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Abstract. In acute conditions, vaccines are very important, although they provide antibodies for fighting against COVID-
19 for a certain period. It is necessary to produce an anti-viral agent for a usual healing process against SARS CoV-2
which is responsible the pandemic we are living in. Many drugs with benzimidazole main scaffold are still used in a wide
variety of treatment procedures. In this case, substituted benzimidazole structures could be good candidates for fighting
against COVID-19. Theoretical calculation methods could be a key tool for overcome the difficulties of individual
analyzing of each new structure. In this study, new benzimidazole structures were synthesized and characterized for in
silico evaluation as anti-viral agent. The molecules were optimized and analyzed for reactivity with Koopmans Theorem.
Also, molecular docking simulations were performed for SARS coronavirus main peptidase (PDB ID: 2GTB), COVID-
19 main protease (PDB ID: 5R82), and papain-like protease of SARS CoV-2 (PDB ID: 6W9C) crystals.
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1. Introduction

SARS CoV-2 is responsible for the largest pandemic
that the current generation has ever seen [1]. According
to the data of the World Health Organization
[14.12.2021], 269.468.311 confirmed cases of COVID-
19, including 5.304.248 deaths were recorded [2]. The
recent fighting against the pandemic continues with
vaccination. Considering the temporality of vaccine
protection and the difficulties in reaching the vaccine for
the world population, it is clear that anti-viral drugs have
to be developed [3]. The scientists have examined the
anti-viral effects of many current molecules and tried to
design more active new molecules [4-6]. However, it is
not possible to analyze all synthetic and natural antiviral
known or candidate molecules with the current budget,
labor, and lab conditions. Considering the recent
developments in computational chemistry and the high
compatibility of the results with experimental results,
theoretical chemistry has presented important foresights
in performing these studies with current possibilities [7,
8].

Woolley confirmed that benzimidazole derivative
molecules show purine-like activity [9]. Benzimidazole
main scaffold can be modified easily with different
substituents [10]. The studies that investigating the
activity of benzimidazole molecules with different
substituents are frequently encountered such as
antimicrobial, antiparasitic, antiviral, anticancer, anti-
inflammatory [11-15]. Albendazole, omeprazole,
lansoprazole, astemizole and telmisartan are
benzimidazole derivative molecules currently used in
treatment procedures [16, 17]. In this case, the

benzimidazole derivative molecules can be examined in
the fight against the SARS CoV-2 virus.

Theoretical computational chemistry provides useful
information for studying the activity of molecules.
Information that provides preliminary evaluation about
the activities of molecules saves labor and money in
experimental analysis. In addition, since the obtained
insights prevent the analysis of relatively more passive
molecules, it prevents the contact of harmful chemicals
used during the experimental procedure with humans
and nature. Recently, there have been important
developments in this area. Thanks to these
developments, non-synthesized molecules can be
analyzed, and methods such as molecular docking are
accepted as essential tools in drug design studies [18].

In this study, 1-allyl-3-(2-methylbenzyl-5,6-
dimethylbenzimidazolium chloride (1), 1-allyl-3-(3-
methylbenzyl-5,6-dimethylbenzimidazolium  chloride
(2, and 1-allyl-3-(4-methylbenzyl-5,6-dimethyl-
benzimidazolium chloride (3) were synthesized and
fully characterized by FT-IR, 'H NMR and, BC{*H}
NMR spectroscopies. Their structures were optimized
by DFT-based calculation method by using the
exchange functional BP86 with TZV basis set, HOMO
(Highest Occupied Molecular Orbital) and LUMO
(Lowest Unoccupied Molecular Orbital) were analyzed,
and Global Reactivity Descriptors of the molecules were
determined by Koopmans Theorem [19]. Also, the
interactions of the molecules were evaluated with SARS
coronavirus main peptidase (PDB ID: 2GTB), COVID-
19 main protease (PDB ID: 5R82), and papain-like
protease of SARS CoV-2 (PDB ID: 6W9C) by
molecular docking methods [20-23].
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2. Experimental

2.1. Materials and methods

All experiments were performed under argon in flame-
dried glassware using standard Schlenk line techniques.
All reagents were purchased from Sigma Aldrich Co.
(Dorset, UK). The solvents used were purified by
distillation over the drying agents indicated and were
transferred under argon. Melting points were determined
using the Electrothermal 9100 melting point detection
apparatus in capillary tubes and the melting points are
reported as uncorrected values. Fourier transform
infrared (FT-IR) spectra were recorded in the range of
400-4000 cm™ on Perkin Elmer Spectrum 100 FT-IR.
H NMR and BC{*H} NMR spectra were taken using a
Bruker As 400 Mercury spectrometer operating at 400
MHz (*H), 100 MHz (®C) in CDCl; with
tetramethylsilane as the internal reference. *H peaks are
labeled as singlet (5).

2.2. General procedure for the preparation of N-
heterocyclic carbene salts

The N-heterocyclic carbene salts (1-3) were synthesized
under argon gas atmosphere and according to the
literature [24].
1-Allyl-3-(2-methylbenzyl-5,6-dimethylbenzimida-
zolium chloride, 1

To a stirring solution of NaH (11 mmol) in
tetrahydrofuran (20 mL), 5,6-dimethylbenzimidazole
(10 mmol) was added and admixture was stirred at room
temperature for 1 h. Then, allyl bromide (10.1 mmol)
was added to the solution and the mixture was left to stir
for 24 h at 60 °C. The mixture was cooled to room
temperature. Then, the solvent was removed in vacuo.
Dichloromethane (30 mL) was added to solid. The last
solution was distilled and 1-allyl-5,6-
dimethylbenzimidazole was obtained. The 1-allyl-5,6-
dimethylbenzimidazole (1 mmol) and 2-methylbenzyl
chloride (1 mmol) were stirred in DMF (5 mL) for 24 h
at 80 °C. Precipitated solid was filtered and rinsed out
with diethyl ether and dried under vacuum. Yield: 88%;
m.p. 215-216 °C, FT-IR v(cny: 1557 cm™. *H NMR (400
MHz, CDCls) & (ppm): 2.33 (s, 3H, CH2CsHs-CH3-2),
2.41, 2.42 (s, 6H, NCsH2N(CH3)2-5,6), 5.31 (d, 2H,
NCH,CHCH,, J = 8 Hz), 5.41-547 (m, 2H,
NCH,;CHCH,), 5.83 (s, 2H, CH,C¢Hs-CH3-2), 6.11
(quint, 1H, NCH>CHCH,, J = 4 Hz), 7.02 (d, 2H, Ar-H,
J =4 Hz), 7.14-7.19 (m, 2H, Ar-H), 7.24-7.29 (m, 2H,
Ar-H), 11.69 (s, 1H, NCHN). *C{*H} NMR (100 MHz,

CDCl) & (ppm): 19.6 (CH,CgHs-CH3-2), 20.7
(NCeH2N(CHs)2-5,6), 49.7 (CH2CeHs-CH3-2), 50.0
(NCH,CHCH,), 1268  (NCH.CHCH,),  136.4

(NCH2CHCHy), 113.2, 113.4, 121.3, 127.8, 129.2,
129.9, 130.0, 130.1, 130.8, 1313 (Ar-C), 1432
(NCHN).
1-Allyl-3-(3-methylbenzyl-5,6-dimethylbenzimida-
zolium chloride, 2

2 was prepared following the same procedures as
described for 1. However, 3-methylbenzyl chloride (1
mmol) was used as second added alkyl halide. Yield:
85%; m.p. 228-229 °C, FT-IR v(cn): 1561 cm®. *H NMR
(400 MHz, CDCls) 6 (ppm): 2.33 (s, 3H, CH2C¢H4-CHs-
3), 2.38, 2.41 (s, 6H, NCeH2N(CH3)2-5,6), 5.28 (d, 2H,
NCH2CHCH,, J = 8 Hz), 542-546 (m, 2H,
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NCH,CHCH,), 5.77 (s, 2H, CH,CgHs-CH3-3), 6.11
(quint, 1H, NCH,CHCHjy, J = 4 Hz), 7.15 (s, 1H, Ar-H),
7.24-7.26 (m, 3H, Ar-H), 7.30-7.31 (m, 1H, Ar-H), 7.41
(s, 1H, Ar-H), 11.75 (s, 1H, NCHN). BC{*H} NMR
(100 MHz, CDCls) 8 (ppm): 20.7 (NCsH2N(CHs3)2-5,6),
21.4 (CH2CeH4-CH3-3), 50.0 (CHC¢H4-CH3-3), 51.3
(NCH,CHCHy), 125.1  (NCH,CHCHy), 132.9
(NCH.CHCHy), 113.2, 113.4, 121.4, 128.7, 129.2,
129.9, 130.0, 137.3, 137.4, 139.3 (Ar-C), 142.6
(NCHN).
1-Allyl-3-(4-methylbenzyl-5,6-dimethylbenzimida-
zolium chloride, 3

3 was prepared following the same procedures as
described for 1. However, 4-methylbenzyl chloride (1
mmol) was used as second added alkyl halide. Yield:
89%; m.p. 210-211 °C, FT-IR v(cn): 1558 cmt. *H NMR
(400 MHz, CDCls3) 8 (ppm): 2.24 (s, 3H, CH2CgHa-CHs-
4), 2.31, 2.33 (s, 6H, NCsH2N(CHa)2-5,6), 5.22 (d, 2H,
NCH,CHCH,;, J = 8 Hz), 5.35-539 (m, 2H,
NCH,CHCH), 5.71 (s, 2H, CHCe¢H4-CH3-4), 6.06
(quint, 1H, NCH,CHCHj, J = 4 Hz), 7.08-7.16 (m, 2H,
Ar-H), 7.28-7.37 (m, 4H, Ar-H), 11.36 (s, 1H, NCHN).
BC{'H} NMR (100 MHz, CDCl3) & (ppm): 20.7
(NCgH2N(CH3),-5,6), 21.2 (CH2CgH4-CHs-4), 50.0
(CH2Ce¢H4-CHs-4), 51.1 (NCH,CHCHy), 128.2
(NCH,CHCH_), 137.3 (NCH,CHCH_), 113.2, 1134,
121.3, 129.9, 130.0, 130.1, 139.0 (Ar-C), 1423
(NCHN).

2.3. Calculation method

Full unconstrained geometry optimizations with DFT-
based calculation methods were carried out with ORCA
version 2.8 using the exchange functional according to
BP86 that the correlation functional suggested by Becke
and Perdew, with the resolution-of-the-identity (RI)
approximation, the tightscf and grid4 options, a TZV
basis set [25, 26]. Scalar relativistic effects were treated
using the Zeroth Order Regular Approximation (ZORA)
formalism [27-29]. To speed up the calculations TZV/J
auxiliary basis set was used [30]. All the global chemical
reactivity descriptors were calculated with Koopmans
Theorem according to following equations [31]:
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AutoDockTools 4.2 were used for molecular
docking calculations [32] with crystal structure from
RCSB protein data bank (PDB ID: 2GTB, 5R82,
6WO9C). Only polar hydrogens and Kollman charges
were evaluated in target molecules and the waters in
proteins were removed [33]. Randomized starting
positions, Gasteiger charges, torsions have been
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evaluated for ligand molecules [34]. While Lamarkian
genetic algorithms were applied, the genetic algorithm
population was recorded as 150 [35]. The grids were
selected as 60/60/56 npts with 4.754/1.384/14.716
(xlylz) for 2GTB; 66/78/96 npts with 9.938/-
3.465/8.302 (x/y/z) for 5R82; and 52/110/68 npts with -
26.273/34.465/31.382 (x/y/z) for 6W9IC. Discovery
Studio 4.1.0 were used for illustrations [36].
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3. Results and discussion

3.1. Characterization of N-heterocyclic carbene salts
N-heterocyclic carbene salts (1-3) were synthesized as
shown Scheme 1.

N/\/ /\/
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e
N
3

Scheme 1. Synthesis of N-heterocyclic carbene salts (1-3)

N-heterocyclic carbene salts were synthesized by
reaction of allyl substituted benzimidazolium precursor
with different alkyl halides in DMF at 80 °C.
Precipitated product was crystallized in
dichloromethane/diethyl ether for purification. The
structure of all new compounds was characterized by
FT-IR, *H NMR and *C{*H} NMR spectroscopy.

The FT-IR spectra for all NHC salts (1-3) showed
the aliphatic and aromatic C-H stretching vibrational
bands in the range of 3100-2700 cm™. C=C stretching
vibration modes of all compounds were seen at around
1700-1600 cm™*. Benzimidazole ring C=N vibrations of
benzimidazolium salts were assigned at 1557, 1561 and
1558 cm™ for 1-3, respectively.

NMR spectra of all the compounds were analyzed in
deuterochloroform (d-CDCls). In the *H NMR spectra,
acidic protons (NCHN) for N-heterocyclic carbene salts
(1-3) were seen as a characteristic sharp singlet at 11.69,
11.75 and 11.36 ppm respectively. Methyl protons in the
benzyl and 5,6-dimethlybenzimidazole groups came
around 2.24-2.42 ppm for 1-3. Alkylic protons in 1-3
gave peaks around 5.22-5.83 ppm. Middle protons of
NCH,CHCH;,came at 6.11, 6.11 and 6.06 ppm as a quint
respectively. All aromatic protons were seen in the range
of 7.00-7.45 ppm for 1-3 compounds. In the *¥*C{*H}
NMR spectra, aromatic carbons in 1-3 compounds were
detected in the range of 113.0-140.0 ppm. NCHN carbon
on 1-3 salts signaled at 143.2, 142.6 and 142.3 ppm,
respectively. Benzylic carbons of benzyl groups were
observed at 49.7, 50.9 and 50.0 ppm for 1-3,
respectively. Observed peaks in the range of 19.0-22.0
ppm were attributed to all methyl carbons. These values
agree with reported data for similar N-heterocyclic
carbens [37]. The FT-IR, *H NMR and, ¥*C{*H} NMR
spectra are presented in the details in the Supplementary
Files (Figures S1, S6).
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3.2. DFT-based analysis and molecular docking

In this study, the optimizations of the molecules were
performed with ORCA package. HOMO and LUMO
analysis of the molecules are important since these
orbitals are the most reactive area of the molecules [38].
HOMO is defined that the molecules behave through as
a Lewis acid while LUMO residue also act as Lewis base
[39]. According to the optimization results, it has been
determined that the HOMO is located on benzyl part,
and also LUMO is resided on benzimidazole main
scaffold (Figure 1).

®

-5.694

ONO)

-5.6699 -5.660

3.310 3.300 3333

-9.004 -8.9699 -8.993

Figure 1. HOMO and LUMO energies and illustrations of
the molecules (in eV)

Also, the higher HOMO-LUMO gap energy, the
lower chemical reactivity, and the higher Kkinetic
stability. According to the calculated HOMO-LUMO
gap energies of the investigated molecules, the most
reactive molecule is 2, while 3 has the most kinetic
stability. Moreover, HOMO energies are evaluated as a
measurement of the lonization Potential of molecules
while LUMO energies are also evaluated for Electron
Affinity of the molecules. On the other hand, Global
Reactivity Descriptors of Koopmans Theorem allow to
relative analysis of the reactivity of the molecules [40].
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These descriptors in this study shows that 1 has the
highest ionization potential. In addition, global softness
and chemical hardness are also approved as evaluation
criteria for the reactivity of molecules. The stability of
molecules decreases with the increasing of the global
softness, so the higher the hardness, the lower the
reactivity [41]. Itis clear from Table 1 that the reactivity
of the molecules will be listed as 2 > 1 > 3.
Electrophilicity index is regarded as an indication of the
electrophilic force of the molecular system against a
nucleophile [42].

Table 1. Global reactivity descriptors of the complexes (in

eV)
1 2 3
lonization Potential (IP) 9.004 8.970 8.993
Electron Affinity (EA) 5.694 5.670 5.660
Electronegativity () 7.349 7.320 7.326
Global Softness (S) 0.302 0.303 0.300

SARS coronavirus main peptidase

LU

e GLY
ASN A:109
ot A202

ocking conformations

1 2 3
Global Hardness (1) 1.655 1.650 1.667
Electrophilicity Index(w) 16.310 16.235 16.101

COVID-19 continues to affect all the world as the
biggest pandemic faced by the living generation. In the
acute situation, the priority has focused on vaccination
studies in order to prevent deaths. Considering the
limited time of action of the vaccine and the difficulties
in vaccine dissemination for fully protection, drug
design studies should be focused on in fighting against
the disease. Recently, the activity of many synthetic and
natural molecules against COVID-19 has been studied.
Considering the difficulty of analyzing the anti-viral
activity of all known and newly synthesized molecules,
studies with in-silico methods have become important.
Now, it is possible to see molecular docking studies
performed against many crystals. In this study, three
certain crystal structures were used.

O

ASN.
A:203

ILE

- A:200

1w
A200

Figure 2. Interaction residue (A: PDB fragment 2GTB [21]), docking conformations (B) and interaction type of benzimidazole type
1, 2, and 3 with SARS coronavirus main peptidase crystal structure (dark green and turquoise: H-bonds; green: van der Waals;
orange: m-anion/cation; pink: alkyl and & -alkyl; yellow: = -sulfur; fuchsia: @ - © stacked and 7 - = T shaped)

In the first study, three optimized benzimidazole
derivative molecules were interacted with SARS
coronavirus main peptidase [21]. All molecules
interacted with approximately the same region of the
crystal (Figure 2). According to the obtained results, the
H-bonds with the residue of included Phe294, Pro293,
GIn107, GIn110 and Asn151 amino acids were recorded
for all three molecules (Figure 2, A). H-bonds with
GIn110, Asn203, and Thr292, & -sigma interaction with
Phe294 and alkyl/ = -alkyl interactions with 11200,
Leu202 and I11e249 have been recorded. The molecule is
interacted with crystal in one type of conformation, no
difference is noted in the orientation of the molecule.
The calculated binding energies for 1 and 3 are equal
with -6.07 kcal/mol. H-bond with GIn110 and Thr292
and 7 - 7 stacked interactions with Phe294 and Leu202
and © - 7 stacked interactions with Gly109 for 3 could
be effective in calculated binding energy. The
interactions of alkyl/ n -alkyl with His246 and I1e249 are
also recorded. Although the binding energy of 2 was
determined as -6.06 kcal/mol, only one H-bond was
detected with GIn110. Phe294 is remarkable in this
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docking pose with both © - 7 stacked and alkyl/ = -alkyl
interactions. Salim and Noureddine performed
molecular docking for reference inhibitor AZP
(PubChem Code: 5287723) against SARS coronavirus
main peptidase and determined -7.499 kcal/mol as
binding constant that is higher than the that of 1-3. They
also analyzed the interactions for some well-known anti-
viral drugs such as remdesivir (-7.079 kcal/mol),
favipiravir (-4.122 kcal/mol) and hydroxychloroquine (-
5.515 kcal/mol) [43]. We also docked favipiravir,
hydroxychloroquine,  nelfinavir, remdesivir, and
lopinavir into SARS coronavirus main peptidase with
our protocol. Binding affinities were recorded -3.66
kcal/mol  for favipiravir, -5.24 kcal/mol for
hydroxychloroquine, -4.15 kcal/mol for remdesivir, -
5.12 kcal/mol for nelfinavir, and -6.2 kcal/mol for
lopinavir. The molecules that studied in this research
gives better score and could be a suitable inhibitor for
SARS coronavirus main peptidase.

Among the crystal structures used in this study, the
highest binding values were determined with the
COVID-19 main protease structure [22]. The binding
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energies between the crystal and 1, 2, and 3 were
determined as -8.64 kcal/mol, -8.72 kcal/mol and -7.77
kcal/mol, respectively. H-bonds with Arg298 and
Val303 can be considered as effective in 2 which have
the highest binding energy. In addition, it can be
determined that the interactions of m - cation with
Arg298, n - sulfur with Met6, n-sigma and & - & T-
shaped with Phe8 are effective. It can be seen in Figure
3 that these amino acids are also have alkyl and = - alkyl
interactions. On the other hand, many Van der Waals
interactions have also been recorded. Al-Zahrani were
docked many phytochemicals, some known anti-viral
drugs and also reference inhibitor (RZS, 6-
(ethylamino)pyridine-3-carbonitrile) against COVID-
19 main protease [44]. The research recorded —4.90
kcal/mol, —8.40 kcal/mol, —7.90 kcal/mol binding
constant for RZS, lopinavir, and nelfinavir, respectively.

COVID-19 main protease

Both 1 and 2 have better binding score than reference
inhibitor and the drugs while 3 have better binding
constant than only reference inhibitor. The interaction
residues that we determined for 1-3 are compatible with
the active sites of the COVID-19 main protease that
recorded by Al-Zahrani. Some FDA-approved drugs
were docked into COVID-19 main protease crystal and
the binding constants of favipiravir,
hydroxychloroquine, nelfinavir, remdesivir, and
lopinavir were detected as -5.29 kcal/mol, -5.17
kcal/mol, -7.85 kcal/mol, -6.02 kcal/mol, and -3.89
kcal/mol, respectively. The molecules that studied in
this research have bigger binding score than these
approved drugs and these results could be an indication
for being a suitable inhibitor for COVID-19 main
protease.

NN A
)
,./“\1;7 ~

e - .
. AlS2 e o ASP
PHE PHEY “ pro "
e ™ sy 9 VR PHE AlS3
. VR
foed Al A7 THR AlSe

R0 ne G
AS AclS2 A304

H

Figure 3. Interaction residue (A: PDB fragment 5R82 [22]), docking conformations (B) and interaction type of benzimidazole type
1, 2, and 3 with COVID-19 main protease crystal structure (dark green and turquoise: H-bonds; green: van der Waals; orange: « -
anion/cation; pink: alkyl and « -alkyl; yellow: n -sulfur; fuchsia: @ - 7 stacked and 7 - = T shaped)

papain-like protease of SARS CoV-2

s z
A8 SER
239 ASN
AL77

Ly
A307 g
Ao Aa78

AR o
A308 o) 180

Figure 4. Interaction residue (A: PDB fragment 6W9C [23]), docking conformations (B) and interaction type of benzimidazole type

1, 2, and 3 with papain-like protease of SARS CoV-2 crystal structure (dark green and turquoise: H-bonds; green: van der Waals;
orange: © -anion/cation; pink: alkyl and = -alkyl; yellow: @ -sulfur; fuchsia: « - @ stacked and 7 - & T shaped)
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Recently, papain-like protease has been used
frequently in in silico COVID-19 studies. Papain-like
protease [23] is effective in virus replication and
maturation. Strong interactions with this crystal could be
important for the candidate molecule. In this study, all
the molecules interact with approximately the same
region of the crystal. Unlike other crystals, two different
molecular orientations were determined. The binding
energies of the molecules evaluated in this study with
papain-like protease were determined as -5.63 kcal/mol,
-5.70 kcal/mol and -5.38 kcal/mol. The strongest
binding energy was determined for 2. No interaction was
noted in these poses except alkyl/ m -alkyl and van der
Waals. There is an amide - © stacked interaction with
Ser239 for 1 and 3, but it is not having a big effect on
total binding energy. All interaction details of molecules
can be analyzed in Figure 4. Papain-like protease of
SARS CoV-2 were also interacted with some FDA-
approved drugs with molecular docking method. The
binding constants of favipiravir, hydroxychloroquine,
nelfinavir, remdesivir, and lopinavir were calculated as
-4.88 kcal/mol, -4.20 kcal/mol, -5.09 kcal/mol, -3.17
kcal/mol, and -3.31 kcal/mol, respectively. These results
could represent that the benzimidazolium salts could be
an inhibitor for papain-like protease of SARS CoV-2.

4. Conclusions

Benzimidazole derivative molecules are still used
effectively in many treatment procedures. Therefore, it
is important to examine the effect of these molecules on
the pandemic that is still happening. These analyses
have been carried out with molecular docking methods,
which are considered important tool in drug design
studies recently. The strongest binding energies in the
study were obtained with COVID-19 main protease.
Also, good binding scores were determined SARS
coronavirus main peptidase and papain-like protease.
Some of the binding constants of the characterized
molecules are better than some of well-known anti-viral
drug molecules and this means that these molecules
could be better inhibitor than some of commercial anti-
viral compounds. It may be suggested to extend the work
through more efficient substituents, such as the
halogenic species. It is also known that this family
makes effective complexes with many transition metals.
Examining the effect of different metals on the virus can
be evaluated in future studies.
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