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In this research, a new Ag(I) complex, namely, [Ag(5-chloro-1H-benzimidazo-

le)2(NO3)], has been synthesized using the benzimidazole-based ligand

5-chloro-1H-benzimidazole (5ClBZ). Ag(I) complexes were characterized by

elemental analysis, UV-Vis, FT-IR, and 1H NMR spectroscopy, and DFT analy-

sis was used. The free ligand and its Ag(I) complexes were tried for their bio-

chemical properties, including antioxidant and antidiabetic properties. To

study the molecular structures of the title compounds, in silico ADME/Tox

research was performed on the newly made complex and free ligand. The

empirical guidelines relating to ADME were utilized to conduct molecular

docking simulations and in-depth drug-likeness profiling. This was carried out

to validate the conclusions and identify exact binding interactions. Based on

the study's findings, it has been determined that these new compounds have

significant potential as powerful therapeutic agents for controlling antioxidant

and antidiabetic activities.
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1 | INTRODUCTION

A species of bicyclic aromatic chemical compound,
benzimidazole, is the benzo derivative of imidazole. It
consists of five-membered imidazole fused to a six-
membered benzene ring at the four and five locations
of the imidazole ring.1 It is a structure with various
biologically active properties, such as analgesics.2,3

antiparasitic,4 antifungals,5 anticoagulants, anti-
inflammatory agents,6 antihypertensives,7 antihistaminic,8

antimalarial,9 antitubercular,10 anti-HIV,11 antimicrobial,12

antiprotozoal,13 andantiviral,14 and is also used as a drug-

active ingredient in the field of pharmacology. Various
benzimidazole-based drugs, such as prazole, rabeprazole,
and timoprazole, are widely used as proton pump
inhibitors in the treatment of ulcers and gastritis.15

Benzimidazole is a corrosion inhibitor used in metals
and alloys. Transition metal salt complexes with benz-
imidazole derivatives have been intensively investigated
as biological molecular models.16

Argentophilic interactions between d10 metal ions,
especially silver (I) ions, play an important role in build-
ing fascinating structures and influencing the properties
of structural architectures.17 The noble metal Ag ions
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have been used as a permanent pathogenic organism
inhibitor.18 The Ag ions have powerful inhibitory effects
and are called permanent inhibitors against pathogenic
organisms.

In recent years, the use of metal drugs in the medical
sciences has attracted attention.19–22 Metal complexes
containing some bioactive ligands are sometimes more
effective than free ligands in biological and drug
applications.23–26 Metal complexes have numerous bio-
logical effects, including antidiabetic, anti-cancer, anti-
bacterial, and anti-inflammatory measures, among
others.27,28 People are of the opinion that metal combina-
tions can be utilized in metallotherapy, an innovative dia-
betes treatment. Numerous investigations to date have
demonstrated that transition metal complexes containing
various ligands exhibit insulin-like activity and α-amylase
inhibition activity.29 Hydrolytic enzymes, including intes-
tinal α-glucosidases and pancreatic α-amylase, break
down carbs into glucose in the body.30 It is stated in the
literature that inhibiting these two enzymes results in a
decrease in the use of carbohydrates in the diet and also
suppresses postprandial glycemia. These side effects may
be caused by excessive inhibition of pancreatic α-amy-
lase, which leads to abnormal bacterial fermentation of
undigested carbohydrates in the colon.19 In addition, a
large number of transition metal complexes have been
reported to exhibit effective antioxidant resistance over
the past few years.31 In most diseases, the oxidative stress
imbalance between free radical generation and reactive
metabolites is the main problem. Chronic diseases are
influenced by oxidative stress, cytotoxicity, and inflam-
mation. Damaged free radicals and synchronized loss of
antioxidant defense mechanisms can delicately disturb
cellular organelles and enzymes, causing lipid peroxida-
tion and insulin resistance, which can lead to diabetes
problems.32

Further, scientists have perceived that coordination
chemistry research has been expanded by utilizing
DFT-based studies like MEP, HOMO-LUMO, and Fukui
function parameters as evidence for complex areas of
electrophilicity/nucleophilicity and reactivity activities.
Spectroscopic methods and density functional theory
(DFT) have recently been used to identify the structures
of a range of organic molecules.33,34 These compounds
have been synthesized and characterized by spectroscopic
techniques (IR, UV-vis, and 1H–NMR) in order to study
their antidiabetic and antioxidant activities. The aim of
this paper is to synthesize a new compound and investi-
gate their antioxidant capacities and radical scavenging
activities for summarizing their biochemical properties.
The antidiabetic and antioxidant properties of the com-
pounds have been studied to demonstrate their possibility

of acting against oxidative stress-induced diseases. Com-
plex structures containing silver ion have been used for
many purposes, like surgery, wound care products, anti-
oxidants, and antidiabetic.35 These synthesized silver
complex are tested to assess their antioxidant activity
by detecting the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
and 2,20-azino-bis3-ethylbenzthiazoline-6-sulfonic acid
(ABTS) scavenging activities and antidiabetic (alpha amy-
lase enzyme inhibition) activities, which demonstrated
that Ag(I) metal complex possess potent antioxidant
properties. In addition, the ADMET study was accom-
plished to predict the pharmacokinetic, toxicity, and
physicochemical properties of the title compounds.

2 | MATERIAL AND METHODS

2.1 | Computational methods

All calculations regarding DFT were calculated using the
Gaussian 09 package program, and the visualizations
required for these calculations were created in the Gauss
Viev 5.0.9 program.36,37 The 5ClBZ molecule was opti-
mized at the B3LYP/6-311++G(d,p) level.38–40 The [Ag
(5ClBZ)2(NO3)] complex was also optimized by using a
combination of the 6-311++G(d,p) basis set for light
atoms (C, H, O, and Cl) and the LanL2DZ basis set for
the heavy atom (Ag) in the same method and func-
tional.41 The vibrational modes of the synthesized
Ag(I) complex of the 5ClBZ molecule were assigned
with the VEDA program according to the total energy
distribution (TED).42 Frequency values for the [Ag
(5ClBZ)2(NO3)] complex were calculated using the
B3LYP/6-311++G(d,p) basis set and the LanL2DZ basis
set for optimized structure. The HOMO-LUMO energies,
MEP map, and Fukui functions were calculated for the
5ClBZ molecule in the B3LYP/6-311++G(d,p) basis set.40

Also, calculations for the [Ag(5ClBZ)2(NO3)] complex
were performed using the same method and a functional
with a combination of the 6-311++G(d,p) (for C, H, N,
and Cl atoms) and LanL2DZ (Ag atom) basis sets.41

The visual map of the dual descriptors calculated from
the Fukui functions was created using the Multiwfn
package program.43 The 1H NMR chemical shift values
for the 5CLBZ molecule and the [Ag(5ClBZ)2(NO3)] com-
plex are calculated using DFT/B3LYP/6-311 + G(2d,p)44

and DFT/B3LYP/6-311 + G(2d,p) + LanL2DZ45 at levels
of theory, respectively, in the IEFPCM/DMSO model
with the GIAO method.

The molecular docking of the chemical ligand-protein
binding site was performed using Autodock 2.2.6
software.46 The primary repository for PDB structures
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utilized as target proteins is RCSB. The receptors for the
antioxidant enzyme (PDB ID: 3NM8) and the pancreatic
enzyme α-amylase (PDB ID: 2QV4) were identified using
the RCSB Protein Data Bank.47 The nonbonding interac-
tions of the active site of the receptor pocket are explored
using Discover Studio Visualizer 21. The online tools
SwissADME48 and PreADMET were used to predict the
ADME profiles of compounds.49 The organ toxicities and
toxicological end points of the free ligand and its
Ag(I) complex were estimated using the Protox-II
website.50

2.2 | Experimental methods

2.2.1 | Syenthesis

5-Chlorobenzimidazole (96% purity) (CAS Number:
4887-82-5) and silver nitrate (99.5% purity) (CAS Num-
ber: 7761-88-8) molecules were supplied from Sigma Ald-
ric Chemical Company. While the silver nitrate complex
of the 5CIBZ molecule was formed, no further purifica-
tion process was performed for these molecules. First of
all, a 2 mmol (0.3052 g) solution of 5ClBZ molecules in
20 mL of ethanol (99,8% purity) at 50�C and 1 mmol
(0.1698 g) silver nitrate solutions in 10 mL of ethanol
were prepared. Then, the prepared silver nitrate solution
was added dropwise to the 5CLBZ solution and stirred at
50�C for 3 h, preventing evaporation. As a result of this
process, a white precipitate was obtained. As a result of
the elemental analysis of the synthesized complex, the
ligand/metal ratio of the chemical produced is 2:1. Exper-
imental and theoretical percentage ratios for C, H, and N
atoms in complex are as follows: [Ag(C7H5ClN2)2(NO3)]
(5ClBZ = C7H5ClN2), CHN Exp: C: 36.40%, H: 2.57%, N:
14.30% and Calc: C: 35.39%, H: 2.12%, N: 14.74%. The
synthesis scheme of the [Ag(5ClBZ)2(NO3)] complex is
presented in Figure 1. The yield of the synthesized com-
pound was 78%.

2.2.2 | Spectral analyses

Far-IR spectra were recorded in the region between
500 and 100 cm�1 using Bruker 66/S spectrometers. Also,
FT-TIR spectra were recorded in the regions of 4000–
500 cm�1 with the Bruker Vertekx 80 FT-IR. A Bruker
400MHZ AV model spectrometer was used to record the
1H NMR spectrum. The spectra of both the free ligand
and its synthesized silver nitrate complex were recorded
in a DMSO solution. UV-Vis spectra for the title molecule
and the synthesized complex were recorded with an Agi-
lent HP 8453 spectrophotometer for ethanol solution in
the range of 190–1100 nm.

2.2.3 | In vitro determination of antidiabetic
activity

α-Amylase enzyme inhibition
The activity of α-amylase, a carbohydrate digestion
enzyme, was determined in the presence and absence
of the 5CIBZ molecule and the [Ag(5ClBZ)2(NO3)] com-
plex.51 To determine the enzyme activity, 0.5 mL of
starch and 0.5 mL of enzyme mixture were kept at
25�C for 20 min. 1 mL of DNS (3,5-dinitrosalicylic acid)
solution was added to the samples, and the samples
were boiled for 5 min; 7.5 mL of distilled water was
added to the samples cooled in tap water. Absorbance
was measured at λ = 540 nm. A control tube was used
by substituting 0.5 mL of the buffer instead of the
enzyme. To examine whether the extracts have an
inhibitory effect on the α-amylase enzyme, 0.5 mL of
extract at varying concentrations (25, 50, and 100 μg/
mL) and 0.5 mL of enzyme were incubated at 37�C for
15 min. Then, 0.5 mL of starch was added to the
medium, and the experiment was continued as stated
above with the addition of DNS and boiling. A sample
blank was run for each sample. When preparing the
sample blanks, the same experimental procedure was

FIGURE 1 Synthesis scheme of the

[Ag(5ClBZ)2(NO3)] complex.
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applied, replacing the enzyme with buffer. Acarbose
standard material was used to compare the results of
the samples. The α-amylase enzyme inhibition values of
the samples or acarbose were calculated according to
the formula below.

Absorbance amylase: The absorbance of the tube is
considered 100% active; Absorbance extract: Sample
absorbance � sample blank absorbance.

2.2.4 | In vitro determination of antioxidant
activity

DPPH• (2,2-difenil-1-pikrilhidrazil) radical scavenging
activity
The free radical scavenging activities of the 5CIBZ mol-
ecule and the [Ag(5ClBZ)2(NO3)] complex were deter-
mined using the DPPH• radical.52 Stock solutions of the
5CIBZ molecule and the [Ag(5CIBZ)2NO3] complex at
1 mg/mL concentration in methanol were prepared.
Samples were prepared from these solutions at three
different concentrations (25, 50, and 100 μg/mL); 1 mL
of these samples was taken, and 4 mL of a 0.1-mM
DPPH solution was added. All samples were vortexed
and allowed to stand in the dark for 30 min. The absor-

bance of the samples was measured at 517 nm in a
spectrophotometer. The same experimental procedure
was run for control tubes using methanol instead of
extract. BHT was used as the standard substance to
compare the results. The radical scavenging inhibition
values of the samples were calculated with the follow-
ing formula:

%Inhibition¼ Absorbance control�Absorbance sampleð Þ
Absorbance control

�100

ð2Þ

ABTS•+ [2,20-Azino-bis (3-etilbenztiyazolin-6-sülfonik
asit)] radical scavenging activity
The antioxidant activities of the 5CIBZ molecule and the
[Ag(5ClBZ)2(NO3)] complex were examined using
another radical, the ABTS•+ cationic radical.53 For this

purpose, a 7-mM ABTS solution and a 2.45-mM Na2S2O8

solution were prepared. These two prepared solutions
were mixed in a ratio of 1:0.5. It was wrapped in alumi-
num foil and left for 16 h to allow the radicals to form.
This radical solution was diluted with an 80% ethanol-
water solution so that the absorbance at 734 nm was
approximately 0.7. It was used in this form in the study.
Solutions of the samples to be examined were prepared at
three different concentrations: 25, 50, and 100 μg/mL;
50 μL of these samples were placed in test tubes; 2 mL of
this radical solution was added to the samples and kept
in a dark environment for 30 min. Then, their absor-
bance was measured at 734-nm wavelength in the spec-
trophotometer device. The same experimental procedure
was applied by adding methanol instead of extract to the
control tube. BHT was used as the standard substance in
the ABTS•+ radical scavenging method. The same experi-
mental procedure was repeated for the standards. The
absorbance of all samples was measured, and the % inhi-
bition values were calculated using the formula below.

2.2.5 | Statistical analysis

All analyses were conducted on three samples. The arith-
metic means and standard deviations of the results were
calculated using the Microsoft Office Excel program.

3 | RESULT AND DISCUSSION

3.1 | Geometric parameters

Geometric parameters for the free ligand and its
Ag(I) complex are listed in Table S1, and optimized

%Inhibition¼ Absorbance amylase�Absorbance Extract=acarboseð Þ
Absorbance amylase

�100 ð1Þ

%Inhibition¼ Absorbance control�Absorbance sampleð Þ=Absorbance control½ ��100 ð3Þ
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structures are presented in Figures 2 and 3. The bond
length and bond angle values of the 5ClBZ ligand were
compared with the XRD data of 2-chlorobenzimidazole,54

and those of the [Ag(5ClBZ)2(NO3)] complex were com-
pared with the XRD data of the (1H-Benzimidazole-
5-carboxylic acid-κN3)(1H-benzimidazole-6-carboxylic
acid-κN3)silver(I) perchlorate ([Ag(C8H6N2O2)2].ClO4)
complex (see Table S1).55

While the N1-C9 and N2-C9 bond lengths were calcu-
lated as 1.375 and 1.305 Å for the free ligand, these bond
lengths were calculated as 1.360 and 1.317 Å for the
Ag(I) complex, Also, the N16-C24 and N17-C24 bond

lengths of the [Ag(5ClBZ)2(NO3)] complex were found to
be 1.360 and 1.317 Å in the calculations. The N1-C3 and
N2-C4 bond lengths of the imidazole ring of the 5ClBZ
molecule were calculated as 1.384 and 1.387 Å, respec-
tively. The bond lengths of N1-C3/N16-C24 and N2-C4/N17-
C19 in the imidazole rings next to the [Ag(5ClBZ)2(NO3)]
complex were also calculated as 1.387 and 1.389 Å. The
C8-Cl14 bond length was found to be 1.763 for the free
ligand, and the C8-Cl14/C23-Cl29 bond lengths were found
to be 1.759 Å in its Ag(I) complex. The N2-Ag31 and N17-
Ag31 bond lengths of the complex structure were calcu-
lated as 2.238 Å, and the Ag31-O33 and Ag31-O34 bond
lengths were calculated as 2.639 A. The O32-N35, O33-N35,
and O34-N35 bond lengths of the nitrate group were found
to be 1.227, 1.273, and 1.273 Å, respectively.

While the C3-N1-C9 and C4-N2-C9 bond angles are cal-
culated as 106.77� and 104.87� for the free ligand, these
angles are 107.85� and 106.21�, respectively, in the com-
plex structure. In addition, the bond angles of C18-N16-
C24 and C19-N17-C24 for the title complex were found to
be 107.85� and 106.21�. While the N1-C9-N2 bond angle
in the imidazole ring of the 5ClBZ molecule was calcu-
lated as 113.52, the N1-C9-N2/N16-C24-N17 bond angles in
the imidazole rings of the ligands in the structure of the
[Ag(5ClBZ)2(NO3)] complex were calculated as 111.99�.
The N2-Ag31-N17 bond angle of the title complex was also
calculated at 160.65�.

To compare the calculated bond length and bond angle
values of the 5ClBZ molecule and the [Ag(5ClBZ)2(NO3)]
complex with the data of the 2-chlorobenzimidazole mole-
cule and the [Ag(C8H6N2O2)2].ClO4 complex, respectively,
correlation graphs were drawn (Figure S1), and R2 values
were calculated.

According to the correlation graph drawn to compare
the bond length and bond angles of the 5ClBZ molecule
with the 2-chlorobenzimidazole molecule, the R2 values
for bond lengths were calculated as 0.9833 and 0.9774 for
bond angles. These results show that bond lengths and
bond angles are compatible with each other because R2

values are close to 1.
In the correlation graph prepared for the [Ag

(5ClBZ)2(NO3)] complex, the R2 value obtained for bond
lengths is 0.9985, and this value is 0.8745 for bond angles.
The bond lengths of the cap complex are quite
compatible with those of the [Ag(C8H6N2O2)2].ClO4 com-
plex. Significant differences were determined between
the C4-N2-Ag31, C9-N2-Ag31, C19-N17-Ag31, and C24-N17-
Ag31 bond angle values of the [Ag(5ClBZ)2(NO3)] com-
plex and the XRD data of the compared complex. Apart
from these angle values, no significant difference was
observed between the other angle values. The fact that
the R2 value is far from 1 is due to the discrepancy
between these angle values.

FIGURE 3 Optimized geometric structure of the [Ag

(5ClBZ)2(NO3)] complex.

FIGURE 2 Optimized geometric structure of the 5ClBZ

molecule.
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3.2 | Vibrational analysis

Experimental frequency values were recorded for both
the free ligand and the title complex and listed in
Table 1. To ensure compatibility between experimental
and theoretical frequency values, values below and
above 1800 cm�1 were scaled with scale factors of
0.98356 and 0.961,57 respectively. Also, the experimental
IR spectra for the 5ClBz molecule and the synthesized
[Ag(5ClBZ)2(NO3)] complex are presented in Figure S2.

3.2.1 | N-H stretching vibrations

The N-H stretching vibrations appear in the region of
the IR spectrum in the range of 3500–3000 cm�1.58

These vibrational modes were not observed in the
experimental IR spectra for the 5ClBZ molecule and the
[Ag(5ClBZ)2(NO3)] complex. The N-H stretching vibra-
tions were calculated at 3094/3095 cm�1 for the title
complex in the theoretical calculations. While this
vibration mode is observed at 3600 cm�1 in the FT-IR
spectrum of the benzimidazole molecule, the theoretical
value is calculated at 3513 cm�1.59

3.2.2 | C-H stretching vibrations

The C-H stretching vibrations of heterocyclic aromatic
compounds are generally observed in the region of 3100–
3000 cm�1.60 This stretching vibration was determined at
3038 (w) cm�1 for the free ligand and 3056 (vs) cm�1 for
the Ag(I) complex in the IR spectrum. For the benzimid-
azole molecule, these vibrational modes were observed at
3124, 3104, 3068, 3044, and 3016 cm�1 and were calcu-
lated at 3099, 3070, 3060, 3049, and 3039 cm�1.59

3.2.3 | C-H in-plane and out-of plane
bending vibrations

The in-plane bending vibrations are observed in the
range of 1300–1000 cm�1.61 These vibrations were experi-
mentally observed at 1194 (w), 1132 (w), and 1056
(s) cm�1 for the [Ag(5ClBZ)2(NO3)] complex and at 1194
(w) and 1057 (s) cm�1 for the 5ClBZ molecule. The out-of
plane bending vibrations are observed in the range of
1000–700 cm�1.62 For the 5ClBZ molecule and its silver
nitrate complex, these vibration values were found at
847 (vs) and 845 (s) cm�1, respectively. Also calculated at
861 and 792 cm�1 in the silver nitrate complex.

While the frequency values observed at 1273, 1202,
1157, 1135, and 1114 cm�1 were assigned as in-plane

bending vibrations for the benzimidazole molecule, the
frequency values observed at 933, 885, 769, and 749 cm�1

were assigned as out-of-plane bending vibrations.59

3.2.4 | C-C and C-N vibrations

In the IR spectrum, C-C and C-N stretching vibrations are
observed in the regions of 1650–1200 cm�163 and 1342–
1266 cm�1,64 respectively. Frequency values for the 5ClBZ
molecule and the [Ag(5ClBZ)2(NO3)] complex at which
only C-C stretching vibrations were seen at 1631(w)/1626
(m), 1582(w)/1589(s), and 1272(m)/1273(m) cm�1. Fre-
quency values in which C-C and C-N vibrations are seen
together (superimposed) are 1406 (s) and 1288 (s) cm�1 for
the Ag(I) complex, 1478 (m), 1419 (m), and 1290 cm�1 for
the free ligand. Other C-N stretching vibrations were
observed for the free ligand at 1235 (m) and 1122
(w) cm�1, while for its silver nitrate complex, 1226
(m) and 1114 (m) cm�1 were observed and calculated at
1239 and 1111/1114 cm�1.

Finally, the C=N stretching vibration for the synthe-
sized [Ag(5ClBZ)2(NO3)] complex was observed at 1489
(s) cm�1 and calculated at 1492/1496 cm�1. This vibra-
tion was observed at 1504 cm�1 in the IR spectrum of the
free ligand. This shift in the C=N stretching vibration
value indicates that the N atom in the imidazole ring of
the 5ClBZ ligand is coordinated with the Ag atom.

In a previous study, the frequency values of the free
indazole molecule and the synthesized silver nitrate com-
plex were given. In this study, it was stated that the C=N
stretching vibration observed at 1620 cm�1 for the inda-
zole molecule shifted to 1630 cm�1 in its silver nitrate
complex, and the reason for this shift was the coordina-
tion of the N atom and the Ag atom.65 In another study
in the literature, metal complexes of benzimidazole deriv-
atives have been synthesized. It has been reported that
the C=N stretching vibrations of the imine group of the
free benzimidazole ligands were observed at 1631, 1639,
1633, and 1613 cm�1, and these vibrational values of the
synthesized metal complexes shift in the range of 6–
35 cm�1. Therefore, it was concluded that the N atoms in
the imine group of the ligand are coordinated with the
metals.66

3.2.5 | N-O vibrations

In the IR spectrum of the [Ag(5ClBZ)2(NO3)] complex,
two frequency values were observed at 1328 (s) and 1047
(m) cm�1, which are not found in the spectrum of the
free ligand. These frequency values belong to the N-O
stretching vibration of the nitrate group. Another N-O
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TABLE 1 Recorded and calculated IR frequencies of the [Ag(5ClBZ)2(NO3)] complex and their assignments according to potential

energy distribution (%), and measured IR frequencies of the 5CLBZ molecule.

Calculated Observed

Mode Fre Frea IIR
b IR 5CLBZ IR [Ag(5ClBZ)2(NO3)] TEDc

1 10 10 0.02 38δNOH

2 19 19 0.20 46δNOH þ13ΓNCHO

3 20 20 0.09 18δCHOþ20δHON þ19ΓCHON

4 25 24 1.04 11ΓAgCCN + 25ΓOHCN+

5 44 43 0.30 22δCHOþ20ΓCHON þ20ΓHONO

6 55 55 0.13 50 w 11δCHOþ13δNOH þ11ΓCHON

7 57 57 0.00 57 w 11υOH þ11δAgNC + 18δOHC + 13ΓOHCN

8 65 64 0.66 21υAgOþ46δOHC þ11ΓCHON

9 72 71 2.09 76 vs 72 s 10δAgNC + 18δNOH + 20ΓOHCN

10 89 87 0.17 86 m 13υAgOþ22υOH þ38δAgNC

11 94 92 1.06 96 w 96 m 17δNOH þ11ΓOHCN þ11ΓNCHOþ28ΓAgCCN

12 118 116 1.76 109 m 26υAgOþ16υAgN þ22δOHC þ52ΓHONO

13 122 120 2.09 62υOH

14 130 127 2.08 126 w 123 m 52ΓCCCN þ12ΓCNCC

15 133 130 2.48 137 m 15ΓCCCN þ16ΓCNCN þ10ΓCNCC

16 165 162 3.42 150 m 26υAgOþ10υAgN þ51υOH

17 202 199 0.60 203 w 72υAgN

18/19 249/252 245/248 0.12 10ΓCCCN þ10ΓCNCN þ22ΓCNCC

20 257 253 0.10 252 w 255 w 67δClCC

21 261 257 0.43 61δClCC

22/23 333 327 0.82 67ΓCNCC

24/25 372 365 1.57 372 w 372 w 45υClC þ24δCCC

26/22 429 422 1.26 422 w 416 w 80ΓClCCC

28/29 468 460 3.19 459 w 61δCCN

30/31 499 491 1.66 71ΓHNCN

32/33 598 588 4.76 591 m 23υCN þ10υClC

34/35 606 596 5.58 596 s 608 s 48ΓCCCN þ12ΓCNCN

36/37 654 643 2.00 634 s 22ΓHNCN þ34ΓCNCN

38 713 701 0.35 15υAgO + 14υCC þ62δONO

39/40 714 702 2.52 711 s 710 m 11υCCþ12υClC þ12δNCN þ22δONOþ14δCCC

41 722 710 5.55 86δONO

42/43 758 745 6.51 749 m 761 m 20ΓCNCN þ47ΓCNCC

44/45 806 792 8.03 82ΓCCCH

46/57 809/810 796/797 6.74 797 vs 796 s 24υCCþ26δCNC

48 829 815 1.11 818 w 98ΓOOON

49/50 876 861 5.12 847 vs 845 m 82ΓCCCH

51/52 922 907 12.12 907 s 912s 50δCCC

53/54 943 927 0.42 67ΓNCHOþ10ΓCNCN

55/56 948 932 1.96 932 m 56ΓHCNC þ12ΓCNCN

57/58 972/974 957 7.99 956 s 970 s 67δCCC

59 1066 1047 5.40 1047 m 81υNO

(Continues)
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stretching vibration for the title complex was also
observed at 1462 (s) cm�1. The calculated values corre-
sponding to the experimental values are 1464, 1296, and
1047 cm�1. In a study in the literature, the [Ag (methyl
4-pyridyl ketone)2NO3] complex was synthesized, and
N-O stretching vibrations were reported for this structure
at 1499, 1063, and 689 cm�1.57 The N-O stretching vibra-
tions of the nitrate group of the [C10H9N3]4AgNO3 com-
plex synthesized in another study were observed at 1337
and 1196 cm�1 in the experimental IR spectrum.67

3.2.6 | C-Cl vibrations

The C-Cl stretching vibrations are observed generally as
strong bands in the region 760–505 cm�1. For the title
complex, the peaks of C-Cl vibration were observed at
711, 591, and 372 cm�1 in the experimental IR spectrum,
while this vibration was observed at 711 and 372 cm�1 in

the free ligand. This vibration value of the 2-chloro benz-
imidazole molecule has been reported at 624 cm�1.16,68

3.2.7 | Ag-N and Ag-O vibrations

For the [Ag(5ClBZ)2(NO3)] complex, some of the Ag-N
and Ag-O vibrations were observed together at
150 (m) and 109 (m) cm�1. The other Ag-N stretching
vibration was measured at 203 (w) cm�1, while the other
Ag-O stretching vibration was measured at 86 cm�1.
Although not observed in the experimental spectrum,
Ag-O stretching vibrations were also obtained at 701 and
64 cm�1 in theoretical calculations. Ag-N stretching
vibrations for the [Ag (methyl 4-pyridyl ketone)2NO3]
complex were observed as a weak band at 190 and
163 cm�1.57 In another study, one of the Ag-N vibrational
bands of the synthesized (C10H9N3) � AgNO3 complex
was observed at 119 cm�1.68 Ag-O vibrations were also

TABLE 1 (Continued)

Calculated Observed

Mode Fre Frea IIR
b IR 5CLBZ IR [Ag(5ClBZ)2(NO3)] TEDc

60/61 1073 1054 6.51 1057 s 1056 s 11δCNC þ13δCCC þ20δCCH

62/63 1130 1111/1114 15.47 1122 w 1114 m 42υCN þ26δHNC þ16δNCH

64/65 1150 1131 0.20 1132 w 19δCCC þ46δCCH

66/67 1206 1186 3.73 1194 m 1194 w 19δCCH þ12δNCH þ12δCCN

68/69 1261 1239 4.12 1235 m 1226 m 17υCN þ49δCCH

70/71 1273/1276 1252/1254 18.28 1256 m 1253 m 25υCN þ11δCCC þ23δHNCþ11δNCH

72 1300 1278 23.76 1272 m 1273 m 64υCC

73 1315 1293 7.07 1290 s 1288 s 30υCCþ21υCN þ11δCCC þ10δHCN

74 1319 1296 8.56 1328 s 31υNO

75/76 1376 1353 6.88 1345 m 1344 s 23υCC

77/78 1423 1399 9.35 1419 m 1406 s 21υCCþ15υCN þ22δHNC

79/80 1480 1455 22.59 12υCN þ10δCNC þ34δCCH

81 1490 1464 100.00 1464 m 1462 s 12υCCþ58υNO

82/83 1494 1469 1.62 1478 m 11υCN þ31υCC

84/85 1518/1522 1492/1496 9.77 1504 w 1489 s 43υCN þ21δHCN

86/87 1620 1593 8.27 1582 w 1589 s 25υCCþ22δCCC þ13δCNC

88/89 1660 1631 5.97 1631 w 1626 m 55υCC

90/91 3186 3062 9.96 3038 w 3056 vs 88υCH

92/93 3208 3083 0.13 94υCH

94/95 3209 3083 0.22 90υCH

96/97 3219/3221 3094/3095 17.25 3088 vw 3146 vs 97υCH

98/99 3655 3512 16.98 99υNH

Note: υ: stretching, δ: in-plane bending, Γ: torsion, s: strong, m: medium, w: weak, v: very.
aScaled wavenumbers calculated at B3LYP/6-311++G(d,p) using scaling factors 0.983for the wavenumber less than 1800 cm�1,56and 0.961 above 1800 cm�1.57
bRelative absorption intensities normalized with highest peak absorption equal to 100.
cTotal energy distribution level (TED) less than 10% are not shown.
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measured at 124 and 100 cm�1 for the AgNO3 complex of
2-methyl-quinoxaline.69

To determine the agreement between the experimen-
tal frequency values of the [Ag(5ClBZ)2(NO3)] complex
and the calculated frequency values, a correlation graph
was drawn (Figure S3), and the R2 value was determined
for the grade line. The R2 value is 0.9998, and this result
shows that the experimental and calculated frequency
values are highly compatible.

3.3 | 1H NMR spectroscopy

NMR spectroscopy is one of the important tools used to
determine the structure of organic and inorganic mole-
cules. Therefore, the 1H NMR spectra of the 5ClBZ
molecule and the [Ag(5ClBZ)2(NO3)] complex were
recorded in DMSO solvent. Experimental and theoretical
chemical shift values are listed in Table 2. In addition, 1H
NMR spectra are presented in Figure S4.

The experimental chemical shift values for the H
atoms of the 5ClBZ molecule are (H10) 7.60, (H12) 7.66,
(H13) 8.14, and (H15) 7.30 ppm. The theoretical values
corresponding to these values are 7.78, 8.07, 8.28, and
7.56 ppm, respectively. In the experimental 1H NMR
spectrum of the synthesized [Ag(5ClBZ)2(NO3)] complex,
the chemical shift values (H10/H25) are 7.90/7.77, (H12/
H37) 8.45, (H13/H28) 8.79/8.69, and (H15/H30) 7.39 ppm.
The calculated values for these H atoms are 7.88, 8.20,
9.36, and 7.66 ppm, respectively.

When the 1H NMR spectra of the free ligand and the
synthesized title complex are compared, it is seen that
the chemical shift values of the H12 and H13 atoms switch
to a significantly higher value. In addition, similar results
were obtained from theoretical calculations. These
results show that the geometry of the synthesized com-
plex was designed correctly.70

3.4 | Frontier molecular orbitals (FMOs)
and UV-Vis analyses

The frontier molecular orbitals, called the highest occu-
pied molecular orbital (HOMO) and the lowest occupied

molecular orbital (LUMO), are the most important
features used to determine the electrical and optical
properties of a molecule. It is also known as the
electron-donating ability of the HOMO molecule and the
electron-receiving ability of the LUMO molecule.71,72

After determining the energy values of these two molec-
ular orbitals, the energy values of the other quantum
chemical properties such as ionization potential (I), elec-
tron affinity (A), global hardness (η), electronegativity
(χ), chemical potential (μc), global softness (σ), and
global electrophilicity (ω) can be calculated with the fol-
lowing equations73:

I¼�EHOMO ð4Þ

A¼�ELUMO ð5Þ

η¼ �EHOMOþELUMOð Þ
2

ð6Þ

χ¼�μc ð7Þ

μc ¼
EHOMOþELUMOð Þ

2
μ ð8Þ

σ¼ 1=η ð9Þ

ω¼ μc
2ð Þ

2η
ð10Þ

All the above quantum chemical properties are given
in Table 3. HOMO has a value of �6.57 eV, and LUMO
has a value of �1.21 eV for the 5ClBZ molecule. The ener-
gies of these two molecular orbitals are �5.92 and
�1.69 eV for the [Ag(5ClBZ)2(NO3)] complex. The energy
gaps calculated for the free ligand and its Ag(I) complex to
donate electrons from the HOMO orbital with a higher
number of electrons with more energy to the LUMO
orbital with fewer electrons with lower energy are 5.36
and 4.23 eV, respectively. Also, the global hardness energy
values of the 5ClBZ molecule and the [Ag(5ClBZ)2(NO3)]
complex are 2.68 and 2.11 eV, respectively. These band
gaps and global hardness values confirm that both the

TABLE 2 Experimental and

theoretical chemical shift values of the

5ClBZ molecule and the [Ag

(5ClBZ)2(NO3)] complex.

Ligand Complex

Atoms Experimental Calculated Atoms Experimental Calculated

H10 7.60 7.78 H10/H25 7.90/7.77 7.88

H12 7.66 8.07 H12/H37 8.45 8.20

H13 8.14 8.28 H13/H28 8.79/8.69 9.36

H15 7.30 7.56 H15/H30 7.39 7.66

KUCUK ET AL. 9 of 21
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5ClBZ molecule and the [Ag(5ClBZ)2(NO3)] complex are
very stable, and charge transfers occur within molecules.
When the energy gap values and global hardness values of
the free ligand and the synthesized complex are compared,
the [Ag(5ClBZ)2(NO3)] complex has a softer structure than
the free ligand.74,75

HOMO and LUMO graphs are presented in Figure 4.
For the 5ClBZ molecule, HOMO was distributed over the
entire molecule, while for the [Ag(5ClBZ)2(NO3)] com-
plex, it was distributed over the Ag atom and NO3 group
in the structure. The LUMO orbitals for both the free
ligand and the Ag(I) complex were also distributed over
the entire ligand, except for the Cl atom.

Also, the UV-Vis spectrum of the free ligand and its
Ag(I) complex was recorded and presented in Figure 5.
While absorbance peaks were observed at 214, 244,
280, and 286 nm for the 5ClBZ molecule, the absorbance
peaks for the [Ag(5ClBZ)2(NO3)] complex were observed
at 223, 254, 278, and 286 nm. When the absorbance peaks
of the 5ClBZ molecule and [Ag(5ClBZ)2(NO3)] complex
were compared in the experimental UV-Vis spectrum, it
was determined that the peaks obtained at 214 and
244 nm for the free ligand shifted to 223 and 254 nm,
respectively. This shift in the absorbance peaks is an indi-
cation that the free ligand and the Ag atom are
coordinated.65 The experimental bands of the ligand and
silver complex are mainly due to H � 1 ! L and
H � 3 ! L � 3 excitations (Table 4), which are assigned
to π ! π* and n ! π* transitions, respectively.

3.5 | MEP analysis

The molecular electrostatic potential map is a tool used
to determine the reactive regions of a molecule using the-
oretical computational methods.76 Colored MEP surfaces
created according to electrostatic potential increasing in
the order of blue < green < yellow < orange < red are
presented in Figure 6.77 When the MEP map of the 5ClBZ
molecule is examined, it is seen that the red-colored
region (mostly negative) is distributed around the N2

atom. In addition, the Cl atom is in the yellow region,
which is less electron-rich than the red color. According
to the MEP map of the [Ag(5ClBZ)2(NO3)] complex, it is
observed that the most negative region is distributed over
the O atoms of the NO3 group. In addition, as a result of
the coordination of the N atoms with a negative value
with the Ag atom with a positive value, they are now in
the positive, that is, blue-colored region. In a study in the
literature, the silver nitrate complex of thiourea was syn-
thesized, and a MEP map was created. In this map, the
most negative region (electrophilic) showed a distribution
on the nitrate group, while the most positive regionT
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(nucleophilic) showed a distribution on the Ag atom.78

Similar results are available in other studies in the
literature.57

3.6 | Charge and Fuki function analysis

Determining the atomic charge and Fukui function
values of a molecule are very important because they are
related to electronics, dipole moment, molecular polariz-
ability properties, and other molecular properties.79,80 In
this study, APT, NBO, and Hirshfeld charge and Fukui
function analyses of the 5ClBZ molecule and its [Ag
(5ClBZ)2(NO3)] complex were theoretically performed.
The charge values of the 5ClBZ molecule and the [Ag
(5ClBZ)2(NO3)] complex are listed in Table S2 and pre-
sented in Figure 7.

According to the three different charge analyses of
the 5ClBZ molecule, the atoms with the most negative
charge are the N1 and N2 atoms. In addition, the Cl14
atom and the C6 and C7 atoms also have negative values.
When the charge analysis of the [Ag(5ClBZ)2(NO3)]

complex was examined, N1, N2, N16, and N17 and O32, O33,
and O34 atoms belonging to the nitrate group were deter-
mined to have the most negative values. In addition, C6,
C7, C21, and C27 atoms in the complex structure were also
found to be negative. The Ag31 atom and N35 atom in the
complex were found to be the atoms with the most positive
value according to all three charge methods. These results
obtained from load analyses are also very compatible with
each other when compared with MEP maps.

Fukui functions were calculated with the following
equations to determine the neutral, nucleophilic, and
electrophilic attack values of the 5ClBZ molecule and the
[Ag(5ClBZ)2(NO3)] complex from the Hirshfeld charges
of the neutral, cation, and anion states.81,82

ƒk
0 ¼ 1=2ð Þ qk Nþ1ð Þ�qk N�1ð Þ½ � neutral attack ð11Þ

ƒk
þ ¼ qk Nþ1ð Þ�qk Nð Þ nucleophilic attack ð12Þ

ƒk
� ¼ qk Nð Þ�qk N�1ð Þ electrophilic attack

ð13Þ

FIGURE 4 The HOMO-LUMO

diagram of the 5ClBZ molecule and the

[Ag(5ClBZ)2(NO3)] complex.
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The qkN, qk(N + 1), and qk(N � 1) in these equations
are the total charge amounts in the rth atom in the neu-
tral, cationic, and anionic states, respectively. Also, a new
descriptor Δf(r), called the dual descriptor, was proposed
to predict nucleophilic and electrophilic regions by83

Δf rð Þ¼ fþ rð Þ� f� rð Þ ð14Þ

According to this equation, if Δf(r) > 0, the region is
favored for nucleophilic attack, and if Δ(f ) < 0 the region
is preferred for electrophilic attack. In other words, when
Δf(r) > 0, the region is electrophilic, and when Δ(f ) < 0,
the region is nucleophilic.84 Fukui function values for the

5ClBZ molecule and the [Ag(5ClBZ)2(NO3)] complex are
presented in Table S3, and dual descriptor maps designed
using the Multiwfn program are presented in Figure 8.43

In Figure 8, the blue and yellow colors represent elec-
trophilic and nucleophilic regions, respectively. In the
image created for the 5ClBz molecule, it was determined
that N1, C3, C8, and Cl14 atoms are electrophilic. In the
image created for the [Ag(5ClBZ)2(NO3)] complex, it was
determined that the oxygen atoms of the nitrate group
(O32, O33, and O34) and the C3, C8, C18, C23, Cl14, and Cl29
atoms were electrophilic. These images created with Mul-
tivfn are also in harmony with the results obtained from
the Fukui functions calculated with the Gaussian 09W

FIGURE 5 Experimental UV-Vis

spectra of the 5ClBZ molecule and the

[Ag(5ClBZ)2(NO3)] complex.

TABLE 4 UV-Vis absorption wavelengths, excitation energy, oscillator strength and major contribution values of 5ClBZ molecule and

the [Ag(5ClBZ)2(NO3)] complex.

Compound
Exp.

Theo.

λmax (nm) λmax (nm) E (eV) f Symmetry Major contributions

5ClBZ 280 261 4.75 0.0885 Singlet-A HOMO�1/LUMO+1

244 242 5.12 0.0793 Singlet-A HOMO�1/LUMO
HOMO/LUMO

214 204 6.07 0.6107 Singlet-A HOMO/LUMO
HOMO�1/LUMO

[Ag(5ClBZ)2(NO3)] 280 263 4.71 0.2210 Singlet-A HOMO�1/LUMO+1

254 246 5.02 0.1093 Singlet-A HOMO�4/LUMO+1

223 226 5.48 0.0781 Singlet-A HOMO�3/LUMO+3
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package program. In addition, the results obtained for
the Fukui functions are also in good agreement when
compared with the MEP map and charge analyses.

3.7 | In vitro biological activity

3.7.1 | Antidiabetic activity (α-amylase
enzyme inhibition)

The enzymes that enable the breakdown of starch into
glucose are α-amylase and α-glycosidase.85,86 Therefore,

inhibitors of these enzymes have important functions in
the control of diabetes.87 Therefore, inhibition of these
enzymes is important. α-amylase enzyme inhibition per-
centages and IC50 values of 5CIBZ, [Ag(5ClBZ)2(NO3)],
and standard acarbose are shown in Table 5 and
Figure 9.

In this study, α-amylase enzyme inhibition IC50

values were determined as 5CIBZ (189.87 μg/mL), [Ag
(5ClBZ)2(NO3)] (126.75 μg/mL), and standard acarbose
(28.96 μg/mL). It was determined that the antidiabetic
capacity of the Ag-benzimidazole complex was stronger
than that of the 5CIBZ ligand. The results were compared
with standard acarbose.

The antioxidant and antidiabetic capacities of
benzimidazole-based Cu and Zn complexes were investi-
gated. As a result of this study, the in vitro antidiabetic
activity of benzimidazole complexes was expressed with
IC50 values. Complex 1 (0.74 mg/mL) and complex
2 (1.00 mg/mL) were designated as standard acarbose
(2.34 mg/mL). α-amylase activity from the Zn complex
was not determined. It has been reported that copper
complexes exhibit more effective antidiabetic activity than
standard acarbose and the ligand benzimidazole
(39.87 mg/mL).88 In a study, the in vitro α-amylase inhibi-
tion of 31 arylated and hetero-arylated benzimidazoles was
examined. It has been reported that the enzyme inhibition
IC50 values of the samples ranged between 1.86 ± 0.08 and
3.16 ± 0.31 μM.89 The antidiabetic activities of 10 benz-
imidazole-substituted coumarin-3-carboxamide substances
were measured. It was determined that α-amylase enzyme
inhibition IC50 values ranged between 67.52 and
105.86 μM.90 It was seen that our results were compatible
with the studies performed.

3.7.2 | Antioxidant activity (DPPH• and
ABTS•+ radicals scavenging activity)

The antioxidant capacities of the samples were deter-
mined by looking at their radical scavenging activities.
The percentages of inhibition of these radicals and IC50

values of the samples were determined. Standard BHT
material was used to compare the results. The results are
expressed in Table 6 with Figure 10.

The IC50 (50% inhibitory concentration) value is called
the amount of antioxidant substance that reduces the ini-
tial DPPH radical concentration of the samples by 50%. A
low IC50 value indicates high antioxidant activity.91,92 The
IC50 results of 5CIBZ, [Ag(5ClBZ)2(NO3)], and standard
BHT samples were found to be 150.67, 105.62, and
18.39 μg/mL, respectively. In a study examining the DPPH
radical scavenging effect of benzimidazole-based Cu and
Zn complexes, the IC50 values were determined to be

(a)

(b)

FIGURE 6 Molecular electrostatic potential surface (MEP)

maps of the 5ClBZ molecule (a) and the [Ag(5ClBZ)2(NO3)]

complex (b).
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copper complex 1 (43.72 μg/mL), copper complex
2 (43.76 μg/mL), and standard vitamin C (5.63 μg/mL).88

In one study, the in vitro scavenging capacities of 31 ary-
lated and hetero-arylated benzimidazoles against these
two radical types were examined. Moreover, IC50 values of
DPPH• and ABTS•+ radical scavenging capacities have
been reported to range from (1.36 ± 0.09–3.60 ± 0.20 μM)
and (1.37 ± 0.21 to 4.00 ± 0.10 μM), respectively.89 In a
study, the antioxidant activities of benzimidazole-
substituted coumarin-3-carboxamide substances were
examined. As a result, the scavenging activities of 10 sub-
stances on these two different radicals were determined. It
has been reported that DPPH• radical scavenging IC50

results vary between (89.67 and 145.21 μM) and ABTS•+

radical scavenging values (93.45 and 143.5 μM).90 Our
study results were found to be compatible with the
literature.

3.8 | In silico biological activity

3.8.1 | Molecular docking studies

Molecule activities have been analyzed using Gaussian
calculation results, but this method is insufficient. To
completely analyze the activity of the compounds, molec-
ular docking calculations were undertaken. To corrobo-
rate the experimental study on the biological activities of
the free ligand and Ag(I) complex, we have chosen appro-
priate receptors and docked these molecules against
them. In our study, the antioxidant and antidiabetic abili-
ties of the title compounds were elucidated.

Molecular docking with the α-amylase enzyme
Pancreatic enzyme α-amylase typically breaks down poly-
saccharides into short-chain carbs, allowing them to pass
across the blood–brain barrier more easily. In patients
with type II diabetes, however, α-amylase must be inhib-
ited or delayed in order to prevent hyperglycemia.35 The
molecular docking study of the compounds with alpha-
amylase (PDB ID: 2VQ4) was conducted in an effort to
determine the compounds' suitability with respect to the
chosen protein target and antidiabetic potential.93

The docking properties, including the free energy of
binding and inhibition constant (Ki), along with the
extent of hydrogen bonding interactions, are summarized
in Table 7. The results showed that both standard drug
acarbose and title compounds were able to bind to the
active site of α-amylase, the calculated binding energy
was found to be �9.1 and �4.9, �10.1 kcal/mol, respec-
tively, for acarbose and title compounds. A stable
complex-enzyme complex forms when the binding affin-
ity between the Ag(I) complex molecules and receptor
protein is stronger, which is correlated with a lower bind-
ing free energy. That is consistent with the findings of
in vitro investigations. The results revealed that title com-
pounds have a high binding affinity when compared with
the standard drug acarbose, which are consistent
with the findings of in vitro research. The analytical
expression of IC50 for different types of inhibition is
related to the apparent computed inhibitory constants
(calc. Ki).

94 Determining these values indicates that at a
fixed substrate concentration the lower the IC50 and Ki,
the stronger the inhibitor, and the less drug is needed to
inhibit enzyme activity. The antidiabetic capacity of the

FIGURE 7 Charge graphics of the

5ClBZ molecule and the [Ag

(5ClBZ)2(NO3)] complex.
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Ag(I) complex was found to be greater than that of
the free ligand. The results were compared with those
obtained with the reference drug acarbose. Docking
results reveal that lowering the binding energy value
lowers the inhibitor constant (Ki), which enhances bio-
logical activity, and Figure 11 shows the surface diagram
indicating the docking interactions between the active
site and each title compounds. The free ligand created
strong hydrogen bond contact with GLU'233 and ILE'235
in the active site of the human pancreatic α-amylase
enzyme. This strong interaction was a hydrogen donor
between the N-atom of the imidazole ring and GLU'233
and ILE'235 residues. Also, the binding of the
Ag(I) complex with amino acids (TYR'62, HIS'101,
ARG'195, ASP'300) and the presence of the -OH group
formed by the enzyme with this nitrate group increases
the antidiabetic activity. While the other type of interac-
tion was π–H between the benzene ring and HIS'235 over
a distance of 3.54 Å, halogen bands were displayed
between the Cl atom and GLU'233 (2.81 Å).

Molecular docking with antioxidant enzyme
Antioxidant agents mainly function as electron acceptors
or hydrogen donors at the reactive site to eliminate free
radicals. Thus, to develop novel therapeutic drugs to
eliminate the damage or impact caused by free radicals is
to achieve greater awareness.95 So, in this regard, a
molecular docking study was performed to analyze the
binding modes of the studied compound against the anti-
oxidant enzyme (PDB ID: 3NM8). The calculated docking
parameters, contact area, and Ki values of both com-
pounds compared with the standard compound (ascorbic
acid) are shown in Table 7, while the binding interactions
are shown in Figure 11. The results showed that both the
ligand and its Ag(I) transition metal complex could bind

(a)

(b)

FIGURE 8 Dual descriptor graphics for Fukui functions of the

5ClBZ molecule (a) and the [Ag(5ClBZ)2(NO3)] complex (b).

TABLE 5 α-amylase enzyme inhibition percentages with IC50 values of the samples.

Samples Concentration (μg/mL) α-amylase % inhibition IC50 (μg/mL)

5CIBZ 25 18.25 ± 1.28 189.87

50 24.41 ± 1.38

100 32.72 ± 1.05

[Ag(5ClBZ)2(NO3)] 25 24.55 ± 1.59 126.75

50 32.09 ± 1.35

100 43.17 ± 1.43

Standard (Acarbose) 25 46.84 ± 1.56 28.96

50 59.24 ± 1.24

100 70.13 ± 1.48
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to the active site of the enzyme. When the binding of the
title compounds was compared with the standard antioxi-
dant ascorbic acid, it was found that both compounds
had strong antioxidant properties. Whereas, the silver
complex was found to have the best docking score
(�8.8 kcal/mol) but was less effective as an antioxidant
(inhibition constant Ki = 464.62 μM). Interactions

showing that proteins are inhibited due to the interaction
of molecules with proteins are given in Figure 11. In gen-
eral, these interactions are chemical interactions, and
they are hydrogen bonds, polar and hydrophobic interac-
tions, π-π, and halogen. The free ligand and its silver
complex were found to hydrogen bond with the nitrogen
atom in the imidazole ring, VAL'217 and ASP'36 residues
(Figure 11). Additional hydrophobic contacts were dis-
covered with ALA'40, ALA'44, LYS'47, GLY'43, ILE'139,
VAL'218, ARG'209, and ALA'221.

3.8.2 | Physicochemical characteristics

Pharmacokinetic analysis should be performed to better
understand the usefulness of a compound in terms of its
potential application as a drug or supplement due to
its fingerokinetic parameters and drug-like properties.
The analysis is based on the calculation of some impor-
tant physiochemical parameters described by the struc-
ture of a particular compound.96,97 Therefore, to discover

FIGURE 9 α-amylase enzyme

inhibition percentages of the samples.

TABLE 6 Inhibition percentages with IC50 values of the samples against DPPH• and ABTS•+ radicals.

Samples
Concentration
(μg/mL)

% inhibition
of DPPH• IC50 (μg/mL) % inhibition of ABTS•+ IC50 (μg/mL)

5CIBZ 25 18.89 ± 1.03 14.98 ± 1.68

50 29.43 ± 1.37 150.67 27.12 ± 1.38 165.78

100 37.27 ± 1.62 33.55 ± 1.58

[Ag
(5ClBZ)2(NO3)]

25 23.38 ± 1.05 21.33 ± 1.49

50 38.11 ± 1.71 105.62 35.16 ± 1.47 113.48

100 46.87 ± 1.44 44.73 ± 1.27

Standard (BHT) 25 48.82 ± 1.64 47.42 ± 1.59

50 69.22 ± 1.31 18.39 65.91 ± 1.44 23.29

100 82.33 ± 1.43 75.93 ± 1.48

FIGURE 10 Percent inhibition values of samples against

DPPH• and ABTS•+ radicals.
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the drug-like properties of the molecules we studied, we
examined whether they complied with Lipinski's rule
of five for drug likeliness. The free ligand and its
Ag(I) complex were compared with known standard ref-
erence drugs Acarbose and Ascorbic Acid, and their
drug-likeness was evaluated according to Lipinski's rule.

According to the predicted results, all compounds qualify
as orally active drugs as they adhere to “Lipinski's rule of
five” criteria (lipophilicity (LogP) ≤ 5, HBD ≤ 5,
HBA ≤ 10, molecular weight (g/mol) ≤ 500 g/mol, polar-
ity: 20 Å ≤ TPSA (Å2) ≤ 140 Å, and flexibility (rotatable
bonds): <9), molar refractivity in the range of 40–130.96,98

TABLE 7 Docking parameters of the interaction compound with receptors.

Receptor Compounds H-bonded residues
Bonded distance
(Å)

Binding Energy
(kcal/mol)

Inhibition constant
Ki (μM)

2QV4 5CIBZ LYS 200, GLU 233,ILE 235 3.22, 2.30, 2.17 �4.9 237.06

[Ag
(5ClBZ)2(NO3)]

TYR 62, HIS 101,
ARG 195, ASP 300

2.08, 2.87
2.38, 2.91

�10.1 45.14

3NM8 Acarbosea GLN 63, TRP 59,
ASN 105, ALA 106
VAL 107, THR 163
GLY 164, GLU 233
ASP 300, TYR 62

�9.1

5CIBZ HIS 42, HIS 60, HIS 204, VAL 217 3.64, 2.52, 3.542.95 �5.5 197.90

[Ag
(5ClBZ)2(NO3)]

ASP 36, ASP 140 2.29, 2.25 �8.8 464.62

Ascorbic acida �4.4

aStandard drug: acarbose, ascorbic acid.

FIGURE 11 Two-dimensional view

of intermolecular interactions with an

enzyme and different amino acids

(a) free ligand (5CIZB), (b) Ag(I)-

Complex.
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As can be seen from Table 8, the studied compounds did
not show any violations of the Lipinski rules, and these
results showed that the drugs had good bioavailability.
Furthermore, this behavior is similar to that of ascorbic
acid, but it is superior to acarbose, which exhibited a vio-
lation of Lipinski's rule in Table 8.

3.8.3 | Pharmacokinetic analysis

The identification of a medicine is a significant step, but
it is not adequate because the drug may be toxic or have
poor ADMET properties. Predicting ADMET characteris-
tics is crucial to avoiding complications during clinical

TABLE 8 Physiochemical descriptors (Lipinski's rule of five) of compounds.

Compounds Mol.Wt H-bond acceptor H-bond donor
No: of rotating
bond TPSA (A2) Log P

Molar
refractivity

5CIBZ 152.58 1 1 0 28.68 2.22 41.10

[Ag(5ClBZ)2(NO3)] 478.06 6 5 2 113.69 0.68 110.25

Acarbosea 645.11 19 14 9 321.17 �6.94 136.69

Ascorbic acida 176.126 6 3 2 107.22 �1.41 35.12

aDrugs reference, topological polar surface area (TPSA); number of rotatable bonds (n-rotb); molecular weight (Mol.Wt).

TABLE 9 Pharmacokinetic/ADMET parameters of compounds.

Compounds GIA BBB permeanta HIA absorptionb
Caco-2 permeabilityc

(nm/s) Log Kp (cm/s)d Toxicity Class

5CIBZ High 4.82 93.25 43.39 �5.05 II

[Ag(5ClBZ)2(NO3)] High 0.51 98.52 68.66 �6.08 III

Abbreviations: BBB, blood–brain barrier; Caco-2 (colorectal carcinoma), cell permeability; GIA, gastrointestinal absorption; HIA, human intestinal absorption;
Log Kp, skin permeation value.
aPredicted brain/blood partition coefficient (acceptable range: �3.0 to 1.2).
bPercentage of human Intestinal absorption (<25% is poor and >80% is high).
cPredicted Caco-2 cell permeability in nm/s (acceptable range: <25 is poor and > 500 is great).
dPredicted skin permeability (acceptable range: �8.0 to �10 cm/h).

Class I: fatal if swallowed (LD50 ≤ 5)
Class II: fatal if swallowed (5 < LD50 ≤ 50)
Class III: toxic if swallowed (50 < LD50 ≤ 300)
Class IV: harmful if swallowed (300 < LD50 ≤ 2000)
Class V: may be harmful if swallowed (2000 < LD50 ≤ 5000)
Class VI: non-toxic (LD50 > 5000)

TABLE 9 (Continued)

Compounds LD50 (mg/kg) Hepatotoxicity Carcinogenicity Immunotoxicity Mutagenicity Cytotoxicity

5CIBZ 8 Inactive (0.53) Inactive (0.59) Inactive (0.99) Inactive (0.77) Inactive (0.77)

[Ag(5ClBZ)2(NO3)] 75 Inactive (0.59) Inactive (0.51) Inactive (0.89) Inactive (0.52) Inactive (0.61)

Abbreviations: BBB, blood–brain barrier; Caco-2 (colorectal carcinoma), cell permeability; GIA, gastrointestinal absorption; HIA, human intestinal absorption;
Log Kp, skin permeation value.
aPredicted brain/blood partition coefficient (acceptable range: �3.0 to 1.2).
bPercentage of human Intestinal absorption (<25% is poor and >80% is high).
cPredicted Caco-2 cell permeability in nm/s (acceptable range: <25 is poor and > 500 is great).
dPredicted skin permeability (acceptable range: �8.0 to �10 cm/h).
• Class I: fatal if swallowed (LD50 ≤ 5)
• Class II: fatal if swallowed (5 < LD50 ≤ 50)
• Class III: toxic if swallowed (50 < LD50 ≤ 300)
• Class IV: harmful if swallowed (300 < LD50 ≤ 2000)
• Class V: may be harmful if swallowed (2000 < LD50 ≤ 5000)
• Class VI: non-toxic (LD50 > 5000)
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studies.99 Therefore, we had some of the characteristic
features of ADMET parameters calculated to evaluate the
potential of the studied molecules to act as drug precur-
sors. The parameters presented in Table 9 indicate that
the blood–brain barrier (BBB) serves as the primary inter-
face between the blood circulation and the central ner-
vous system. This characteristic is critical as it dictates
whether drugs can traverse the BBB and, consequently,
whether they can exert their intended effect on the brain.
It has been observed that the BBB permeability for the
Ag(I) complex indicates the capability of the compound
to pass through the blood/brain barrier. The observations
revealed that both compounds can be absorbed in the
human intestine (HIA) and are also permeable for
Caco-2 cells. Title compounds showed high gastrointesti-
nal absorption (GI) and the lowest ability to penetrate
through the skin. On the other hand, the compounds
examined in the toxicity profile were classified as toxicity
classes 2 and 3. This indicates that they may be toxic if
swallowed. As a result, they do not cause any mutagenic,
cytotoxic, tumorigenic, or immunotoxic effects. These
results indicate that the title compounds have good
ADMET parameters and may be conductive candidates
as drugs.

4 | CONCLUSION

A new metal complex containing 5-chlorobenzimidazole
was produced and characterized utilizing chemical
analyses and spectroscopic methods (FT-IR, 1H-NMR,
UV-Vis). HOMO-LUMO calculations show that the com-
plex is more stable than the free ligand, has biological
character, and experiences intermolecular interactions.
The MEP visual depiction is used to locate the mole-
cule's reactive areas. These areas are more electrophilic
and closer to the Ag atom and nitrate group, allowing
them to interact with amino acid-containing proteins.
As a result of careful evaluation of molecular docking
studies, in vitro screening test, and comparison results
with standard antidiabetic acarbose and antioxidant
ascorbic acid, the silver complex was found to have the
most potent antioxidant and antidiabetic activities. The
silver complex was the most potent, with an IC50
value that was higher than that of the standard drug.
The studied compounds exhibited good physicochemi-
cal properties when compared with the standard refer-
ence drugs acarbose and ascorbic acid. The ADMET
study examined the pharmacokinetics and toxicity of
the free ligand and its Ag(I) complex, revealing the
good drug-like behavior and nontoxic nature of these
compounds.
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