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The manuscript deals with cost-effective synthesis, structural characterization and in silico SARS-
CoV-2 screening activity of 5-membered heterocycle-substituted benzimidazole derivatives, 1-((1H-
pyrrol-2-yl)methyl)-2-(1H-pyrrol-2-yl)-1H-benzo[d]imidazole (L1), 2-(furan-2-yl)-1-(furan-2-ylmethyl)-
1H-benzo[d]imidazole (L2), 2-(thiophen-2-yl)-1-(thiophen-2-ylmethyl)-1H-benzo[d]imidazole (L3). The
benzimidazole compounds were synthesized through a green-synthetic approach by coupling of 5-
membered heterocyclic-carboxaldehyde and o-phenylenediamine in water under an aerobic condition.
The compounds were characterized by various spectroscopic methods and X-ray structural analysis. The
suitable single-crystals of the methyl derivative of L3 were grown as L3’ which crystallized in a mon-
oclinic system and the thiophene groups co-existed in a nearly a perpendicular orientation. Further, in
silico anti-SARS-CoV-2 proficiency of the synthetic derivatives is evaluated against main protease (MP™)
and non-structural proteins (nsp2 and nsp7) of SARS-CoV-2. Molecular docking and molecular dynamics
analysis of the ligands (L1-L3) against MP™ and nsp2 and nsp7 for 50 ns reveal that L3 turns out to
be the superlative antiviral candidate against MP™, nsp2 and nsp7 of SARS-CoV-2 as evident from the
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binding score and stability of the ligand-docked complexes with considerable binding energy changes.
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1. Introduction

The appearance of severe acute respiratory syndrome coron-
avirus 2 (SARS-CoV-2) and their uncontrolled expansion explodes
the social and economic situations of the modern civilization to
a great extent [1]. The living and non-living world are also seri-
ously affected by the corona virus infection in direct and indirect
ways. Literature survey proposes that 2019-nCoV virus belongs to
the family of Coronaviridae (Scheme 1) and the beta-coronaviruses
are believed to be originated from bats [2-4]. This disease exhibits
various symptoms, from mild flu to lethal conditions [5-9]. Thus,
World Health Organization (WHO) avowed this COVID-19 a pan-
demic on 12th March 2020 (WHO, 2020).

Moreover, the corona virus infection spectacles more worsen-
ing starting from acute respiratory failure to sepsis and death [10-
13]. Nevertheless, critical issues like aggravated seditious reaction,
tenacious viral load, organ-specific indices, and flawed antiviral re-
sistance routes [14,15] are accountable to monitor the COVID-19
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disease. Therefore, investigations on the underlying cellular mech-
anisms at molecular grabs a great deal of interests to the scientists
for the development of physiopathology and consequent progress
of suitable therapeutics. During the last two years, various scien-
tific groups made a significant effort to design and development
of molecular therapeutics and vaccines including treatment pro-
cedures to prevent, control, and cure this disease is praiseworthy
[14,15]. In the true sense, this immense effort results in significant
progress of medical science to combat human coronaviruses, al-
though, the huge population, consciousness, and inadequate ther-
apeutics enforce a restriction in recovering from this pandemic
quickly.

Typically, the rational design of cost-effective antibiotic com-
pounds is crucial to the development of suitable therapeu-
tics. Noteworthy, benzimidazole derivatives are a widely rec-
ommended functional pharmacophores used in a large num-
ber of drugs (Scheme 2) [16-19]. Benzimidazole based drugs
have also been used as potent inhibitors for reverse transcrip-
tase of HIV-1 virus [20], NSSB polymerase of Hepatitis C virus
[21], thrombin inhibitors [22] and as antibacterial agents [23].
Although mono-substituted benzimidazole derivatives are mostly
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Scheme 2. Available benzimidazole drugs comprising heterocyclic benzimidazoles.

used in drug design but the use of di-substituted benzimida-
zoles are limited. Only few structure of the di-substituted ben-
zimidazole derivatives are also reported in the literature [24-
26]. Nevertheless, 5-membered heterocycle substituted benzimi-
dazoles have a great impact in therapeutic actions against bac-
terial, fungal and viral species [27-29]. Like 2-(2-Furyl) ben-
zimidazole (FBD) showed an excellent antifungal activity [27].
The compound (E)-(2-(2 (furan-2-yl)vinyl)-1H-benzo[d]imidazol-
6yl)(phenyl)methanone and (E)-phenyl(2-(2-(thiophe-2-yl)vinyl)-
1H-benzo[d]imidazole-6-yl)methanone compounds turn out to
show noteworthy antitubercular activity against M. tuberculo-
sis H37Rv strain [28,29]. 2-(5’-Cyano-2,2’-bithiophen-5-yl)-1H-
benzimidazole-5(6)-carbonitrile compound showed a remarkable
antiparasitic activity against T. brucei rhodesiense [29].

Very recently, we have designed and synthesized one hy-
drated phenazine chloride explored their therapeutic characteris-

tics with computational aided drug design and in vitro SARS-CoV-
2 screening activities against Vero cell lines [30]. In this context,
we have designed and developed three 5-membered heterocycle-
substituted benzimidazoles and characterized them with a suite of
spectroscopic methods and X-ray structural analysis. We also eval-
uated the effect of 5-member heterocycle-substituted benzimida-
zole derivatives against MP™, nsp2 and nsp7 through in silico SARS-
CoV-2 screening to reveal the bio-potency of the compounds.

2. Experimental
2.1. Preparation of the benzimidazole
(a) Chemicals, solvents and starting materials

o-phenylenediamine (Sigma Aldrich, USA), 3,4-diaminotoluene
(TCI, Japan) furfural (Sigma Aldrich, USA), pyrrole-2-aldehyde
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(Sigma Aldrich, USA), thiophene-2-aldehyde (Sigma Aldrich, USA)
were purchased from the respective outlets. An analytical grade
chemicals and solvents was used in this work.

(b) Synthesis of the benzimidazole compounds

The benzimidazole derivatives, 1-((1H-pyrrol-2-yl)methyl)-
2-(1H-pyrrol-2-yl)-1H-benzo[d]imidazole (L1), 2-(furan-2-yl)-1-
((furan-2-yl)methyl)-1H-benzo[d]imidazole (L2) and 2-(thiophen-
2-y1)-1-((thiophen-2-yl)methyl)-1H-benzo[d]imidazole (L3) and
were synthesized following our established synthetic strategy with
a little modification [31]. Aromatic amine, o-phenylene diamine
(1 mmol, 0.108 g) was taken in 15 mL test tubes. Aromatic alde-
hydes, pyrrole-2-aldehyde (2 mmol, 0.190 g), furan-2-aldehyde
(2 mmol, 0.192 g) and thiophene-2-aldehyde (2 mmol, 0.224 g)
were added separately to the amine with the addition of 2 mL
10% ethanol-water mixture. The compound 6-methyl-2-(thiophen-
2-yl)-1-((thiophen-2-yl)methyl)-1H-benzo[d]imidazole (L3’) was
synthesized by following the same synthetic procedure through a
coupling of 3,4-diaminotoluene (1 mmol, 0.123 g) with thiophene-
2-aldehyde (2 mmol, 0.224 g). The solution mixtures were charged
into an oil-bath and heated with 75 °C. A syringe attached with
an aquarium air pump was immersed into the reaction mixture
with the controlled airflow of 300 bubbles/min. This solution
was allowed to stir for 12 h at 75 °C. After 12 h. Ethyl acetate
(3 x 3 mL) was added and the organic part was collected and
dried the solution over sodium sulfate for 3, 4 h followed by
product purification with column chromatography.

Yield of L1: 0.253 g (85%). M.P. : 260--261 °C. Anal. Calc. for
CigH14N (L1): C, 73.26; H, 5.38; N, 21.36; Found: C, 73.24; H, 5.42;
N, 21.40. IR (KBr, cm™!; Fig. S2): 3432 (vn_n), 1615(v¢ — y); UV-Vis
(Amax, nm; Fig. S1): 240, 300; THNMR (DMSO): § 11.83-11.80 [1H,
NH-Pyrrole], 6 10.95 [1H, NH-Pyrrole], § 7.62-5.91 [10H, Ar-H], §
5.68-5.57 [2H, -CH,]. 3C{1H}(DMSO): § 147.20 (H-C in imidazole
ring), § 142.86-111.29 (PhC & PyrroleC), § 43.50 (CH,).

Yield of L2: 0.258 g (86%). M.P. : 93--96 °C. Anal. Calc. for
CigH12N,0, (L2): C, 72.72; H, 4.58; N, 10.60; O, 12.11; Found:
C, 72.69; H, 4.63; N, 10.57; O, 12.16. IR (KBr, cm™'; Fig. S2):
1620(ve — n); UV-Vis (Amax, nm; Fig. S1): 246, 305; 'HNMR
(CDCl3): § 7.68-7.67 [1H, H-Furan], § 7.36-7.33 [1H, H-Furan], &
7.33-7.31 [1H, H-Furan], § 7.28 [3H, H-Furan], § 7.25-7.24 [1H, Ph-
H], § 6.64-6.63 [1H, Ph-H], 6.31-6.30 [1H, Ph-H], 6.27 [1H, Ph-H], §
5.67 [2H, -CH,]. 3C{1H}(CDCl3): § 149.60 (H-C in imidazole ring),
8 145.40-108.37 (PhC & FuranC), § 41.70 (CH,).

Yield of L3: 0.234 g (79%). M.P. : 146-149 °C. Anal. Calc. for
CigH12N2S, (L3): C, 64.83; H, 4.08; N, 9.45; S, 21.64; Found: C,
64.79; H, 4.10; N, 9.47; S, 21.61. IR (KBr, cm™'; Fig. S2): 3102
(varcH), 1622(ve = y); UV-Vis (Amax, nm; Fig. S1): 234, 309;
THNMR (DMSO): § 7.83-7.82 [1H, Ph-H], § 7.74-7.66 [3H,H-2-
substituted Thio], § 7.41-7.40 [1H, Ph-H], § 7.39-7.24 [3H,H-2-
substituted Thio], § 7.03 [1H, Ph-H], 6.97-6.95 [1H, Ph-H], § 5.94
[2H, CH,], § 1BC{1H}(CDCl3): § 147.20 (H-C in imidazole ring), §
142.86-111.29 (PhC & ThioC), § 43.50 (CH,).

Yield of L3": 0.295 g (85%). Anal. Calc. for C;7H14N,S, (L3'):
C, 65.77; H, 4.55; N, 9.02; S, 20.66; Found: C, 65.74; H, 4.60; N,
9.07; S, 20.61. THNMR (CDCl3): § 7.71-7.69 [1H, Ph-H], § 7.50-
749 [1H, Ph-H], § 7.44-743[1H, Ph-H]|, § 7.26-724 [1H, H-2-
substituted Thio], § 7.16 [3H, H-2-substituted Thio], 7.14-7.12 [1H,
H-2-substituted Thio], § 6.87-6.86 [1H, H-2-substituted Thio], §
5.68 [2H, CH,], 8§ 2.48 [3H, CH3]. BC{1H}CDCl3): § 147.15 (H-C
in imidazole ring), § 141.11-109.43 (PhC & ThioC), § 44.05 (CH,), §
21.93-21.61(CH3).

2.2. Physical measurements
FTIR-8400S SHIMADZU spectrometer (Shimadzu, Kyoto, Japan)

was used for recording the IR spectra (KBr) of the synthetic benz-
imidazoles. The NMR spectra of the benzimidazole products were
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obtained on a Bruker Advance 400 MHz spectrometer (Bruker,
Massachusetts, USA) in CDCl; and DMSO at 25 ©C. Steady-state
absorption and other spectral data were obtained on a JASCO V-
730 UV-Vis spectrophotometer (Jasco, Tokyo, Japan).A Perkin Elmer
2400 CHN microanalyzer (Perkin Elmer, Waltham, USA) was used
to perform the elemental analysis. The electron spray ionization
mass spectral (ESI-MS) measurement was carried out on a Q-tof-
micro quadruple mass spectrometer.

2.3. Structural refinement of L3’

Suitable single-crystals of L3’ was selected for single crystal X-
ray diffraction studies. The structural diffraction data of L3’ were
collected on a Bruker-Kappa APEX II CCD diffractometer equipped
with a 1 K charge-coupled device (CCD) area detector employ-
ing a graphite monochromated Mo-Ka radiation (k % 0.71073 A)
at 100.0(2) K. The cell parameters and the reduction and correc-
tion of the collected data were determined by SMART SAINTPLus
software, respectively [32] followed by SADABS absorption correc-
tions [33]. Finally, the structure was solved by direct method with
SHELXL-97 program package [34]. The refinement by full-matrix
least-squares method was executed on all F2 data with SHELXL-
97. For all non-hydrogen atoms, anisotropic refinement was per-
formed. Subsequently the additional hydrogen atoms were posi-
tioned by riding model.

2.4. In silico SARS-CoV-2 screening activity

2.4.1. Protein and ligand preparation

The therapeutic potency of the synthetic benzimidazole deriva-
tives was examined against main protease and non-structural pro-
teins (Covid-19 main protease, NSP2 and NSP7) by molecular dock-
ing and dynamic simulations studies. Prior to carry out the docking
study, initially 3D structures of the target proteins of interest were
retrieved from protein data bank (https://www.rcsb.org/). Later, the
obtained structures corresponding to each of the proteins were
prepared and pre-processed to carry out further analysis. This step
was performed using Flare protein preparation option available
in the Flare version 4.0 of cresset software (https://www.cresset-
group.com/software/flare/). The steps involve addition of missing
hydrogen’s, assigning optimal ionization states to residues, opti-
mizing spatial positions of polar hydrogen’s to improve hydro-
gen bonding, minimizing the steric strain and reconstructing unre-
solved side chains [35]. Followed by protein preparation, structures
of each of the compounds to be analyzed for molecular docking
analysis were prepared and minimized using ‘Flare minimize se-
lection calculation’ option to remove clashes among atoms of the
ligand and to develop a reasonable starting pose.

2.4.2. Molecular docking

Following protein and ligand preparation, each compound was
docked with each of the prepared target proteins mentioned above.
For carrying the docking analysis, Flare module of Cresset with de-
fault settings was used and the docking mode was set as “Very
accurate but slow” . The grid box was created around the selected
key residues within the active binding site. The best docking pose
for each of the compound was selected based on LF rank score,
LF dG score and LF LE score . As per the literature, amino acids
Asp 5, Thr 9, Ala 65, Asp 67 and Glu 74 are crucial to facilitate
the inhibition of NSP 7 by inhibitors. Therefore, considering these
reports, grid was generated around these key residues [36]. Herein
for carrying the docking analysis PDB ID: 7]LT was selected. In case
of NSP2, PDB ID: 7EXM was selected because a x-ray crystallogra-
pher [37] suggested that Lys111, Lys112, Lys113 were key residues
which are required for interacting with nucleic acid and further
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Scheme 3. Preparative route for benzimidazoles, L1-L3 and L3".

regulating intracellular signaling pathways. Based on Ma and co-
workers study, these three positively charged residues were con-
sidered for grid generation and molecular docking [37]. For the
third target, PDB ID: 6LU7 was considered and docking was car-
ried out by choosing some of the important amino acids i.e. Asn
142, Gly 143, Ser 144 and Cys 145 [38]. For docking analysis, Lead
Finder™ which is a dedicated algorithm and scoring function for
virtual screening was employed.

2.4.3. Molecular dynamics study

The selected docked complexes of each target protein with
the designed compounds based on best docking scores were fur-
ther subjected to molecular dynamic simulations for a period of
50 ns using dynamic option available with Flare module of cres-
set software. To carry out the dynamic simulations, AMBER force-
field and version GAFF2 was employed. AM1-BCC charge method
was set up while system was build using explicit solvent with
10 A x 10 A x 10 A dimensions. The build system was initially
equilibrated for 200 ps and 2fs was kept as time step [39]. The
whole calculations were run on GPU Nvidia Tesla V100, 16 GB.

2.4.4. Electrostatic complementarity

Generally, small molecules interacts with their respective re-
ceptors via non-covalent interactions including hydrogen bonding,
ionic, cation-r, lone-pair sigma hole (halogen bonding), -7, and
orthogonal multipolar interactions (fluorine bonding). These non-
covalent interactions are important contributors to the binding free
energy AG (enthalpic term) of each protein-ligand complexes. We
performed electrostatic complementarity analysis using Flare mod-
ule of Cresset software to assess the match between each of the
designed molecules and binding pockets in terms of electrostatics.
This type of analysis provided deep insight into how these ligands
bind within each of these three targets associated with SARS-CoV2.

3. Results and discussion

3.1. Synthesis and spectroscopic characterization of the benzimidazole
derivatives (L1-L3)

The five-membered heterocycle-substituted benzimidazole
compounds were synthesized following a straightforward syn-
thetic approach by coupling of aromatic amines and aldehydes.
We have established this synthetic approach to a large number

of benzimidazole derivatives in aqueous medium and aerobic
condition. Here, we modified this synthetic method and used 10%
ethanol-water mixture instead of pure aqueous medium to obtain
the product in more yield. The benzimidazole derivatives (L1 -
L3) were synthesized by the coupling of o-phenylenediamine as
the amine source with pyrrole-2-aldehyde, furan-2-aldehyde and
thiophene-2-aldehyde as the aldehyde sources in a 1:2 mole ratio
at 75 °C for 12 h. We made several attempts to produce single-
crystals of L1-L3 compounds employing different crystallization
methods (slow evaporation, diffusion technique, solvothermal)
as well as various solvent mixtures like chloroform-pet ether,
dichloromethane-methanol, ethanol, etc., however, we could not
able to develop the single-crystals for those compounds. Although,
we successfully prepared the single-crystals of L3’, a methyl
derivative of L3 with slow-evaporation technique at room temper-
ature. All the compounds are soluble in MeOH, EtOH, DMSO etc.
The synthetic procedure for the benzimidazole derivatives is given
in Scheme 3.

The structural formulations of the 1,2-disubstituted benzimida-
zole compounds (L1-L3) were assessed with FT-IR, UV-Vis, 'H and
13C NMR spectral analysis. The absorption profiles of the benz-
imidazole compounds L1-L3 were recorded in methanol medium.
L1-L3 displayed high energetic electronic transitions in the ultra-
violet region. All the compounds showed two characteristics ab-
sorbance bands in 230-250 nm and 300-310 nm at room tem-
perature (Fig. S1). The appearence of these higher energetic elec-
tronic bands corresponds to the w—m or n—m electronic tran-
sitions of the 5-membered heterocyclea in all the benzimidazole
scaffolds. The notable electronic bands of L1-L3 agree with the lit-
erature values [40,41]. FT-IR spectral analysis of the benzimidazoles
exhibited characteristics peaks at 1615, 1620 and 1622 cm™! for
L1, L2 and L3, respectively attributing the stretching frequencies
of azomethine groups,-CH=N- groups of benzimidazoles (Fig. S2).
Other characteristic stretching frequencies in the range from 3105
to 2900 cm™! suggest the characteristic stretching frequencies of
R1-CH, groups. These IR spectral values resemble well with the
reported values [23,30]. The solution stabilities of the compounds
were assessed by time-dependent UV-Vis spectra in methanol at
room temperature for 24 h. The electronic band positions were
unaffected during this period and suggests the stability of the
molecules in methanol.

The 'H NMR spectral analyses of the benzimidazoles help to
understand the molecular geometries of the 1,2-disubstituted ben-
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Fig. 1. (a) ORTEP diagram of the L3’ with 30% probability; (b) Formation of a 1D framework of L3’ based on N--H, S-H hydrogen bonding and C-H--m (cyan dotted) along

b axis; (c) Formation of the 3D crystalline architecture.

zimidazoles. All the compounds showed the presence of a char-
acteristic peak at § 5.57, 5.67 594 and 5.68 ppm for L1, L2, L3
and L3', respectively revealing the methylene protons of the 5-
membered heterocycles substituted benzimidazoles. The signals for
the aromatic protons of the L1-L3 and L3’ appeared in the same re-
gion ranging from 7.8 to 6.2 ppm, respectively. The chemical shift
values at § 11.83-11.80 ppm and 10.95 ppm represent the -NH pro-
tons of the pyrrole heterocycle in L1 and the peak at 6 2.48 ppm
represents the methyl protons of L3’ (Figs. S3, S5, S7, S9). The 13C
NMR spectra were also recorded to confirm the structural compo-
sition of the C-atoms in L1-L3 and L3'. The signals at § 147.20,
149.60, 147.20 and 147.15 ppm attributed the presence of C-atom in
the imidazole ring (L1-L3 and L3') while the charcteristic signals at
8 43.50, 41.70, 43.50 and 44.05 ppm correspond to the methylene-
C in the 1,2-disubstituted benzimidazoles L1, L2, L3 and L3’, re-
spectively. The chemical shift values of the aromatic-C in L1, L2,
L3 and L3’ appeared in the range §142.86-111.29, 145.40-108.37,
142.86-111.29 and 141.11-109.43 ppm, respectively (Figs. S4, S6, S8,
$10). The reported values of the benzimidazoles correlate well to
the reported literature values [23,31].

3.2. Description of crystal structure and non-covalent interactions

The crystal structural analysis reveals that the methyl deriva-
tive of thiophene substituted-benzimidazole (L3’) crystallized in a
monoclinic system with a P2;/c space group. The ORTEP diagram
of the compound is displayed in Fig. 1(a). The crystallographic re-
finement parameter is summarized in Table 1 and bond angles and
bond distances are noted in Table S1. In the structure of L3’, one
thiophene directly links with the benzimidazole group while the
second thiophene attaches to the benzimidazole moiety through a

Table 1

Crystallographic data and structure refinement parameters for L3.
Parameters L3
Empirical formula C17.54H14N4Sy
Formula weight 316.39
Temperature (K) 100
Crystal system Monoclinic
Space group P2[c
a (A) 15.4110(9)
b (A) 6.2845(3)
c (A) 15.6534(9)
Volume (A3) 1468.10(14)
z 4
P (gcm—3) 1434
" (mm—l) 0.367
F (000) 661
Rine 0.063
6 ranges (2) 3.5-30.5
Number of unique reflections 3552
Total number of reflections 13,979
Final R indices 0.0727, 0.2049
Largest peak and hole (eA*~3) 1.66, -1.22

methylene-C. Furthermore, two thiophene rings co-exist in a per-
pendicular orientation.

Self-assembly analysis of L3’ reveals that the thiophene-
substituted benzimidazole grows through moderate distant C-
H-m, S+H and N--H interactions in crystalline phase (Fig. 1b)
leading to a 1D supramolecular frameworks along b axis. The
supramolecular 1D chain interacts with another supramolecular 1D
framework to develop a 3D supramolecular architecture (Fig. 1c).
The interconnecting 1D frameworks are further stabilized by C-
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Table 2

Docking results for designed molecules and Covid-19 main protease (6LU7) complexes.

Journal of Molecular Structure 1261 (2022) 132869

S.no Compound LF Rank Score LF dG LF VSscore LF LE Interactions
1. HNT R -5.956 -5.795 -7.184 -0.290 2-pi-pi stacking
interactions with
— His 41,
H 3-Hydrogen
N N bonding with Gly
m 143, Ser 144 and
N Cys 145
ys ,
1-((1H-pyrrol-2-yl)methyl)-2-(1H- 1-steric clashes
pyrrol-2-yl)-1H-benzo[d|imidazole with Leu 141
2 o \ -5.922 -5.747 -6.871 -0.287 2-pi-pi stacking
e interactions with
His 41,
N 0 3-Hydrogen
P I bonding with Gly
©:N>_<\J 143, Ser 144 and
Cys 145,
2-(furan-2-yl)-1-((furan-2- 1-steric clashes
yl)methyl)-1H-benzo[d]imidazole with Leu 141
-10.523 -6.148 -7.777 -0.307 2-pi-pi stacking

3. \

L~

2-(thiophen-2-yl)-1-((thiophen-2-
yl)methyl)-1H-benzo|d|imidazole

interactions with
His 41,

1- Hydrogen
bonding with Gly
143

**LF-Rank score indicates correct energy-ranking of docked ligand poses.
* LF-dG score symbolizes accurate binding energy predictions.

** LF-VScore indicates correct rank-ordering of active and inactive compounds in virtual screening experiments.

= F-LE score signifies estimated ligand efficiency.

H--m interactions. The details of the non-covalent interactions for
3 are summarized in Table S2.

3.4. Molecular docking studies

To predict the best matching mode of the designed ligand to
each of the selected target, molecular docking analysis was carried
out. This approach assisted in analyzing all possible non-covalent
interactions that may facilitate the nsp7 inhibition. It was observed
that the synthetic heterocycle substituted benzimidazoles mani-
fested crucial pi-pi stacking and hydrogen bond interactions with
key residues His 41, Leu 141, Gly 143, Ser 144 and Cys 145 in
case of main protease (6LU7). The docking scores corresponding
to each of the designed molecule have been displayed in Table 2.
The scores were obtained in terms of LF rank, dG value, LF VSscore
and LF LE. Herein, LF rank and dG indicate correct energy-ranking
of each docked ligand poses and accurate binding energy, respec-
tively. On the other hand, VSscore and LE indicate correct rank-
ordering of active and inactive compounds in virtual screening
experiments and estimated ligand efficiency, respectively. Among
these three designed compounds; thiophene substituted benzimi-
dazole (L3) displayed good rank score, dG, VSscore and LF-LE score
with values -10.523, -6.148, -7.777 and -0.307, respectively. It was
observed that L3 displayed 2-pi-pi stacking interactions with His
41 and 1- Hydrogen bonding with Gly 143. The pi-pi stacking in-
teractions were observed owing to aromatic thiophene and benz-
imidazole rings with imidazole ring in His 41.

In the case of docking the designed compounds with nsp2, L3
also conferred the highest docking scores with -5.075, -2.548, -
3.757 and -0.127 values (Table S3) corresponding to Rank, dG, VSs-
core and LE score, respectively. However, these scores were found
to be slightly lower than docking scores observed with main-
protease of the same designed compounds. This compound har-
bored 3 - Hydrogen bonding interaction with key residues includ-

ing Lys 113 and Glu 110, which are very crucial for demonstrating
nsp2 inhibitory activity. The pyrrole substituted benzimidazole (L1)
manifested very low scores with none of the crucial interactions.

The designed compounds were also observed for interactions
with target nsp7, it was observed that all the designed compounds
were found to interact with Asp 67 via hydrogen bonding within
the active site of nsp7. Among all the compounds, L3 could man-
age to score highest in docking analysis with Rank, dG, VSscore
and LE scores as -6.639, -4.420, -5.426 and -0.221, respectively
(Table S4). Overall, it was observed that L3 manifested highest
docking scores with Covid-19 main-protease than other two tar-
gets including nsp2 and nsp7. This observation directly suggests
main-protease as the main target of these benzimidazole based
molecules. Similarly rests of the two compounds were also ob-
served to be promising compounds for main-protease. The 3D
docked poses for L3 in each of the target including main pro-
tease, nsp2 and nsp7 have been displayed in Fig. 2. The estimated
molecular docking results are also compared with previously re-
ported work [42,43]. Hosseini et al. reported the binding energy
for Ramelteon, Levomefolic acid, Ketoprofen etc. with main pro-
tease of SARS-CoV-2, revealing -6.0 to -6.66 kcal/mol energy score
[43]. We found the binding score for the synthetic benzimidazoles
against the main protease and non-structural proteins to lie in the
range of -5.0 - -11.0 kcal/mol, suggesting the promising inhibition
actions of these derivatives against SARS-CoV-2. It is noticed that
in silico screening studies against nsp-2 are limited; therefore, the
study against nsp2 inhibition is a novel addition.

3.5. Electrostatic complementarity analysis

The best scored L3 was analyzed for electrostatic complemen-
tarity (EC scores) analysis. Among three of the selected targets, this
compound could show better EC scores for target Covid-19 main
protease (PDB ID: 6LU7) in comparison to other two targets nsp2
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Fig. 3. Electrostatic complementarity (3A and 3C) and potential analysis (3B and 3D) considering the complex of L3 and main protease.

and nsp7. The obtained EC scores can be classified into EC, EC r
and EC rho, where EC indicates first computed score, a normal-
ized surface integral of the complementarity score that effectively
display the average value of the score over the ligand’s surface.
Meanwhile, EC r and EC rho indicate pearson’s correlation coef-
ficient and the spearman rank correlation coefficient, respectively.

These scores generally compute the ligand and protein electrostatic
potential sampled on the surface vertices. These measures of these
scores generally range from 1 (perfect complementarity) to -1 (per-
fect clash) but have different characteristics. Herein, the L3 with
best docking scores was found to manifest better EC scores while
this compound couldn’t display favorable EC scores with nsp2 and
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Fig. 5. 3D interaction diagram after MD considering docked complexes (A) L3-main protease (B) nsp2 and (C) nsp7.

Table 3
Electrostatic complementarity analysis results for L3 with each of the
selected targets.

Compounds EC ECr EC rho
L3-6LU7 (Covid-19-main-protease) 0.21 0.377 0.254
L3- 7EXM (nsp2) 0.17 -0.045 -0.106
L3- 7JLT (nsp 7) 0.068 -0.229 -0.204

nsp7, as observed in Table 3. The negative values for EC r and EC
rho indicate some steric clashes in case of docked complexes of L3
each with nsp2 and nsp7.

Thus L3 is a potential inhibitor of main-protease, while partial
inhibition could be expected in case of nsp2 and nsp7. Fig. 3.A &
C, displayed high electrostatic complementarity within the active
site of main-protease with slight steric clashes observed near thio-
phene moiety. This can be explained by understanding the elec-
trostatic potential surfaces; it could be observed that positive po-
tential around the thiophene moiety shown clashes with the pos-
itive electrostatic surfaces generated around the His 41 and His
163. The electrostatic potential surfaces generated around the lig-
and and protein can be observed in Fig. 3B & D. Both these imida-
zole containing amino acids exerted face-edge steric clashes with
the thiophene moieties present in the ligand ‘L3’.

3.6. Molecular dynamics

As observed in bothdocking and electrostatic analyses that L3
exhibited not only good docking scores but also good complemen-
tarity especially with the target main-protease. Furthermore, to an-
alyze the stability of compound-3 within the active site of each
target protein including main protease, nsp2 and nsp7, molecular
dynamic analysis was carried out. In each of the case, only slight
RMSD fluctuations were observed i.e. within the limit of 1 A. These

RMSD fluctuations can be observed in Fig. 4. The docking inter-
actions retained after MD simulations were further analyzed and
noted some key observations. It can be observed in Table 4 that
compound-3 manifested most prominent interactions in terms of
sulfur-lone pair and aromatic-aromatic interactions with His 41 by
21.4% and 20.1%, respectively. Though this compound mange to re-
tain some interactions with target nsp2 and nsp7, however the per-
centage contact with crucial amino acids were lower than the 15%,
as observed in Tables S5 and S6. From all the considered in-silico
analysis, it would be concluded that L3 is most promising anti-
SARs-CoV2 and has a potential to inhibit main-protease more ef-
fectively than nsp2 and nsp7. The 3D interactions after MD for a
period of 50 ns considering each of the complex for compound-3
with main-protease, nsp2 and nsp7 are displayed in Fig. 5.

Currently, structural modification based on chromophore-based
drug design gains a paramount attention among the scientific
community [44-46]. Culletta et al. [47] made an in silico in-
hibition activities of the designed pharmacophores against the
different proteins of SARS-CoV-2. A significant change of dG
Bind energy was observed (-35 to -90 kcal/mol) for those com-
pounds against MP™ and nsp proteins. Badavath et al. [48] per-
formed the computer-aided anti-SARS-CoV-2 screening activity
for 118 isatin derivatives and evaluated their binding propensi-
ties against main. Furthermore, Purwati et al. [49] ratiometrically
evaluated the time-dependent inhibition properties of a series
of dual combinatory drugs like Lopinavir-Ritonavir-Clarithromycin,
Lopinavir-Ritonavir-Azithromycin, Lopinavir-Ritonavir-Doxycycline,
Hydroxychloroquine-Azithromycin etc. against Vero cell lines. In
comparing the reported binding scores of the reported compounds
calculated through molecular docking and MD simulation, the syn-
thetic ligand L3 displayed an excellent binding preference against
main protease of SARS-CoV-2 through His 41 which was further
driven by ... interactions of the thiophene ring of L3 with his-
tidine.
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Table 4
Interactions after carrying Molecular dynamics for the L3 and main protease 6LU7 com-
plex.

Bond type Ligand atom Protein atom %Frames present

Sulfur-Ion Pair
Aromatic-Aromatic
Aromatic-Aromatic
Sulfur-lon Pair
Aromatic-Aromatic
Sulfur-lon Pair
Aromatic-Aromatic
Aromatic-Aromatic
Aromatic-Aromatic
Sulfur-lone Pair
Sulfur-lon Pair

Compound-3 Atom-S2
Compound-3 Atom-H12
Compound-3 Atom-H8
Compound-3 Atom-S1
Compound-3 Atom-C12
Compound-3 Atom-S1
Compound-3 Atom-H7
Compound-3 Atom-C12
Compound-3 Atom-H9
Compound-3 Atom-S1
Compound-3 Atom-S1

A HIS 41 ND1 21.4%
A HIS 41 CE1 20.1%
A HIS 41 CE1 11.2%
A ASP 187 O 9.5%
A HIS 41 HD2  8.8%
A ARG 188 O 8.2%
A HIS 41 CE1 8.1%
A HIS 41 CE1 6.3%
A HIS 41 CE1 4.4%
A MET 49 O 4.2%
A HIS 164 O 3.6%

4. Conclusions

In conclusion, we present the synthesis and spectroscopic char-
acterization of a series of 5-membered heterocycle substituted
benzimidazoles employing a straightforward synthetic approach.
We also prepared the single-crystals of methyl derivative of L3 and
analyzed the structural and long-range supramolecular frameworks
of L3’ through X-ray crystallography. The therapeutic properties of
the designed compounds were evaluated through in silico screen-
ing activities with molecular docking, electrostatic complementar-
ity analysis and molecular dynamics studies against main pro-
tease (MP™) and non-structural proteins (nsp2 and nsp7). Molec-
ular docking predicted the highest binding scores for L3-MP™, L3-
nsp2 and L3-nsp7 complexes as —10.52, —5.07 and —6.63 kcal/mol.
The MD simulation studies for 50 ns strongly recommend good
binding propensity of L3 with MP™ attributing the conformation-
ally stable docked complex. Moreover, the docking interactions ob-
served for L3-MP™ complex were also evident to be retained af-
ter an exhaustive MD simulations. Thus, it clearly suggest that L3
compound is a promising molecule that can be further analyzed in
future for its in-vitro activity. Though there are large number of re-
port on computation aided drug design in the scientific database;
however, this cost-effective straightforward synthesis and signifi-
cant pharmaocokinetic properties of the synthetic benzimidazoles
may turn out to be a potent therapeutic agent.
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