O (294.06); C, 69.28; H, 3.76; N, 9.50;
found: C, 69.26; H, 3.77; N, 9.49.
2,6-Dimethoxy-4-(1H-naphtho[2,3-d]imidazol-2-yl)phenol
(5). Yield: 0.21 g (64%); Mp: 282-284 °C; IR (KBI), cm-1: 3401 (-
NH), 3112 (Ar), 1628 (C=N), 1084 (OCH,); 'H-NMR (400 MHz,
DMSO-d,): 6 10.99 (1H, s, -NH), 8.17 (2H, s, H-6/9), 8.07 (2H, dd,
J = 6.4, 3.2 Hz, H-10/13), 7.63 (2H, s, H-2'/6), 7.44 (2H, dd, J =
6.4, 3.2 Hz, H-11/12), 3.92 (6H, s, 20CH,); >*C-NMR: (100 MHz,
DMSO-dg): 6 152.1, 147.9(2x), 136.9(2x), 136.8, 125.8,
127.1(4x), 121.2, 113.9(2x), 106.4, 56.3(2x) EI-MS: m/z (rel.
abund.%), 320 (M, 100), 319 (15), 304 (7), 289 (10), 273 (9), 140
(11), 115 (8); anal. caled for C;9H;6N,03 (320.12); C, 71.24; H,
5.03; N, 8.74; found: 71.22; H, 5.02; N, 8.75.
2-Methoxy-5-(1H-naphtho[2,3-d]imidazol-2-yl) phenol (6).
Yield: 0.2 g (85%); Mp: 287-288 °C; IR (KBr), cm-1: 3378 (-NH),
3124 (Ar), 2895 (C=N), 1089 (OCH3;); "H-NMR (400 MHz, DMSO-
dg): 6 10.55 (1H, s, -NH), 8.12 (2H, s, H-6/9), 8.05 (2H, dd, J =
6.4, Hz, 3.2, H-10/13), 7.73 (2H, m, H-2'/6"), 7.43 (2H, dd, ] = 6.4,
3.2, Hz, H-11/12), 7.21 (1H, d, J = 8.4 Hz, H-5), 3.89 (3H, s, -
OCH3); C-NMR: (100 MHz, DMSO-dg): 6 151.9, 146.5,
137.2(2x), 137.1, 127.6(4x), 125.3, 123.6, 122.2(2x), 114.2,
114.1(2x), 112.2, 55.9; EI-MS: m/z (rel. abund.%), 290 (M", 100),
289 (5), 275 (8), 274 (35), 247 (19), 141 (7), 140 (10), 123 (11), 108
(9); anal. caled for C13H14N,0, (290.11); C, 74.47; H, 4.86; N,
9.65; found: C, 74.45; H, 4.87; N, 9.63.
2-(3-Ethoxy-4-methoxyphenyl)-1H-naphtho|2,3-d]imidazole
(7). Yield: 0.09 g (55%); Mp: 274-275 °C; IR (KBr), _cm-1: 3398 (-
NH), 3028 (Ar), 1582 (C=N), 1105 (OCH;),"H-NMR (300 MHz,
DMSO-d,): 6 9.99 (1H, s, -NH), 8.16 (2H, s, H-6/9), 8.05 (2H, dd, J
= 6.4, 3.2, Hz, H-10/13), 7.86 (2H, br. s, H-2/6'), 7.45 (2H, dd, ] =
6.4, 3.2 Hz, H-11/12), 7.25 (1H, d, ] = 8.8 Hz, H-5'), 4.14 (2H, q, ]
= 6.9 Hz, -OCH,), 4.19 (3H, s, -OCH3;), 1.37 (3H, t, ] = 6.9 Hz, -
CH;); C-NMR: (75 MHz, DMSO-dg): 6 151.9, 148.7, 146.4,
136.8(2x), 126.3(4x), 124.5, 122.0, 121.8(2x), 116.1(2x), 113.1,
111.3, 34.6, 56.1, 15.1; EI-MS: m/z (rel. abund.%), 318 (M", 100),
317 (5), 287 (5), 273 (7), 258 (12), 243 (9), 230 (10), 168 (6), 152
(11), 141 (9), 140 (43), 123 (11), 115 (13); anal. caled for
Ca0H13N,0, (318.14); C, 75.45; H, 5.70; N, 8.80; found: C, 75.44;
H, 5.71; N, 8.79.
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2-(Thiophen-2-yl)-1H-naphtho[2,3-d]imidazole (8). Yield:
0.13 g (65%); Mp: 264-265 °C; IR (KBr), _ cm—: 3356 (-NH), 3324
(Ar), 1724 (C=N); "H-NMR (300 MHz, DMSO-d,): 6 11.06 (1H, s,
-NH), 8.04 (2H, s, H-6/9), 8.00 (3H, m, Ar-H) 7.84 (1H, d, J =
4.2 Hz, H-5'),7.38 (2H, dd, ] = 6.4, 3.2, Hz, H-11/12), 7.28 (1H, t, ]
= 4.2 Hz, H-4); *C-NMR: (75 MHz, DMSO-d,): 6 146.1, 142.6,
136.4(2x), 128.0, 127.9, 126.7, 125.9(2x), 125.7(2x), 124.2(2x),
115.5(2 ), EI-MS: m/z (rel. abund.%), 250 (M", 100), 249 (5), 141
(18), 140 (22), 114 (43), 109 (15), 97 (13), 83 (14), 64 (57); anal.
caled for C;5H;0N,S (250.06); C, 71.97; H, 4.03; N, 11.19; found:
C, 71.96; H, 4.04; N, 11.20.

2-(3,4-Dimethoxyphenyl)-1H-naphtho[2,3-d]imidazole  (9).
Yield: 0.12 g (61%); Mp: 184-185 °C; IR (KBI),  cm—: 3384 (-
NH), 3124 (Ar), 1687 (C=N), 1211 (OCH,); 'H-NMR (300 MHz,
DMSO-dg): 6 10.61 (1H, s, -NH), 8.06 (2H, s, H-6/9), 8.01 (2H, dd,
J = 6.4, 3.2 Hz, H-10/13), 7.85 (1H, br. s, H-2), 7.82 (1H, d, ] =
8.0 Hz, H-6'), 7.38 (2H, dd, ] = 6.4, 3.2 Hz, H-11/12), 7.20 (1H, d, J
= 8.0 Hz, H-5), 3.90, (3H, s, -OCHj), 3.86 (3H, s, -OCHj,); **C-
NMR: (75 MHz, DMSO-dg): 6 151.0, 148.3, 147.8, 137.7(2x),
127.1(2x), 127.0(2x), 123.9, 123.6, 123.1(2x), 116.0, 113.1,
109.9, 57.1, 56.9; EI-MS: m/z (rel. abund.%), 304 (M*, 100), 303
(12), 289 (15), 273 (9), 261 (32), 242 (7), 218 (31), 192 (15), 168
(10), 163 (11), 141 (21) 140 (95), 138 (12), 121 (8), 113 (40), 91 (5),
75 (13); anal. caled for C;9H;4N,0, (304.12); C, 74.98; H, 5.30; N,
9.20; found: C, 74.96; H, 5.31; N, 9.22.

4-(1H-Naphtho[2,3-d]imidazol-2-yl)benzene-1,2,3-triol  (10).
Yield: 0.12 g (53%); Mp: 284-285 °C; IR (KBr),  cm: 3389 (-
NH), 3107 (Ar), 1527 (C=N), 1059 (OCHj3); "H-NMR (400 MHz,
DMSO-dg): 6 10.82 (1H, s, -OH), 10.65 (1H, s, -OH), 10.27 (1H, s,
-OH), 8.70 (2H, s, H-6/9), 8.03 (2H, dd, ] = 6.4, 3.2 Hz, H-10/13),
7.42 (2H, dd, J = 6.4, 3.2 H-11/12), 7.09 (1H, d, J = 8.4 Hz, H-6'),
6.51 (1H, d, J = 8.4 Hz, H-5'); >*C-NMR: (100 MHz, DMSO-d,):
6 153.0, 149.2, 144.6, 136.3(2x), 131.9, 126.2(4x), 121.5,
121.2(2x), 115.0(2x), 107.6, EI-MS: m/z (rel. abund.%), 292 (M",
100) 262 (12), 168 (9), 151 (5), 140 (14), 126 (13), 115 (23), 79 (12);
anal. caled for C;7H;,N,03 (292.08); C, 69.86; H, 4.14; N, 9.58;
found: C, 69.85; H, 4.14; N, 9.57.

3-Bromo-6-methoxy-2-(1H-naphtho[2,3-d]imidazol-2-yl)
phenol (11). Yield: 0.17 g (77%); Mp: 209-210 °C; IR (KBr), .
em 13501 (-NH), 3045 (Ar), 1756 (C=N), 1135 (OCH,); 'H-NMR
(400 MHz, DMSO-dg): 6 11.05 (1H, s,-NH), 8.12 (2H, s, H-6/9),
8.03 (2H, dd, J = 6.4, 3.2 Hz, H-10/13), 7.40 (2H, dd, J = 6.4,
3.2 Hz, H-11/12), 7.21 (1H, d, J = 8.0 Hz, H-5), 7.09 (1H, d, J =
8.0 Hz, H-4), 3.86 (3H, s, -OCHj3); ">*C-NMR: (100 MHz, DMSO-
de): 0 152.3, 147.6, 143.4, 137.1, 128.1, 127.3(4x), 123.7(2x),
122.9,120.7(2 %), 114.9(2 x), 55.9; EI-MS: m/z (rel. abund.%), 368
(M*, 50), 367 (20), 289 (5), 259 (7), 243 (15), 229 (8), 169 (6), 152
(13), 141 (9), 140 (47), 76 (10); anal. caled for C,gH;3Br N,O,
(368.02); C, 58.56; H, 3.55; N, 7.59; found: C, 57.69; H, 3.57; N,
7.58.

2-Phenyl-1H-naphtho[2,3-d]imidazole (12). Yield: 0.14 g
(95%); Mp: 280-281 °C; IR (KBr), cm: 3326 (-NH), 3079 (Ar),
1675 (C=N); "H-NMR (400 MHz, DMSO-d): 6 12.05 (1H, s, -NH)
8.29 (2H, dd, J = 7.2, 3.6 Hz, H-2/6'), 8.21 (2H, s, H-6/9), 8.08
(2H, dd, J = 6.4, 3.2 Hz, H-10/13), 7.68 (3H, m, H-3'/4'/5'), 7.44
(2H, dd, J = 6.4, 3.2 Hz, H-11/12); "*C-NMR: (100 MHz, DMSO-
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de): 6 150.6, 138.5-109.8 (C,,); EI-MS: m/z (rel. abund.%), 244
(M, 72), 243 (6), 141 (10), 140 (28), 114 (29), 104 (5), 89 (6), 77
(99); anal. caled for C;,H;,N, (244.10); C, 83.58; H, 4.95; N,
11.47; found: C, 83.61; H, 4.91; N, 11.45.

2-(4-Bromo-2,5-dimethoxyphenyl)-1H-naphtho[2,3-d]imid-
azole (13). Yield: 0.18 g (94%); Mp: 246-248 °C; IR (KBr),_  cm-t:
3248 (-NH), 3083 (Ar), 1589 (C=N), 1029 (OCHj3); "H-NMR (400
MHz, DMSO-dg): 6 12.15 (1H, s, -NH), 8.17 (2H, s, H-6/9), 8.04
(3H, m, H-10/13/6"), 7.58 (1H, s, H-3), 7.42 (2H, m, H-11/12),
4.05 (3H, s, ~-OCH3), 3.94 (3H, s, -OCHj,); "*C-NMR: (100 MHz,
DMSO-dq): 6 150.7, 148.7, 145.6, 135.5, 125.8(6x), 120.1, 115.1,
113.7(2x), 111.2, 55.5, 54.8; EI-MS: m/z (rel. abund.%), 384 (M",
2,100), 381 (23), 382 (96), 367 (20), 352 (38), 335 (6), 242 (9), 217
(31), 168 (5), 141 (6), 140 (26), 74 (7); anal. caled for C,oH;5 Br
N,O, (382.03); C, 59.55; H, 3.95; N, 7.31; found: C, 59.59; H,
3.97; N, 7.35.

2-(4-Bromo-2-fluorophenyl)-1H-naphtho[2,3-d]imidazole
(14). Yield: 0.15 g (72%); Mp: 211-213 °C; IR (KBr),  cm-1: 3289
(-NH), 3120 (Ar), 1502 (C=N); 'H-NMR (300 MHz, DMSO-d,):
610.49 (1H, br s, -NH), 8.28 (1H, d, J = 8.4 Hz, H-6'), 8.22 (2H, s,
H-6/9), 8.02 (2H, m, H-10/13), 7.88 (1H, d, ] = 2.1 Hz, H-3'), 7.68
(1H, dd, J = 8.4, 2.1 Hz, H-5), 7.39 (2H, m, H-11/12); "*C-NMR:
(75 MHz, DMSO-d): 6 158.1, 150.7, 131.2(2x), 129.3, 125.9(2 x),
125.7, 125.6(2x), 123.5(2x), 123.1, 122.6, 120.2, 111.7(2x) EI-
MS: m/z (rel. abund.%), 340 (M", 90), 187 (5), 172 (7), 156 (6),
141 (8), 140 (23), 80 (4), 78 (72), 63 (70); anal. caled for C,,H;,Br
F N, (340.00); C, 59.85; H, 2.95; N, 8.21; found: C, 59.83; H,
2.99; N, 8.18.

2-(3-Bromophenyl)-1H-naphtho[2,3-d]imidazole (15). Yield:
0.16 g (80%); Mp: 180-181 °C; IR (KBr), om-: 3314 (-NH), 3238
(Ar), 1598 (C=N); "H-NMR (300 MHz, DMSO-d,): 6 11.88 (1H, s,
-NH), 8.48 (1H, br. s, H-2'), 8.29 (1H, d, J = 7.8 Hz, H-6), 8.21
(2H, s, H-6/9), 8.08 (2H, dd, J = 6.4, 3.2 Hz, H-10/13), 7.83 (1H, d,
J=7.8 Hz, H-4), 7.62 (1H, t, ] = 7.8 Hz, H-5), 7.44 (2H, dd, ] =
6.4, 3.2 Hz, H-11/12); C-NMR: (75 MHz, DMSO-dg): 6 151.9,
137.8(2x), 132.1, 130.0, 129.7, 127.0, 126.8(2x), 126.7,
126.5(2x), 123.0(2x), 120.5, 116.2(2x); EI-MS: m/z (rel.
abund.%), 322 (M*, 100), 321 (3), 243 (20), 214 (10); 183 (9), 162
(18), 155 (8), 141 (7), 140 (31), 121 (19), 114 (12), 75 (5); anal.
caled for C,,H;,BrN, (322.01); C, 63.18; H, 3.43; N, 8.67; found:
C, 63.20; H, 3.45; N, 8.65.

Conclusions

A series of 2-aryl-1H-naphtho[2,3-d]imidazole derivatives (1-15)
was designed and synthesized as structural analogs of well-
known biologically active benzimidazoles. The synthetic
strategy employed used a simple and facile condensation reac-
tion between 2,3-diaminonaphthalene and various aryl/hetero
aryl aldehydes. Structures of the synthesized compounds were
elucidated using MS and NMR spectroscopic techniques. To
explore the potential of 2,3-naphthaleneimidazole as a biologi-
cally active scaffold, enzyme inhibition assays were carried out
against urease. Compounds 4 and 11 were identified as the
most active urease inhibitors (ICs5, = 34.2 & 0.72 uM and 42.43
+ 0.65 puM, respectively). Compounds 1, 3, 6, 11, and 15
exhibited excellent antioxidant activity. This trend indicates the
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selectivity of 2-aryl-1H-naphtho[2,3-d]imidazole derivatives
towards remedying various infections, and the most active
urease inhibitor and antioxidant compounds 4 and 11 can be
developed further to produce more potent drug candidates from
this class of compounds.
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